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Abstract 
 
 

4H-SiC has physical properties supremely suited for a variety of high power, high frequency and 
high temperature electronic device applications. To fully take advantage of the material’s 
potential, several problems remain to be solved. Two of the most important are (1) the 
characterization and understanding of crystallographic defects and their electrical impact on 
device performance, and (2) the introduction of acceptor dopants, their activation and control of 
the final distribution of charge carriers. Two main experimental methods have been employed in 
this thesis to analyze 4H-SiC material with respect to the issues (1) and (2): electron beam 
induced current (EBIC) and scanning spreading resistance microscopy (SSRM), respectively.  

EBIC yields a map of electron-hole-pairs generated by the electron beam of a scanning 
electron microscope and collected in the depleted region around a junction. EBIC is conducted 
in two modes. In the first mode the EBIC contrast constitutes a map of minority carrier diffusion 
lengths. Results from these measurements are compared to white beam syncrotron x-ray 
topography and reveal a one-to-one correlation between lattice distortions and the electron 
diffusion length in n+p 4H-SiC diodes. In the second EBIC mode, the junction is highly reverse 
biased and local avalanche processes can be studied. By correlating these EBIC results with other 
techniques it is possible to separate defects detrimental to device performance from others more 
benign.   

SSRM is a scanning probe microscopy technique that monitors carrier distributions in 
semiconductors. The method is for the first time successfully applied to 4H-SiC and compared to 
alternative carrier profiling techniques; spreading resistance profiling (SRP), scanning electron 
microscopy (SEM) and scanning capacitance microscopy (SCM). SCM successfully monitors the 
doping levels and junctions, but none of these techniques fulfill the requirements of detection 
resolution, dynamic range and reproducibility. The SSRM current shows on the other hand a 
nearly ideal behavior as a function of aluminum doping in epitaxially grown samples. However, 
the I-V dependence is highly non-linear and the extremely high currents measured indicate a 
broadening of the contact area and possibly an increased ionization due to sample heating. Finite 
element calculations are performed to further elucidate these effects.  

SSRM is also applied to characterize Al implantations as a function of anneal time and 
temperature. The Al doping profiles are imaged on cleaved cross-sections and the measured 
SSRM current is integrated with respect to depth to obtain a value of the total activation. The 
evaluation of the annealing series shows a continuous increase of the activation even up to 1950 
°C. Other demonstrated SSRM applications include local characterization of electrical field 
strength in passivating layers of Al2O3, and lateral diffusion and doping properties of implanted 
boron. 
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1. Introduction 
 
 
 
When semiconductor technology is discussed today, the topic is likely to involve how to 
increase the number or decrease the size of integrated devices on a silicon chip for a 
particular microelectronic application. An important but rarely mentioned field for 
semiconductors, however, is that of power devices. Power semiconductor devices are 
required whenever sending, transmitting or receiving almost any type of electrical and 
electromagnetic energy or signal/information. In times of escalating power consumption 
and increasing environmental awareness, these small electronic devices can play a big role. 
A large fraction of the “consumed” power never reaches the intended consumer but is 
lost, mainly as heat, during the transfer. By cutting these power losses there is thus a large 
room for power savings and reduction of the negative side effects without having to taper 
down on the available amount of end-user power. Since much of the losses occur within 
the actual power devices, an optimization of the same would increase the consumer’s 
yield significantly. Of large importance here is naturally the choice of semiconductor 
material. Silicon carbide is a wide bandgap material that has some of the desired 
properties to reduce these losses. Short drift regions can be utilized without reducing the 
blocking voltage thanks to the extremely high electric field strength. This instantly leads to 
a smaller on-state voltage drop, but also a reduction in switching losses of the device due 
to the decreased amount of charge carriers that must be swept away after blocking. 
Nevertheless, today’s material of choice for most applications of power electronics is still 
silicon. The reason is, as within many other fields of semiconductor technology, silicon’s 
advantages of cost efficiency and process friendliness. However, substantial energy 
savings can thus be achieved by changing to silicon carbide and, furthermore, silicon has 
physical limitations that exclude the very high frequency and high power electronic 
applications. The properties of silicon carbide and other wide bandgap materials are 
described in more detail and discussed in relation to silicon in Section 2. Thereafter this 
thesis will deal exclusively with the polytype 4H-SiC. The obtained results are directly 
applicable and focus on important characterization problems in the fabrication of SiC 
power devices.  
 
One key problem is how to produce large enough power devices that are capable of 
handling high currents. The diameter of a silicon rectifier used for switching in a power 
supply network may occupy an entire 4-inch wafer. One single crystallographic defect on 
a wafer like that may cause breakdown of the entire transmission line. Experimental 
methods that are capable of revealing the presence and also to differentiate between 
various types of defects in the material are therefore essential. SiC is no exception to this 
and wafer sizes are today limited by material defects whose electrical behavior is not fully 
known. Another difficult part of the device processing more specific for silicon carbide 
concerns the introduction of dopants. As discussed more in detail in section four, the 
physical properties of silicon carbide complicates not only how to introduce the dopant 
atoms, but also how to characterize the resulting distribution of charge carriers. Many 
characterization methods are already available, and although most of are them developed 
and adapted for silicon, the same principal can often be employed for alternative 
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semiconductor materials. As will be shown, however, the particular properties of silicon 
carbide complicate the application of available methods that are needed to determine 
certain material properties, for instance the electrical doping distribution.  
 
In the following work, the goal has been to obtain new type of information from 4H-SiC 
material by means of novel characterization methods. The two main experimental 
methods used for this purpose are electron beam induced current (EBIC) and scanning 
spreading resistance microscopy (SSRM). In addition, Scanning Electron Microscopy 
(SEM), Spreading Resistance Profiling (SRP) and Scanning Capacitance Microscopy is in 
paper 2 and Section 3.5 used as dopant characterization tools for 4H-SiC, and compared 
to SSRM in Section 4. EBIC is in paper 1 and 4 and in Section 3.3 applied for electrical 
characterization of material defects. In combination with structural and optical 
techniques, new insight about the nature of these defects is found. It is shown that 
crystallographic strain can be directly correlated to variations in the minority carrier 
diffusion length, which is also determined, by EBIC. EBIC is further used to locally 
characterize the breakdown mechanism of selected defects, and a different behavior of 
seemingly identical defects is observed. Section 4 is entirely devoted to SSRM of 4H-SiC. 
SSRM is shown to be superior to the other carrier profiling methods in that it provides a 
wider dynamic range of 1016-1020 Al cm-3 with monotonic and consistent dependence on 
acceptor concentration and a reproducibility that allows quantitative measurements of the 
carrier concentration using reference samples.  
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2. Material Properties of Silicon Carbide 
 

  
 

Silicon Carbide (SiC) was discovered by Berzelius in 1824 [1] and later on 
synthesized by Acheson in 1892 [2]. The purity and crystallinity of this material were 
far from perfect and the applications were purely mechanical; SiC’s superior 
hardness with a Young’s modulus of about 400 GPa [3] made it a perfect material 
for e.g. abrasives. During especially the last decades, however, an epitaxial synthesis 
has been developed that has increased the crystalline quality tremendously [4]. Of 
special importance for SiC electronic devices is the defect density, which for the 
most detrimental type of defects, micropipes, has been reduced significantly and is 
now down to less than 1 per square centimeter [5]. Ever since the availability of this 
high quality epitaxial material, strong efforts has been made to fabricate SiC devices 
and introduce them commercially. Recently (Aug. 2004) furthermore, a new type of 
epitaxial growth was reported that has showed extremely promising results. The 
seed crystal is during growth tilted to change the growth plane, and for each turn the 
defect density is significantly reduced resulting in an almost perfect crystal [6]. 
 
In this section, an introduction to SiC that is sufficient to comprehend the results 
and discussion in the following sections is given. A brief review of the current and 
future fields of application for SiC as an electronic material is also included. For a 
more detailed description of the material properties, see e.g. [7].  
 
