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Abstract 

The lateral spreads of Al and P implanted (10 ~ 700 

keV) into a high-purity semi-insulating (HPSI) SiC 

substrate are quantitatively investigated by a threshold-

voltage analysis, scanning electron microscope (SEM), 

and scanning capacitance microscopy (SCM) observa-

tions. The lateral spreads are determined to be 0.40 (± 

0.05) µm along the [𝟏𝟏𝟐̅𝟎] as well as [𝟏𝟏̅𝟎𝟎] directions.  

 

1. Introduction 

Ion implantation is an essential process to introduce do-

pants in fabrication of almost all SiC devices. In order to ob-

tain predictable device performances, doped regions formed 

by ion implantation need to be determined precisely in terms 

of physical geometries and doping concentration. Practically, 

implantation profiles change due to the spread of implanted 

atoms along vertical and lateral directions. However, only a 

few experimental studies have been reported on the lateral 

spread of implanted atoms in SiC [1]. In this study, the lateral 

spreads of Al and P atoms are accurately determined through 

the channel thickness dependence of threshold voltage in 

side-gate JFETs [2], SEM, and SCM observations. 

 

2. Experiments 

(i) Threshold-voltage analysis: Measured devices are side-

gate JFETs as shown in Fig. 1. In a side-gate structure, a gate 

pn junction is fabricated along the direction orthogonal to  

ion implantation and therefore, the threshold voltage can be 

determined by the implantation mask design. Side-gate 

JFETs were fabricated on a 4°-off-axis high-purity semi-

insulating 4H-SiC substrate grown by high-temperature 

chemical vapor deposition. Al and P ion implantations (10 ~ 

700 keV) were performed to form p- and n-regions without 

samples tilting. Doping concentrations of gate and channel 

regions are 5×1019 cm-3, 1×1017 cm-3, respectively. Activa-

tion annealing was performed at 1650°C for 10 minutes. De-

signed channel thickness (𝑎n) varied from 1.15 µm to 1.5 µm. 

Gate pn junctions were formed along [11̅00]  or [112̅0] . 
Figure 2 shows schematic illustrations of gate pn junctions of 

a side-gate n-JFET. Figure 2 (a) shows pn junctions without 

the lateral spread, where the channel thickness is equal to the 

mask opening width 𝑎n. In Fig. 2 (b), the lateral spread of Al 

atoms in pn junctions (2Δ𝑎n) are taken into consideration and 

therefore, the channel thickness becomes 𝑎n − 2Δ𝑎n.  

(ii), (iii) SEM and SCM observations: Figure 3 shows sche-

matic illustrations of a sample for SEM and SCM observa-

tions. P ions were implanted into the HPSI substrate without 

a mask, and subsequently, Al ions were implanted with a SiO2 

mask with a 5-µm-pitch line-and-space pattern. The lateral 

spread normal to the line opening can be investigated through 

the line-and-space pattern. Lines were formed along [11̅00] 
or [112̅0] on the same chip. We fabricated this sample under 

the same condition of doping concentration as the fabrication 

of side-gate JFETs.  

 

3. Results and Discussion 

(i) Threshold-voltage analysis: Lateral spreads of implanted 

atoms are investigated through threshold voltages of side-gate 

n- and p-JFETs. When reduction of the channel thickness 

caused by the lateral spread along one side-gate Δ𝑎n is con-

sidered, the following equation can be obtained for n-JFETs 

[5], 

√𝜓n − 𝑉th_n = √
𝑞𝑁d

8𝜀s

(𝑎n − 2Δ𝑎n) (1) 