 
 
2.1 Stacking sequences and polytypism 

 
The crystal lattice in Silicon Carbide can for the same Silicon to Carbon ratio be 
varied endlessly. The reason is that, depending on the type of seed crystal and 
method of crystal growth employed, the polytype, or sequence by which the Si-C 
layers are stacked and repeated can be varied without limit. The most common 
polytypes, for which there today are existing applications and for which the 
fabrication process is fairly well-controlled, are for the case of a hexagonal lattice: 
4H- and 6H-SiC, and for the case of a cubic lattice: 3C-SiC [4]. The hexagonal (H) 
and cubic (C) labels follow the common nomenclature for a close-packed 
configuration of elements in a crystal. If the position A denotes the base layer and B 
and C denotes the following layers, the hexagonal symmetry have the stacking 
sequence AB, AB, AB... and the cubic ABC, ABC, ABC... A schematic of the 
atomic configuration that illustrates these stacking sequences and nomenclature is 
given in Fig. 2.1.  
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The physical parameters of most importance are given in Table 2.1 for the 4H-
SiC and 3C-SiC polytypes, accompanied by the competitors Si, GaN, and 
diamond.         

 
 

Table 2.1. Summary of the physical properties most important for semiconductor device 
applications for Si, GaAs, GaN, diamond, and the 4H- and 3C-SiC polytypes  [8-
10]. 
 

 
As can be seen, the values of the critical electric field, thermal conductivity and 
bandgap for the SiC polytypes are more than doubled compared to Si. The 4H-
SiC polytype has among the SiC candidates the highest mobility, whereas the 3C-
SiC polytype on the other hand offers the possibility of growth on Si substrates 
and thereby also integration with Si circuitry. As for diamond and GaN, they are 
both far from the routine-like wafer growth and commercial availability of SiC. 
Simple devices like light emitting diodes can be fabricated in GaN but the crystal 
quality does not allow the more advanced power structures that can be fabricated 
in SiC. Diamond is of course the ultimate wide bandgap semiconductor, at least 
in theory, but the material is lacking a suitable donor dopant. As for today SiC 
and especially 4H-SiC offers the best choice for many power electronics 
applications.  

 
 

 4H-SiC 3C-SiC Si GaN diamond 

bandgap Eg                (eV) 3.3 2.4 1.1 3.4 5.4 

critical field Ec     (MV/cm) 2.2 2.0 0.2 3.3 10 

electron mob. µn  (cm2/Vs) 1000 1000 1350 1000 2200 

hole mob. µh        (cm2/Vs) 120 40 480 30 850 

thermal cond.       (W/cmK) 3.5 3.5 0.4 1.5 2.2 

Figure 2.1. The first stacking 
sequences, polytypes, in Silicon 
Carbide: 3C-, 15R-, 2H-, 
4H- and 6H-SiC. The “C, 
“R” and “H” denotes cubic, 
rhombohedral and hexagonal 
close-packing, respectively. The 
initiating integer stands for the 
number of layers in each 
subsequently repeated sequence 
of atoms [4].    
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semiconducting SiC  
 

 

 

 

 

  Figure 2.2. Applications of SiC as power electronic device material [9]. 

 

2.2 Device applications 

In Fig. 2.2 the final-application prospects of SiC are illustrated. Starting from left 
with the rectifiers, the bipolar diodes have the highest blocking voltage, which is 
given by the doping and width of the drift region. However, today’s SiC bipolar 
devices suffer from a serious form of degradation when stressed by high currents. 
Initiated by recombination energy, stacking faults grow in the (0001) planes during 
forward operation, which results in an increased forward voltage drop of the device 
[11]. The mechanism is not yet fully understood, but could be devastating for the 
future development of SiC bipolar devices. However, the degradation is known to 
be reversible by annealing or heat treatment, and is furthermore related to material, 
or process induced defects. With reduced defect density the problem is believed to 
disappear. 
 
In any case, p-n or p-i-n diodes of SiC are today less commercially lucrative than the 
Schottky rectifiers. One of the reasons besides the recombination enhanced 
diffusion is that the on-state voltage drop of a p-i-n diode is determined by the 
bandgap of the material, whereas in a Schottky rectifier the barrier height is limiting. 
The latter may be adjusted by an appropriate choice of metal and the forward 
voltage drop can be made significantly smaller in a Schottky than in a p-i-n structure. 
Moreover, the switching speed in a p-i-n diode is lower, since the amount of charge 
that must be swept away after blocking is larger than in the Schottky case. 
Consequently, the Schottky rectifiers are preferable for high frequency and low on-
state voltage drop applications, for instance power supplies in all kinds of electrical 
equipment such as portable computers, household apparatus, etc.  
 
As for the transistors, one problem for the fabrication of SiC MOSFET’s is the low 
mobility in the inversion layer close to the surface. The mobility is partly reduced by 
a surface roughening phenomenon known as “step bunching” (this effect will be 
discussed more in section 4), and by interface charges, which has so far hindered the 
commercialization of SiC MOSFETs. SiC MESFETs, nevertheless, are 
commercially available for high frequency power applications and used within, for 
instance, mobile communication networks. The bipolar transistors can be made very 

rectifiers 
unipolar 

switches

bipolar diodes Schottky diodes bipolar thyristors 
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fast, but are due to the degradation problem far from being introduced on the 
market. The thyristor is another type of on-/off-state bipolar switch suited for very 
high currents and voltages, where the shorter drift regions enabled by SiC would be 
beneficial. If the degradation problem is solved silicon carbide have a large potential 
for both these latter devices.  
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3. Experimental methods and results 
 
 
This section describes the most important experimental techniques used and the results 
obtained. Emphasis is put on the parts important for interpretation of the results and 
some knowledge of the described methods is sometimes required. For a more detailed 
description, see referred material. Scanning spreading resistance microscopy and the 
results from these investigations of 4H-SiC are presented in the next section. 
 
3.1.  Scanning Electron Microscopy  

 
The basic principle in Scanning Electron Microscopy (SEM) is, as the name implies, the 
generation of a two-dimensional image by scanning of an electron beam. Depending on 
the beam’s primary energy (acceleration voltage), intensity (current) and, especially, the 
type of sample interaction that is being detected, different material properties can be 
determined.  
 
In the most common case the sample’s morphology is of interest, for which settings in 
the middle range of most commercial SEMs are applied; typically a few kV electron 
beam acceleration voltage and nA beam current. For this purpose only the secondary 
electrons are detected. The secondary electrons are those whose interaction with the 
specimen is non-elastic [1, 2], Fig. 3.1. 

 
 
 
 
 
 
                      
 
 
 
 
 
 
 
 
 

An approximation of the penetration depth of the incident, primary electrons are given 
as a function of electron energy E0 by the following experimentally derived expression 
[3]: 

 
 
 
 

γ

ρ
κ

0Ed =

Fig. 3.1. Interaction of electrons 
with 4H-SiC. The primary 
electron beam is upon incidence in 
the 4H-SiC specimen scattered 
and rejected elastically 
(backscattered electrons) or non-
elastically (secondary electrons). 
 

(Eq. 3.1) 
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The γ is a fitting parameter typically between 0.5 and 1.5, κ is a material constant 
depending on atomic weight and ρ is the density of the material [3]. For the electron 
energies (acceleration voltages) in question, i.e. several kV, Eq. 3.1 yields a penetration 
depth in the micrometer range for 4H-SiC. The secondary electrons collected by the 
detector, on the other hand, have an energy of a few hundred eV [4] and are limited by 
their mean free path in 4H-SiC. In Fig. 3.2 the electron mean free path in solids is 
shown as a function of energy for 0.1 to 104 eV. 
 

 
 
 
 
 
 
 
 
       
 
 
 
 
 
 
 
  

From Fig 3.2 it can be concluded that the detected secondary electrons originate from a 
few surface atomic layers only. The probing depth in the secondary electron mode is 
therefore exclusively determined by the mean free path of the electrons, and not by the 
applied acceleration voltage (since the primary electrons are penetrating much deeper). 
The fact that the SEM’s secondary electron contrast originates from a couple of Å 
within the sample, whereas the primary electrons penetrate several microns, is important 
when interpreting the image contrasts from other types of electron-sample interactions 
in the next section. 
 