Where the 𝜓n is the built-in potential of the gate p+n junction 

and 𝑉th_n is the threshold voltage of n-JFETs. Nd is the donor 

concentration in the channel region of n-JFETs. And 𝜀s  is 

the permittivity of SiC. 𝑉th_n and 𝑎n were determined from 

Id – Vg characteristics of fabricated JFETs and SEM observa-

tion, respectively. Then, according to eq. (1) we extracted the 

lateral spread 2Δ𝑎n  from the intercept of a √𝜓n − 𝑉th_n  - 

𝑎n relationship, shown in Figs. 4 (a) and (b). From Fig.4 (a), 

the lateral spread 2Δ𝑎n was determined to be 820 nm along 

[112̅0] and 840 nm along [11̅00] for Al+ implantation (p-

gates in n-JFETs). Similarly, from Fig.4 (b), the lateral spread 

2Δ𝑎p was determined to be 870 nm along [112̅0] and 900 

nm along [11̅00] for P+ implantation (n-gates in p-JFETs).  

(ii) SEM observation: Figure 5 shows a SEM image of the 

line-and-space sample with p+n junctions. In this SEM image, 

p- and n-regions are observed as bright and dark contrast, re-

spectively. The width of p-region Lp is about 5.4 µm. And a 

width of mask opening Lmask = 4.5 µm is obtained by recog-

nizing the mask edge, which is shaped by slight over-etching 

during the formation of an implantation mask. Then, about 

0.9 µm of the lateral spread 2Δ𝑎  along [112̅0]  was ob-

tained. In a similar way, we also determined the lateral spread 

along [11̅00] as 0.9 µm. Almost the same amount of the lat-

eral spread was observed along both the directions.  

(iii) SCM observation: Figs. 6 (a) and (b) show cross-sec-

tional SCM images of line-and-space samples with pn junc-

tions along [112̅0] and [11̅00], respectively. SCM profiles 

along white dashed lines in Figs. 6 (a) and (b) are shown in 

Figs. 7 (a) and (b), respectively. Figs. 7 (a) and (b) show that 

the maximum width of p-region is 5.4 µm along both the di-

rections. Atomic force microscopy (AFM) profiles of sam-

ple’s surface are also plotted in Fig. 7. We determined the 

mask opening width as 4.7 µm using AFM profiles. The lat-

eral spreads 2Δ𝑎 along both the directions were determined 
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to be 0.7 µm by comparing SCM and AFM profiles.  

The lateral spreads of Al Δ𝑎  obtained by different 

methods are summarized in Table 1. These results show good 

agreement with each other.  

 

4. Conclusion 

    The lateral spreads of Al and P atoms in SiC were deter-

mined to be 0.40 (± 0.05) µm by three different approaches. 

These results are important to precisely determine geometries 

of doped regions, and thereby to design SiC devices. 
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Fig. 1 Schematic illustraion of the side-gate p- 

and n-JFETs. 

Fig. 2 Schematic illustrations of gate pn junctions 

(part of a side-gate n-JFET) (a) without and (b) 

with a lateral spread. 

 

Fig. 4. √𝜓 − 𝑉th — 𝑎 relationships in fabricated (a) n- and (b) p-JFETs. Threshold 

voltages were determined from Id – Vg characteristics of fabricated JFETs. The chan-

nel thickness was measured by SEM. 

Fig. 6 Cross-sectional SCM images of p+n 

junctions acquired from line-and-space sam-

ples. The maximum width of p-region was 

measured along the white dashed line.  

Fig. 7 SCM profiles along white dashed lines in Figs. 6 (a) and (b) and AFM profiles of 

line-and-space sample’s surface along (a) [112̅0] and (b) [11̅00].  

 

Lateral spread Threshold-voltage analysis SEM observation SCM observation 

Δ𝑎[112̅0] [µm] 0.41 0.45 0.35 

Δ𝑎[11̅00] [µm] 0.42 0.45 0.35 

 

Table 1 Lateral spreads of Al atoms along [112̅0] and [11̅00] investigated through 

threshold-voltage analysis and SEM, SCM observations.  

 

Fig. 5 Plan-view SEM image of a p+n 

junction in a line-and-space sample. 

Fig. 3 Schematic illustrations of the line-and-

space sample for SEM (plan-view) and SCM 

(cross-sectional view) observations. A 5-µm-

pitch line-and-space pattern is designed. 
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