 
3.2. Dopant profiling by SEM 

   
This is a rarely used application of the SEM, which takes advantage of the dopant type 
and concentration dependence of the secondary electron emission. This dependence 
originates from the fact that the escaping electrons must overcome the work function in 
the semiconductor, φs, which is dependent on the Fermi level position and thus doping. 
A more detailed description of the contrast mechanism can be found in Reference [6] 
by Berkowitch et. al. This doping contrast is consequently limited by half the magnitude 
of the bandgap, i.e. in the order of a few electron volts and therefore relatively small 
compared to the energy of the electrons that reach the detector [4]. For imaging these 
type of weak contrasts preferably a SEM equipped with Field Emission Gun (FEG) 
electron source [7] should be employed. In this work only a JEOL JSM-25S scanning 

Fig. 3.2. Electron mean free 
path in solids [5]. Between 
about 10 and 1000 eV 
electrons have a mean free path 
less than 10 monolayers in 
most crystalline materials. 
Electrons with these energies 
can be used to probe surface 
properties without interference 
from the bulk. 
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Fig. 3.3. Dopant profiles in 4H-SiC. In a) measured by SIMS and in b) by SEM. The 
sample edge, or wafer (0001) surface, is here evident as the right-hand side black region in 
b). 

electron microscope with the more common thermal electron gun was used, which in 
some cases may have limited the obtained image quality. The contrast mechanism of the 
secondary electrons is nevertheless the same and a FEG instrument would only have 
affected the signal-to-noise ratio. 
 
In the experiments acceleration voltages between 5 and 25 kV and beam currents 
ranging from 5 pA to 3 nA were employed. Cross section samples of 4H-SiC were 
prepared by cleaving in atmospheric condition and the planarity was investigated by 
AFM to assure that the obtained contrast did not originate from topographical 
variations. Prior to insertion in the SEM vacuum chamber the samples were dipped in 
hydro fluoric acid (HF) to reduce possible effects from oxide growth during the 
atmospheric exposure. The aluminium doping was obtained by chemical vapor 
deposistion [8]. In Fig. 3.3 the results from SEM investigations of this structure is 
shown together with the chemical aluminium profile obtained by secondary ion mass 
spectrometry (SIMS).   

 
 
 
 
 
 
 
 
 
 

   
 
 
 
 
 
 

 
In Fig. 3.3 a) the SIMS profile reveals five aluminium peaks with a concentration around 
1020 Al cm-3. The same peaks are clearly detected in Fig. 3.3. b) and their width is also 
reproduced. The SEM contrast is here in qualitative agreement with the theory proposed 
in [6], i.e. a collection of secondary electrons (brightness) that increases with acceptor 
concentration. If the aim is to determine thickness and position of, like in this case, highly 
doped epitaxial layers in low doped or opposite doped type background, this 
measurement procedure and sample preparation is significantly less time consuming 
compared to SIMS, and it is also independent of depth (SIMS sputters a depth profile 
through the material). Also, in-homogeneities in the layers along the wafer may be 
detected that would not have been observed by SIMS.  
 
However, many drawbacks exists, for instance the left-hand side “tails” of the aluminium 
peaks in a), which comes from remaining aluminium in the CVD chamber after switching 
off the source, is not seen in b) even in closer magnification or increased contrast and, 
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moreover, the SEM contrast suffers from general poor reproducibility. Another example 
is the fluctuation of the aluminium peaks, which appear in this particular image brighter 
on the right-hand side than to the left. Other images do not show these features. At 
certain electron beam acceleration voltage and currents settings, the SEM image could 
even be observed to reverse it’s contrast, contrast reversal, between the high and low doped 
aluminium layers. It is therefore necessary to know in advance at least in which order to 
expect the different doping regions. The n-doped substrate, however, always showed 
lower emission of secondary electrons than the p doped epi layer, which is again 
consistent with [6]. Some of the inconsistent results may originate from a topographical 
variation and aluminium concentration dependent oxide growth not detectable by the 
AFM that has occurred during transfer from the HF-dip to the vacuum chamber. It is 
possible that some of the problems could be overcome by more careful sample 
preparation methods.  
 
The conclusion must be that SEM is indeed capable of detecting qualitative variations in 
the carrier concentration in 4H silicon carbide and should be considered as an alternative, 
especially to SIMS for thicker layers. The image contrast and reproducibility, however, is 
not sufficiently good to allow an extraction of the exact carrier concentration based on a 
conversion algorithm and/or reference samples. Possibly, using a more advanced SEM 
instrument and sample preparation method, the results can be improved to serve this 
purpose.  
 
 
 
3.3. Electron Beam Induced Current investigations of 4H-SiC  
 
Electron Beam Induced Current (EBIC) is an application that requires a small 
modification in the set-up of the conventional SEM. The method is, however, well 
established and has been used for many decades as a tool for semiconductor 
characterization [9]. The principle is to let an electron beam induce a plasma of electron-
hole pairs (EHPs) in, or in the close vicinity of, the junction of a Schottky or p-n diode, 
which may also be reverse biased. The fraction of EHPs that are collected by the electric 
field within the junction are then recorded as the EBIC image. The SEM provides a 
suitable electron source and a morphological overview of the imaged region. Fig. 3.4 
shows a schematic of the principle.  
 
Since the generated EHPs in Fig. 3.4 are independent of the backscattered and secondary 
electron emission the SEM image can be obtained simultaneously without affecting the 
measured EBIC. For imaging other angles the sample may also be bevelled by polishing 
and/or cleaving, see Reference [10].  
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The total measured current, Imeas can be written macroscopically as the sum [10]:  

 
            

 
 
Here Ibeam is the electron beam current, Ileak is the reverse leakage current through the 
entire Schottky or p-n junction and Igen the current generated by the electron beam that are 
collected by the junction. Imult is the current from the local avalanche multiplication induced 
by the beam at high applied reverse bias. In the following it is assumed that “high bias” 
represents the case where the depleted region extends below the generated EHPs but 
does not create avalanche or other breakdown related effects. 
 
A rule of thumb says that, mainly due to energy losses, it takes in the order of three times 
the magnitude of the bandgap in a semiconductor to create one EHP by these types of 
excitation processes [11]. Each electron of at least 9 keV will thus create about one 
thousand EHPs. This was also tested experimentally by moving the beam on/off the 
diode area at different electron beam acceleration voltages and currents. The amount of 
generated EHPs at each beam setting was then obtained by subtracting the measured 
EBIC when positioned outside the diode area from the current inside and the 
amplification, or number of generated charge carriers, was found to agree well with the 
estimation in Ref. [11]. Hence, Ibeam in Eq. 3.2. can to a good approximation be neglected. 
Furthermore, Ileak can easily be measured by turning off the beam, and subtracted from 
Eq. 3.2.  
 
From Fig. 3.5, the total amount of generated EHPs that are detected, Igen can be divided 
into: 

Fig 3.4. Principle of the EBIC technique. The electron beam generates a plasma of EHPs 
that is scanned across the sample surface to form an image of the collected EHPs. In a) at 
no or low reverse bias and in b) at high reverse bias. A reverse bias of up to 5 kV can be 
applied in the present set-up. 

 

multgenleakbeammeas IIIII +++= Eq. 3.2.

a) b) 
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deplnpgen IIII ++= −+

 
 
 

Ip+ is here the current from the electrons that are created in the p+ region but before 
recombining diffuse to the junction. In- is defined likewise but for holes in the n- region. 
Idepl corresponds to the EHPs that were created within the depletion region and thus 
immediately swept away by the electric field. From Fig. 3.4 it also clear that, for this types 
of devices structures, In-  and Idepl in a) and b), respectively, is much larger than Ip+ and the 
latter can thus generally be neglected. Comparing the zero or low bias case in a) with the 
high bias case in b) and combining Eq. 3.2 and 3.3 we have, at low bias:  
 
 
 
 
Whereas at high bias:  
 
 
 
 
Depending on the width of the depletion region, i.e. magnitude of applied reverse bias, 
different selections of the generated EHPs can therefore be detected. This gives two 
major EBIC ”modes” with quite different information. The high bias case and the 
observations made in this mode are described in detail in [10]. For the zero- or low-biased 
junction, the EBIC signal is dominated by Idiff, which produces a map of the diffusion 
length as shown in Fig. 3.5, which is taken from Ref. [11]. 
 
The synchrotron white beam x-ray topography (SWBXT) contrast in Fig. 3.5 a) reflects 
the strain, or variations in lattice constant, in the material [12]. Clearly the diode in 
question is full of crystallographic defects and inhomogeneties, evident as black and white 
regions, which deviate from the grayish background. Elementary screw dislocations 
(ESDs), for instance, are seen as the randomly spread out white dots surrounded by black 
areas with increased strain. In Fig. 3.5 b) the diode is non-biased and the EBIC image 
reveals variations in diffusion length with bright regions corresponding to a higher value 
than the average, likewise grayish-like area. Every region with increased lattice strain in a) 
give rise to a pronounced corresponding change of the diffusion length in b). The almost 
one-to-one correlation is a proof of how sensitive and closely linked the electrical 
properties in SiC are to variations in the lattice unit cell.  
 
 

(Eq. 3.3) 

−=⇒>>
ngendepldiff IIII

deplgendiff III =⇒= 0
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Surprisingly, the EBIC image shows an increased collection of charge carriers at the 
positions where the lattice is extra heavily distorted, especially at the ESDs and in their 
proximity. This suggests an increased diffusion length in these regions. This is to our 
knowledge a non-previously reported observation. Since defects scarcely give rise to a 
higher mobility, this can only be explained by increases in the generated amount of EHPs. 
This may in turn be attributed to a locally decreased bandgap, or traps, that aids the 
ionization and creation of EHPs at these positions.  
 
The conclusion is that the non-/low-biased EBIC is a very sensitive instrument for 
mapping of electrically active defects and inhomogeneties in the silicon carbide crystal, 
and that any distortion in the lattice directly affects the local electrical behavior in these 
regions. 
 
 
 
 
3.4. Atomic Force Microscopy 
 
In Atomic Force Microscopy (AFM) the topography of a surface is recorded by scanning 
a sharp tip over the area of interest. The tip is attached onto the end of a cantilever that 
maintains a constant pressure onto the surface by continuously measuring the deflection 
of the cantilever relative to its equilibrium position, Fig. 3.6. 
 
 
 
 

Fig. 3.5. Mapping of inhomogenities in a SiC n+p diode. In a) by SWBXT, showing the 
crystallographic strain, or lattice distortion, and in b) by EBIC, showing the variation in 
diffusion length at zero applied reverse bias of the same area. Each distorted portion of the 
crystal in (a) induces in a change of the minority carrier diffusion length in (b). Note: The 
resolution is somewhat reduced in these digital images as compared to the original Polaroid 
photography’s. 
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For topography measurements there are three “modes” commonly available: contact, 
tapping and non-contact mode [14]. In this work, only contact mode is employed, in 
which the tip is in contact with the sample by a mechanical interaction. Details of tapping 
and non-contact mode can be found in Ref. [14]. In contact mode, the pressure exerted 
by the tip on the sample is kept constant by a feed back loop that maintains the deflection 
at the input value using a piezo element onto which the cantilever is attached. Typically, 
the forces involved in this work lie in the micro newton range [15]. The deviation from 
equilibrium in the z-direction of the piezo, as a function of lateral position, is then 
recorded as the topography of the surface that is being imaged.   
 
 
 
 
3.5. Dopant profiling by Scanning Capacitance Microscopy 
 
Scanning capacitance microscopy (SCM) was the first Scanning Probe Microscopy (SPM) 
based technique developed to image semiconductor carrier concentrations that has 
become widely used [16]. Today the necessary hard- and software is available 
commercially from, for instance, Digital Instruments in form of a module attachable to 
the Nanoscope 3000 and 3100 AFM series [17]. 
 
In SCM the region of interest is scanned in AFM contact mode using a metal coated 
conductive Si cantilever. To prevent penetration of the native (or intentionally grown) 
oxide and damage to the tip coating, the forces applied are usually less than 1 micro 
newton [18]. A DC bias is applied onto the sample, while keeping the tip at zero bias, 
which for correct settings of the scan parameters will induce a depletion region in the 

Figure 3.6. Principle of atomic force microscopy [14].
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semiconductor that varies with applied voltage [19]. Now, since the distance between the 
poles of a capacitor is inversely proportional to the capacitance, i.e. the depleted region in 
the sample, the derivative of the capacitance (C) with respect to voltage (V), dC/dV will 
in the ideal case be inversely proportional to the carrier concentration. The output dC/dV 
signal then follows the theory for a metal oxide semiconductor (MOS) [20]. The tip scans 
across the sample surface, and the changes in capacitance between the tip and the sample 
surface are monitored by a sensitive high-frequency resonant circuit with a resolution in 
the aF range [16]. In Fig 3.7 an example of SCM of a 4H-SiC p+n diode is shown, taken 
from Ref. [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The p-i-n diode in Fig. 3.7 consists of an about 1 µm p+ region with peak concentration 
of more than 1020 Al cm-3 implanted in a thick n- epilayer doped with 1015 cm-3 nitrogen, 
followed by a 1018 cm-3 nitrogen doped n+ substrate. In agreement with observations 
made on for instance Si the junctions appear as a zero or reduced dC/dV output [21]. 
The reason is that in the depleted or almost depleted regions of the p-n and n--n+ junction, 
respectively, the electrical field induced by the applied AC bias does no longer give rise to 
a change in the local depletion around the probe tip. The measured dC/dV signal will 
therefore also be zero or significantly reduced, depending on the material parameters and 
the AC bias magnitude. In agreement with the MOS model the n- epilayer also shows a 
higher dC/dV signal than the n+ substrate. All SCM measured doping levels are thus in 
qualitative agreement, including the junctions. However, the absolute magnitude of the 
dC/dV signal varies somewhat over time and, more significantly, between different scan 
areas and samples. The reason is most likely the high sensitivity to the surface properties 
for the tip/oxide/sample interface. The MOS oxide consists in our case of the native 
oxide, which may vary in quality and thickness over the cleaved cross-section. The 
usefulness of SCM as a dopant profiling method for 4H-SiC is as for the SEM case thus 
limited to qualitative profiling and the measured dC/dV cannot be said to represent an 
accurate value of the carrier concentration. However, the relative magnitudes for p- and n-
type material and electrical junctions can be used to distinguish between the different 
regions with high accuracy and spatial resolution. 
 
 
 

Fig. 3.7. SCM line scan 
of a p-i-n diode taken 
in dC/dV mode. The p-n 
junction is visible as 
the zero signal at 1.5 
µm depth. 
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4. Free Carrier Concentrations in 4H-SiC by Scanning 

Spreading Resistance Microscopy 
 
 
4.1 Introduction 
 
The distribution of free charge carriers in a semiconductor material may significantly 
differ from the profile of the chemical concentration of introduced dopant atoms. The 
reason can be one or more of the following: (1) the ionization is not complete at the given 
temperature, (2) the introduced dopant atoms are not positioned at the appropriate lattice 
sites for holes or electrons to be contributed, (3) the carriers have drifted or moved from 
the initial dopant atoms or (4) carriers are trapped in localized energy states (e.g. from 
defects). Since the free carrier distribution in principle determines the characteristics of a 
semiconductor device for any set of material parameters, characterization tools to 
monitor this distribution are vital. However, in the case of SiC, there exists today no such 
established method. The perhaps most common method employed for carrier profiling in 
Si, Spreading Resistance Profiling (SRP), is not applicable to SiC. The lowest 
concentration of aluminum doping in 4H-SiC that was even detectable by SRP in Ref. [1] 
was found to be around 1017 Al cm-3, which is not sufficient for characterization of e.g. 
high doped emitters in p+n diodes [2]. The reason for this behavior is believed to be the 
hardness and wide bandgap of the material, which prevents an Ohmic-like contact to be 
formed between the probe and sample [1]. 
 
In the previous section (3) it was concluded that the two alternative dopant profiling or 
imaging techniques, SEM and SCM, were capable of detecting aluminum concentrations 
that ranged from 1016 to above 1020 Al cm-3, according to the depicted SIMS data. This is 
indeed a dynamic range wide enough to allow both highly doped contacts and low doped 
drift layers to be imaged. However, the reproducibility was not found to suffice for an 
accurate quantification, even using epi-layers with known doping levels [3]. Neither SEM 
nor SCM can thus be used to extract and compare a quantitative value of the carrier 
distribution for differently doped material.    
 
Scanning Spreading Resistance Microscopy (SSRM) is another AFM based free carrier 
sensitive probing technique, likewise to SCM. One of the first works published on this 
topic was by W. Wandervorst in 1995 [4], and the technique was entitled “Conductive 
Atomic Force Microscopy”. The principle is to perform nano-scale measurements of the 
spreading resistance by the aid of AFM (SPM) technology. The sample is biased relative 
to a conductive AFM tip, which causes the current to spread below the contact area 
through the sample in form of a half-sphere, as depicted in Fig 4.1. 
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In the ideal case with a perfect Ohmic contact with low resistivity the measured current, 
Issrm, will be proportional to the sample conductance, and thus free carrier concentration, 
according to the classical expression for spreading resistance Rsp, where ρ denotes the 
resistivity of the material and r the contact radius [5]: 
 
 
 
 
The method has since then become an established tool for one-dimensional (profiling) 
and two-dimensional (imaging) measurements of dopant concentrations in Si [6]. The 
method has shown promising results on InP [7] and also on GaAs [8] but had not been 
investigated for any of the SiC  polytypes. In the following SSRM applied to aluminum 
doped 4H-SiC is described.  
 
 
4.2  Cross-section Imaging 
 
The doping regions of interest generally consist of layers or gradients at varying depth in 
the material, often within less than a micrometer from the wafer surface. A cross section 
of the sample must therefore first be prepared, which for the 4H-SiC case is most easily 
done by cleaving the sample in the same atmospheric conditions as the measurements will 
be performed in. Practically, the cleaving is achieved by sawing or scratching the backside 
of the sample along the desired cleavage line and then applying stress on the wafer to 
make it break. This simple principle usually results in many cross-section areas exposed 
that lie perpendicular to the wafer and that are sufficiently smooth to prevent 
topographical variations to disturb the resistance measurements. The wafer will most 
certainly cleave in one of the {1120} planes. If another cross-section is of interest the 
only method is to saw the sample and then polish from the side using the desired angle.  
 
The SSRM probes used in this work consist of silicon cantilevers covered by a 100 nm 
thick diamond coating, deposited by CVD (Fig. 4.2). The cantilevers have a length of 
about 125 µm, 30 µm width and 4 µm thickness [9] The diamond film is made highly 
conductive by boron doping to less than 5 mΩcm [9].   

Figure 4.1. The SSRM 
principle and set-up. The 
sample is biased relative to a 
conductive AFM tip that scans 
the exposed sample cross section. 
The current spreading effect 
around the tip gives rise to a 
conductivity dependent 
resistance.  

r
Rsp 4

ρ
= Eq. 4.1. 
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The force exerted on the sample by the tip is given by the cantilever’s force constant in 
units of N/m and the deflection from equilibrium. For these type of tips the former is 
about 40 N/m and the latter generally set to less than one micrometer, which gives a 
force from a few µN up to, at maximum deflection set point, about a hundred µN. (The 
pressure may be increased arbitrary even beyond this limit by positioning the laser spot  
not at the very end of the cantilever, as recommended in the manufacturer’s instruction 
manual, but further in). Since the actual contact area is usually in the order of 100 nm2 
[10], however, the pressure yields values of several GPa. It should here be noted that 
these settings of the scan parameters would totally destroy the measured region for most 
other semiconductor materials. We have, for instance, tested Si, InP and GaAs and found 
that values for the applied force and sample bias of only about a tenth of the settings 
employed for SiC in some cases severely damage the SSRM measured area on these 
materials.  
 
Although the SSRM application for silicon, InP and GaAs is well documented, 4H-SiC 
could just as in the SRP case discussed in section 3, give rise to a too high barrier that 
would hinder current flow, especially for low dopant concentrations. In Fig. 4.3 of the 
4H-SiC aluminum doped epilayer, however, the current is imaged down to 1016 Al cm-3 
(despite an increased amount of noise at the lowest doping level). The reason for the 
wider dynamic range is most likely related to the fact that the conventional SRP relies on 
a plastic deformation at the position of each measurement point [5], which is difficult to 
achieve, whereas SSRM only requires a penetration of the native oxide. In addition, the 
sample bias is generally much lower in the SRP case compared to a maximum of 12 V for 
SSRM [11]. 
 
 
 
 
 
 
 
 
 
 

Figure 4.2. Scanning electron 
microscopy viewgraph of a diamond 
coated silicon cantilever used for 
SSRM. The tip is seen as a white 
triangular and points outwards from 
the page. This tip has been used for 
SSRM of 4H-SiC but is still intact 
and shows no sign of degradation.  
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Fig. 4.3 shows the results of SIMS and SSRM measurements of a specially grown epilayer 
staircase structure. The SSRM current profile has been extracted by averaging the 
measured two-dimensional SSRM image in Fig. 4.3 a) at 3 V positive dc sample bias. 
Typically, a stable and reproducible contact formation requires a dc bias of at least this 
magnitude, which is slightly higher than what has been observed for other materials [6-8]. 
As can be seen in Fig. 4.3 b), all levels in the staircase epilayer structure are clearly 
detected in the SSRM profile. The relative concentration difference between each step is 
reproduced quantitatively, except at the highest step, which shows a reduced increase in 
current relative to the SIMS profile. This observation can be attributed to a decreased 
charge carrier mobility as well as less pronounced ionization with increasing impurity 
concentration, both of which reduce the measured current in the highly doped layer. Note 
also the position of the pn-junction, which in the SSRM current profile is represented by a 
sharp minimum at about 8.5 µm. As for the n-type substrate at depth > 8.5 µm and 
doped with about 1018 cm–3 nitrogen, the magnitude of the measured current drops 
significantly down to about 10 pA. This is unexpected, since both the lower ionization 
energy of nitrogen and the ten times higher electron mobility should instead result in a 
higher SSRM current for n- than p-type material of same concentration. We believe that 
the reason for this behavior is that the diamond tip coating is boron doped and thus the 
tip/SiC n-type contact will include a reverse biased p–n junction for positive sample bias.  
 
 
4.3  Planar Imaging 
  
SSRM has also been used for characterization of silicon devices or dopant distributions by 
direct imaging of the wafer surface [12-14]. These types of measurements can often be 

Figure 4.3. A 4H-SiC 
aluminum doped epilayer of 
8.5 µm thickness grown on 
n-type substrate. In a) the 
two-dimensional SSRM 
image and in b) the profiles 
of SIMS measured Al 
concentration and SSRM 
measured current at 3 V 
sample bias. 
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performed without cutting or cleaving a sample piece from the wafer and thus be used for 
non-destructive analysis between e.g. different process steps during device fabrication. As 
an example to demonstrate that these types of measurements can be performed also in 
SiC, the AFM and SSRM images of an as-grown and implanted area of 4H-SiC are shown 
in Fig. 4.4 a) and b), respectively.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The right-side half of the AFM image in a) and SSRM image b) in Fig. 4.4 has been 
implanted with aluminum and boron [15] to a peak concentration of more than 1020 cm-3, 
in order to form a p+n diode. The left-side halves consist of the as-grown n- epitaxial 
layer, which is doped with nitrogen to a concentration of about 1015 cm-3. The samples 
were then annealed at 1650 °C in order to recover the induced lattice damage and activate 
the introduced acceptor ions. In Fig. 4.4 a) the characteristic step-bunching [16] of SiC 
grown off-axis can be observed. The effect is a consequence of minimizing the surface 
energy by merging the (0001) surface 8° terraces together. Typical for this material, these 
are in the AFM measured topography of the as-grown epi layer (left) evident as flat 
“stripes” perpendicular to the 8° off-set (in this case vertically viewed in the image) with 
an average height of about 20-30 nm. The surface step-bunching of the implanted, right 
half images, has shifted character from the periodic and even structure of the initial epi 
layer towards a more disordered pattern, with an increased roughness or RMS (root-
mean-square) value. This is in agreement with earlier observations [17]. Accordingly, the 
SSRM scan in Fig. 4.4. b) of the same area shows an increased current at the right part of 
the image, which in absolute numbers is as high as about a factor of 104. What is also seen 
in Fig. 4.4 is that the implanted region with increased current extends further to the left, 
about 3 micrometers, in b) than in a). This is in agreement with the expected lateral 

Figure 4.4. In a) AFM and 
in b) SSRM of a 4H-SiC 
(0001) wafer surface. For 
clearity a) is shown in 3-
dim. and b) in 2-dim. The 
right half of both images has 
been implanted with 
aluminum and boron to 
form a p+n diode, and the 
left half shows the as-grown 
n-type epilayer with 1015 N 
cm-3. The samples have been 
annealed in 1650°C. The 
boundary can be seen as a 
change in the character of 
the step-bunching. 

(b) 

(a) 
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diffusion of boron after annealing under these conditions. The boron diffusion is 
discussed more in detail in [18]. 
 
By comparing the highly conductive part of Fig. 4.3 b) with the topography in a) it also 
clear that the electrical SSRM contact is very sensitive to surface roughness. In a closer 
zoom-up, each high-current spot in b) can be correlated to a topographical feature in a). 
The SSRM image is here recorded in trace mode (i.e. the probe is dragged from left to 
right) and it can be seen that the probe establishes contact at the left side when 
approaching each topographical “bump”, which is then lost on the right side with 
negative slope with respect to the scan direction. These types of variations in the SSRM 
current, caused by a change in geometry of and/or loss of the electrical contact due to 
topographical features, can usually be revealed as artifacts by comparison with the 
simultaneously monitored AFM signal. Despite these, Fig. 4.4 verifies that SSRM can be 
used for both in-depth and lateral characterization of 4H-SiC. More application type 
examples of devices are shown in section 4.5. 
 
 
 
4.4 Properties of the SSRM/4H-SiC interface 
 
When introducing a new characterization method for a specific material, the influence 
from the measurements themselves on obtained data has to be understood before the 
material properties can be determined. For interpretation of SSRM data in general, a 
crucial point lies in the electrical contact between the probe and sample, which is often far 
from the ideal, Ohmic type that would enable a direct application of the spreading 
resistance formula (Eq. 4.1) [19,20]. This is the case also for SSRM of silicon carbide, 
which is here shown to have highly non-linear, Schottky like I-V characteristics. There are 
also a number of other material specific effects, which are likely to affect the 
measurement results that must be taken into account. In this section we bring into focus 
the high current densities and high electrical fields present during SSRM of SiC. All these 
are localized effects, suggested to extend only a few hundred nanometers from the 
SSRM/4H-SiC interface [21]. A detailed description of the SSRM/4H-SiC interface 
properties can be found in Refs. [21,22].  
 
 
Effects of current induced sample heating 
 
Looking back at the staircase structure in Fig. 4.3, the SSRM current reaches values in the 
mA region resulting in extremely high local current densities and heat dissipation. As a 
comparison, a measurement on pure aluminum results in melting and evaporation of the 
sample already at a much lower current (leaving a large crater).  
 
Melting and degradation of the sample surface during SSRM measurements set a limit for 
the applied sample voltage to a few 100 mV for Si, or about 3 V for InP [7]. The 
possibility to apply high current and dc bias for SiC implies a sample heating, which could 
result in an increased ionization relative to room temperature that would affect the 
conductivity and SSRM-measured current. To gain better understanding of this 
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phenomenon, finite element simulations in three dimensions using a time resolution of 
sub-piko seconds are performed of the sample temperature and field distribution.  
 
In Ref. [21] a slice of the temperature distribution in 4H-SiC is shown, which is simulated 
at 7.5 V sample bias for 1020 Al cm-3. The temperature reaches locally 752 °C, which is 
enough to elevate the degree of ionisation by a factor of ten; from about 0.1 % at room 
temperature to several percent at the given temperature. From the plot in Fig. 4.5 of the 
sample temperature as a function of applied sample bias for different doping levels, 
however, it is clear that below 3 V dc bias no concentration levels show a significant 
increase in temperature.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Since all measurements in this work aiming for a quantitative correlation of SSRM current 
and carrier concentration, are performed at 3 V dc bias, the influence from sample 
heating can be neglected.  
 
In [21] is also a simulation by finite element calculations of the field around the SSRM 
contact shown. The field reaches values of several MV/cm already at 5 V sample bias. At 
these high values the ionization is likely to increase relative to that at zero field. 
Furthermore, there is reason to suspect conduction by tunneling and/or breakdown 
through the medium surrounding the electrical contact, which may consist of native oxide 
reminance or other contaminations. 
 
 
I-V characteristics 
 
Figure 4.6 a) shows the measured I-V characteristics for two aluminum concentrations 
together with the simulated current using the expression in Eq. 4.2. In Fig. 4 b) the almost 
perfectly Ohmic SSRM I-V characteristics acquired using a sample of tungsten is plotted 
for comparison.  

300

400

500

600

700

800

0 5 10 15 20

T 
   

(K
)

Voltage (V)

m
ax

10
20

N  =a cm-3

10
19

10
1710

18

Fig. 4.5. The simulated maximum 
sample temperature during SSRM 
measurements as a function of applied 
DC bias for different aluminum 
doping concentrations. 



 30 

-0.002

-0.001

0

0.001

-2.5 -1.5 -0.5 0.5 1.5 2.5

C
ur

re
nt

 (A
)

Voltage (V)

10-13

10-11

10-9

10-7

10-5

10-3

0 2 4 6 8 10

C
ur

re
nt

 (A
)

Voltage (V)

10Na=
20

cm
-3

Al2x

10Na=
17

cm
-3

Al3x









−






 −







 −
= 1

)(
expexp** 2

Tnk
IRVq

Tk
qTSAI

b

sfwd

b

bφ

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
By comparison of Fig. 4.6 a) and b) it can first be concluded that the non-linearity of the 
4H-SiC I-V characteristics in a) is not related to the diamond coated silicon cantilever, 
since the dependence is close to Ohmic in the case of the tungsten sample in b). In Fig. 
4.6 a) the current reaches values of several mA, which yields extreme current densities for 
a 10-30 nanometer contact. Bearing the complex situation described above in mind, it 
must therefore be assumed that the effective contact area is increased by tunneling 
currents or avalanche effects and that an increased ionization occurs. The simulated data 
in Fig. 4 a) has therefore intentionally been fitted with emphasis on the lower voltage part, 
where the “conventional” model for metal-semiconductor junction holds. The following 
expression was used for fitting of the experimental I-V characteristics in Fig. 4.6 a): 
 
 
 
 
 
 
The series resistance Rs, the barrier height φb and ideality factor n are here used as fitting 
parameters. S is the contact area, A** the Richardsons’s constant, kB Boltzmann’s 
constant, T the absolute temperature and Vfwd is the applied forward bias. 
 
An ideality factor n as high as 7 was required to obtain reasonable fitting even in the lower 
half of the voltage scale. However, values of n up to 14 have been reported for the case of 
SSRM on InP [8] and is a consequence of the pronounced point-contact character. These 
values can therefore not be considered to represent the physical mechanism by which 
carrier transport takes place. The barrier height was found to increase monotonically with 
decreasing acceptor concentration from 0.4 for 1020 Al cm-3 to about 0.6 eV for 1016 Al 

a) 

Fig. 4.6. In a) the measured (markers) and simulated (full lines) SSRM I-V 
characteristics for 3×1017 and 3×1020 Al cm-3 are shown. For clarity only two 
concentrations of the five investigated are shown here. The simulated data in a) has 
intentionally been fitted with emphasis to the left half of the voltage scale. In b) the I-V 
characteristics measured on a tungsten sample is shown. The voltage scale is limited by 
surface or tip degradation and therefore narrower than in a). 

b)

Eq. 4.2 
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cm-3. The value of the series resistance was set from about 104 Ohms for 1020 Al cm-3 to 
108 for the 1016 Al cm-3 samples. These values correspond well with the dopant 
concentration difference, but due to the required off-set in the upper voltage part of Fig. 
4.6 a) and the probable widening of the contact area, the obtained series resistance should 
not be seen as valid in the entire voltage range. 
 
 
 
4.5. Applications 
 
After having established the SSRM as a suitable dopant profiling method in section 4.3 
and discussed the interpretation and complications of the measured SSRM current for 
different experimental conditions in section 4.4, the technique is here applied for 
characterization of 4H-SiC. Three examples are presented of which two involves 
semiconductor carrier profiling and one characterization of the breakdown in an 
insulating thick oxide. 
 
 
Characterization of aluminum implantation and annealing 
 
The two prime candidates for p-type doping in SiC, boron and aluminum, both exhibit 
severe material and process related drawbacks [23]. Boron has a higher diffusivity, which 
may pose an advantage also for implanted material due to a shift in the position of the 
electrical junction away from the damaged implanted region [24]. Aluminum on the other 
hand is generally preferred due to the lower ionization energy (0.2 eV) and also higher 
probability to occupy substitutional lattice sites. The diffusivity of aluminum, however, is 
low [23], which excludes doping by diffusion and leaves ion implantation as the key 
method for selective area doping. A crucial step lies in the characterization of the 
aluminum activation after annealing, which has so far relied on traditional methods 
provided by the established Si technology. The reason for the need to accurately monitor 
the activation is that the annealing process results in undesired side-effects. A type of 
dislocation loop growth starts to take place at around 1750 °C, which may have severe 
consequences for device performance [25]. Another significant effect is the change in 
surface character called step-bunching that occurs during the annealing, which was shown 
in Fig. 4.4 for as-grown and implanted 4H-SiC. Here we show instead two examples as a 
function of annealing time in Fig. 4.7 for the temperatures 1550 and 1650 °C, annealed 
under the same conditions for 40 minutes. 
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Already at these relatively low temperatures and a temperature difference of merely 100 
°C in Fig. 4.7 b) as compared to a) the higher annealing temperature leads to fewer but 
higher steps and an increased total surface RMS. The increased roughening is of great 
concern in the fabrication of low resistivity homogeneous contacts and thus a trade-off 
has to be made between maximizing the activation and minimizing the step-bunching. By 
combining AFM and SSRM in the same instrument the SPM provides useful means for 
characterization of both the topography and carrier concentration, as a function of depth.  

 
Here we present the first study of implanted aluminum activation in 4H-SiC using SSRM 
that spans over the whole temperature region in which the activation is believed to occur. 
A post-implantation annealing series from 1500 to 1950 °C is investigated for up to 50 
minutes annealing time. Experimental details regarding samples and sample preparation 
can be found in [26]. For the 1500 to 1650 °C sample series the annealing was carried out 
in a CVD reactor of the same type used for epitaxial growth. For the higher annealing 
temperature series the samples were put in an in-house designed graphite crucible 
containing dummy pieces of SiC, in order to create an atmosphere preventing evaporation 
of the material. 
 
In section 4.3 it was shown that the SSRM I-V characteristics are far from Ohmic and, 
albeit consistent and reproducible, difficult to model as a function of both bias and 
acceptor concentration. An exact value of the number of charge carriers can therefore not 
be obtained directly from the measured profiles by applying a simple conversion 
algorithm, and another approach is required in order to evaluate the effect of the 
annealing. 

 
If the linear relation between measured SSRM current and free carrier concentration in 
Fig. 4.3 can be assumed valid also for higher resistivities, a “semi-quantitative” value of 
the hole concentration, pssrm at each depth or aluminium concentration can be obtained. 

a) b)

Figure 4.7. AFM measurements of post-implantation annealed 4H-SiC. In a) for 40 
minutes at 1550 °C and in b) for 40 minutes at 1650 °C.  
 

1550 °C 1650 °C 
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The hole concentration is then extracted simply by applying the traditional spreading 
resistance formula (Eq. 4.1), where the probe radius and hole mobility are used as fitting 
parameters. These values are compared to the maximum hole concentrations at 100% 
activation from the SIMS profiles, pims, calculated using the neutrality condition [27] at 
room temperature and with an ionization energy of 0.2 eV. The ratio of the SSRM hole 
profile (1) and the hole profile calculated from SIMS data (2) then corresponds to the 
normalized hole concentration with respect to a complete activation as a function of 
aluminium concentration, i.e. aluminium activation as a function of depth. Here the 
integration limits are chosen by defining the sample edge and p-n junction (or other 
preferred depth of interest), respectively. By taking the ratio of the integrals (1) and (2) we 
obtain the total activation of the profile, which is here denoted the SSRM “apparent” 
activation, Assrm. The following three steps summarize the procedure:  

 
 

1. The measured SSRM current is converted to hole concentration using Eq. 4.1. The 
probe radius and hole mobility are used as fitting parameters. 

 
2. The maximum concentration of holes for 100% activation is calculated as a 

function of temperature and acceptor doping from the aluminium profile provided 
by, for instance, SIMS.  

 
3. The integral of the SSRM hole concentration profile from (1) with respect to a 

selected depth range is divided by the same integral of the SIMS profile from (2), 
which defines the SSRM apparent activation, Assrm. 

 
 

 

 

 

An example of the measured raw data from SSRM and SIMS measurements comparing 
two annealing temperatures at 1550 and 1650 °C for 20 minutes anneal are shown in 
Fig. 4.8 taken from [17]. 
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There is a small discrepancy (< 0.1 µm) between the SSRM and SIMS peak values, but 
this does not affect the final results. After proceeding with step (1) and (2) from above, 
the hole concentrations in Fig. 4.9 are obtained. 

 

 

 

 

 

 

 

 

 

 

 

 
The SSRM and SIMS hole concentration profiles in Fig 4.9 are then integrated and 
divided according to the third and last step in page 32, which yields the estimated 
apparent activation, Assrm of the depth profiles, in this example case the 1550 and 1650 °C 
samples annealed for 20 min. In Paper 6 the obtained values of Assrm are plotted as a 
function of time for all the investigated temperatures. For the final analysis of this data 
and conclusions made therefrom, see Paper 6. 
 

 

Characterization of breakdown in thick insulators  

Controlled selective oxide growth of high quality is of great concern for the fabrication of 
semiconductor devices. Oxides are used in transistors as dielectric gate material or as 
passivating layer to prevent breakdown or leakage. The most common choice is silicon 
dioxide, SiO2, much due to the well-controllable growth and etching processes provided 
by the established Si and SiO2 technology. For high-voltage devices on the other hand, 
alternative materials with higher electric field strength and thermal stability are being 
investigated [2].  
 
To find and optimize the most suitable insulator compound and growth process a 
characterization method is needed that can monitor the electrical properties, not only by 
employing large-scale contacts (e.g. I-V and C-V measurements) but also probe the small-
scale oxide homogeneity. In the case of thin, e.g. MOSFET SiO2 gate oxides, this type of 
technique already exists. Likewise to the electrical probing techniques SCM and SSRM, it 
is developed for SPM technology in the form of an add-on module. The application is 
labeled Tunneling AFM, or TUNA [28]. The principle is to scan the oxide laterally in 
AFM contact mode with a biased tip while measuring the tunneling current through the 
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same. The principle resembles that of SSRM in Fig. 4.1, with the addition of an oxide 
between the probe and sample. The tunneling current may then, again likewise to the 
SSRM and SCM case, be transformed into oxide thickness using either a conversion 
algorithm based on the exponential dependence on the distance and using reference 
samples.  
 
The application module TUNA in it’s commercial form, however, is limited to sensing 
tunnelling currents of less than 1 pA and employs metal coated silicon cantilevers with 
light pressures in order not to damage the thin (usually a few nanometer thick) gate oxides 
that are investigated. For passivation of high-voltage devices on the other hand, the 
thickness requirements of the oxide/insulating medium may be up to several hundred 
nanometers [2]. To enable characterization of this type of devices we therefore modified 
the SSRM system to enable TUNA like measurements on thick insulators. Due to the 
exponential decay as a function of tunnelling distance the measured current will for these 
thick oxides be dominated by a breakdown rather than tunneling component. An external 
voltage supply in form of a Keithley 237 Source measurement unit was added to the 
SSRM circuit in series with a current limiting resistor of 100 kΩ. Conductive tungsten 
carbide (W2C) coated silicon cantilevers with force constant of 2-5 N/m were used. Fig. 
4.10 shows the result of one of the first successful measurements of this type.  
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
The imaged oxide here consists of an amorphous 370 Å thick Al2O3 film deposited by 
laser ablation. The SSRM image was acquired at a sample bias of 20 volts, which can be 
compared with the ideal, parallel case that yields a breakdown voltage of 7.2 volts. The 
“weak-spots”, where pre-mature breakdown is likely to occur, is in Fig. 4.10 b) evident as 
brighter regions with increased current, which can be compared with the topographical 
features of the oxide in a). Weak spots related to thickness variations then become 
separable from other electrically active inhomogeneties within the oxide layer.  

Figure 4.10. In a) AFM and in b) SSRM measurements of a 370 Å Al2O3 passivation 
layer acquired at 20 volts sample bias. The grayscale in a) represents topography (height) 
and and in b) current.  

a) b)
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From the comparison of Fig 4.8 a) and b) it can be seen that the bright regions in the 
AFM image 4.8 a) give rise to a corresponding decrease in measured current at the same 
position in b). There are, however, several examples of small bright spots in the SSRM 
image in b) that cannot be correlated with a decreased height in a) and thus indicate 
crystallographic inhomogeneities that suppress the critical electric field of the material. 
The increase at these spots, relative to the average SSRM current, is about one order of 
magnitude. It should be noted that the setting range of the sample bias is very narrow 
during these types of breakdown mapping measurements. The reason is that, once 
breakdown is achieved, the current raises abruptly, which easily damages or melts the 
oxide. Thereafter a constant high current caused by a continuous degradation of the oxide 
may be measured throughout the scan line or even entire image. To obtain a measurable 
current (image) it is albeit necessary to set the sample bias very close to this limit. In order 
to confirm the validity of obtained results it is therefore important to perform several 
scans of the same area. 
 
In conclusion, a small modification of the SSRM instrument enables characterization of 
thick insulating layers. The method was tested to study local breakdown in a 370 Å thick 
laser ablated Al2O3 passivation layer with high lateral resolution. Regions in the insulator 
were revealed where pre-mature breakdown occurred at lower voltages than the 
remaining homogeneous area. The results suggest that the method is useful for lateral 
analysis of breakdown processes in thick insulating layers. 
 
 
Boron diffusion in implanted p+n junctions 
 
Boron is thought to be an effective complement to aluminum for acceptor doping in 4H-
Si, since (1) boron ions cause less damage to the lattice during implantation and (2) boron 
diffuses significantly during post-anneal and this shifts the position of the electrical 
junction inwards in the epitaxial layer and presumably beyond the region most severely 
damaged by the implantation [23]. Figure 4.11 shows the SIMS profile of a state-of-the-
art p+n junction of this type. The device has been obtained by a multi energy implantation 
of B and Al in low (1015 cm-3) nitrogen doped 4H-SiC, followed by a 1700 ºC anneal for 
30 minutes [29].  
 
 

 

 

 

 

Fig. 4.11. The SIMS profile of 
an aluminum (full line) and 
boron (dashed) implanted p+n 
junction in low doped n-type 
4H-SiC. The exponential decay 
of boron from about 0.5 µm 
depth is caused by transient 
enhanced diffusion and contains 
high concentrations of the D-
level defect state. 
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The shallow aluminum peak close to the surface is followed by a deeper boron 
implantation of lower concentration at about 0.5 µm. The “tail” of in-diffused boron at 
depth > 0.7 µm, also seen in Fig 4.12 is a consequence of transient enhanced diffusion 
(TED) during the post-implantation anneal and forms the graded junction that shifts the 
depletion region inwards. The TED boron, however, contains a high concentration of a 
defect state known as the deep D-level [29]. The D-level is a frequently observed 
electronic state within the bandgap, whose structural and electrical properties are not fully 
understood. In [29], however, it is argued that the D-level acts as a hole trap, which is 
supported by earlier measurements and simulations of avalanche breakdown in p+n 
diodes containing TED boron [24]. The D-level hole trap is here thought to dominate in 
concentration over the shallow boron level within the TED region and, since all holes are 
being trapped, thereby making it intrinsic. In order to study this, the TED region was 
investigated by SSRM laterally as shown in Fig. 4.12. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
The 20×20 µm SSRM image in Fig. 4.9 is measured in reverse sample bias, which means 
that the contrast is inversely proportional to the current and thus represents the resistance 
of the sample surface. The noisy signal is a consequence of the annealing induced step 
bunching and can for this purpose be neglected. The SSRM shows a bright contrast or 
very low current, even below the detection limit of the amplifier (0.1 pA), in the middle 
region where the TED boron is located according to Fig. 4.11. This behavior is consistent 
with the expectations of the D-level acting as a hole trap. The effect becomes more 
pronounced when imaged in reverse sample bias mode, since for positive bias the tip to 
n-type 4H-SiC will contain a reverse biased junction. This is also the reason why in Fig. 
4.12 the n-type epi and p-type implanted regions show about the same contrast – the 
implanted acceptor concentration is much higher but the tip to sample contact contains a 
reverse biased pn-junction and therefore the measured SSRM current is reduced. In 
summary it has been shown that SSRM measured in lateral mode of diffused TED boron 
region supports the assumption that the boron acts as a hole trap. The diffused region 

Fig. 4.12. SSRM image of the p+n 
junction shown in Fig. 4.11. acquired 
on the wafer (0001) surface. The 
measurements were performed at 5 volts 
reverse sample bias and the image 
contrast therefore represents the measured 
resistance. The presumably intrinsic 
TED “tail” of boron is located between 
the two doped regions and exhibits a 
non-measurable current, i.e. very bright 
contrast. The varying pattern in the n-
type epi (left) and p-type implanted area 
(right) is caused by the characteristic 
step-bunching described earlier.   
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exhibits intrinsic properties, which means that the concentration of hole traps exceeds the 
concentration of shallow boron.    
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5. Summary and Conclusions 
 
 
The work presented in this thesis contributes to the understanding and development of 
silicon carbide as a material for electronic devices. Two main experimental techniques 
have been employed: electron beam induced current (EBIC) and scanning spreading 
resistance microscopy (SSRM). EBIC is used to map various types of defects by inducing 
a plasma of electron hole pairs that is excited by an electron beam provided by a scanning 
electron microscope. SSRM is a form of scanning probe microscopy that monitors the 
concentration of charge carriers in semiconductors utilizing the spreading resistance 
effect. Both are thus imaging techniques and provide information in two dimensions.  
 
It is shown that EBIC can be used for characterization of p-n junctions in two “modes”. 
In the first type, a map of the local breakdown process is obtained by reverse biasing the 
junction. By comparison of the EBIC images with measurements of electroluminescence, 
defects are localized laterally and in-depth. The current in some defects does not saturate, 
but continues to increase until break down of the whole device occurs. In the second 
mode the junction is zero, or slightly reverse biased and the obtained image corresponds 
instead to a map of the diffusion length. By comparison with syncrotron white beam X-
ray topography (SWBXT) it is shown that every crystallographic distortion induces a 
change in the diffusion length, as detected in this EBIC mode.  
 
Before the use of SSRM for dopant profiling in 4H-SiC several other techniques already 
established for silicon were studied. Included in this exposé of doping profiling 
techniques are classical spreading resistance profiling (SRP), scanning electron microscopy 
(SEM) and scanning capacitance microscopy (SCM). SRP shows an acceptor detection 
limit of about 1017-1018 cm-3. Below this concentration the probe-sample contact becomes 
too Schottky barrier-like and looses its Ohmic behavior. SEM proved useful for 
determining sign and thickness of doped layers with high accuracy. Due to high surface 
sensitivity the results are difficult to reproduce quantitatively and can not be transformed 
to absolute acceptor concentrations. SCM, finally, is found capable of imaging all doping 
levels in a 4H-SiC p+-n high voltage diode and also to delineate the p-n and epi-to-
substrate junctions. Again, the surface sensitivity and non-reproducibility do not allow a 
quantitative evaluation of the free carrier profiles. 
 
SSRM shows on the other hand reproducible and consistent results as applied to an 
epitaxial staircase structure of 4H-SiC doped with aluminum in five levels from 1016 to 
1020 Al cm-3. The measured SSRM current is in good agreement with the acceptor 
concentration and is also shown to delineate the p-n junction between the epitaxial layer 
and substrate. The I-V characteristics, however, have significant Schottky character 
despite the almost linear relation as a function of dopant concentration. Finite element 
calculations are performed in three dimensions and show a significant sample heating 
induced by the SSRM current. The temperature increase extends about 100 nanometers 
from the electrical contact and causes an increased ionization relative to room 
temperature. SSRM is furthermore used for characterization of implantation profiles in 
p+n high voltage diodes in the wide annealing temperature range of 1500 to 1950 °C for 
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up to 50 min. By measuring cleaved cross sections of the implanted profiles the activation 
is studied as a function of the annealing conditions. The SSRM’s doping dependence of 
the epitaxial material is assumed to be valid also for the implanted profiles and thereby 
the depth integral of the SSRM current profiles can be used as a value of the total 
activation for each annealing condition. Although more rapidly increasing in the lower 
temperature regime, the obtained activation increases all the way up to 1950 °C, while 
previous studies have indicated a near-complete activation in 4H-SiC already in the region 
of 1700 °C. Still, compared to the SSRM current measured at the same aluminum 
concentration in the epitaxial staircase structure, the values in the implanted material are 
about a factor of three lower. The interpretation is that there are remaining implantation 
induced defects present in the material even after the majority of introduced acceptors 
has been activated, that lower the conductivity.  
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