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Abstract

We have investigated a KrF excimer laser doping method for high-concentration, low-temperature doping of 4H-SiC. We reported that
heavy N or Al doping of the 4H-SiC can be achieved by laser ablation of thin source films (SiN, or Al) formed on the SiC substrate.
Recently, we developed a laser doping system capable of processing the entire SiC wafer with high productivity for manufacturing
systems. In this system, a gas supply nozzle for ambient environment control was installed to prevent oxidation of the SiC surface,
achieving the same oxidation-suppression effect as a vacuum chamber. Furthermore, the system contains an optical pulse stretcher that
lowers the laser peak pulse and stretches the pulse width. By using the KrF excimer laser doping system, we achieved high
concentration and high throughput doping of 4H-SiC at low temperature and low contact resistance.
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1. INTRODUCTION

4H-silicon carbide (4H-SiC) is a group IV semiconductor with a bandgap energy of 3.26 eV, and it is known as a promising
material for high-power devices. It has several superior material properties, in particular, a dielectric breakdown field
approximately 10 times larger than that of silicon (Si) [1-5]. Therefore, SiC devices have lower electric power losses than Si
devices.

However, some issues must be overcome to fabricate SiC devices. One such issue is the difficulty of the doping process.
Because SiC has a lower electron affinity than Si [6], upon SiC doping, a larger Schottky barrier is formed, and the contact
resistance tends to be larger than that of Si [7-9]. Thus, heavy doping is necessary to form low-resistance contacts.
Nitrogen and phosphorous have been widely studied as n-type dopants of SiC [1]. Hot ion implantation at a high
temperature of approximately 600 °C and subsequent annealing at approximately 1700 °C are typically used to dope SiC
[10-15]. However, the concentration limit of the dopants is in the order of 102°/cm3[16]. The surface concentration is
lower than the bulk concentration because the dopant diffuses very little, even at such high temperatures. Therefore, it is
difficult to reduce the metal/SiC contact resistance and high-temperature annealing from 800 to 1000 °C is required for
electrode formation to reduce the contact resistance due to alloying and defect generation at the metal/SiC interface [5].
These high-temperature processes degrade the crystallinity of the SiC by, for example, segregating C atoms from the SiC
bulk [17-19]. Furthermore, the process integration is limited; for example, thinning of the SiC substrate is difficult. The
process is performed under a vacuum equipment, and a huge vacuum chamber is required, leading to an increase in size
and cost of the device.
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We have investigated a laser doping method for high-concentration, low-temperature doping and reported that heavy
N or Al doping of 4H-SiC can be achieved by laser ablation of thin source films (SiN, or Al) formed on the SiC substrate
[20-26]. Recently, we have developed a laser doping method capable of processing the entire SiC wafer with high
productivity for a manufacturing system. In this system, a gas supply nozzle for ambient environment control was installed
to avoid oxidation of the SiC surface. With this gas supply nozzle, the same oxidation-suppression effect achieved by a
vacuum chamber can be expected. Furthermore, the system contains an optical pulse stretcher (OPS) that lowers the laser
peak pulse and can stretch the pulse width. The effects of the pulse width on laser ablation can be observed with the OPS.
In this paper, we report the influence of the laser pulse width when the excimer laser is irradiated on the 4H-SiC substrate.
Furthermore, by using a nozzle, the same effects of a vacuum can be achieved. Finally, we will discuss the contact
resistance during electrode formation for N-doped regions formed using this laser doping system.

2. EXPERIMENTAL
2.1. Experimental conditions

The sample structure was a SiN,(100 nm)/n-type 4H-SiC(0001) substrate. The SiN, film was deposited on the C-face of
the SiC substrate by chemical vapor deposition. Figure 1 shows a schematic diagram of the laser irradiation system. Laser
irradiation was performed by a KrF excimer laser (Gigaphoton Inc., wavelength: 248 nm. Pulse duration: 15 ns, full width at
half-maximum). Figure 2 shows a schematic diagram of the sample structure and laser doping procedure. Laser irradiation
of the sample was performed in Ar ambient by using a gas supply nozzle. The nozzle is very small (approximately 75 mm x
75 mm x 80 mm) and oxidation of the sample surface can be effectively suppressed. The pulse width (FWHM) of the laser
beam was changed from 15 to 30 ns with the OPS. The laser peak energy was approximately half. The OPS will be
described in detail in Section 2.2.The laser beam size on the sample surface was 300 um x 400 pum, the irradiation fluence
ranged from 2.0 to 3.2 J/cmz, the laser was operated at 100 Hz, and the sample was scanned at rates of between 2 and 8
mm/s along the short-axis direction of the laser beam. Scan speeds of 2, 4, and 8 mm/s correspond to 15, 10, and 5
shots/loc., respectively. After irradiation, the non-irradiated area of the SiN, films was removed by immersing the sample
in a phosphorous acid solution at 150 °C for 25 min.
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Fig. 1. Schematic of the laser irradiation system.
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Fig. 2. Sample structure and laser doping procedure.
2.2. Optical pulse stretcher (OPS)

An OPS is a system that uses optical delay to extend the pulse width. A schematic of the OPS is shown in Figure 3. As
shown in Figure 4, the pulse width of the KrF excimer laser is 15 ns. The pulse width is extended to 30 ns by inducing an
optical path delay of 7 m. Furthermore, it is possible to extend the pulse width by adding OPS 4 m after OPS 7 m. In this
paper, we will report the results obtained using the OPS 7 m.
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Fig. 3. Simplified optical diagram of optical pulse stretcher. Fig. 4. Laser pulse waveform without OPS,

with OPS+7 m and with OPS+3.5 m+7 m

2.3. Gas supply nozzle

Figure 5 shows a simplified view of the gas supply nozzle. The nozzle was supplied with a gas sprayed from the laser
irradiation port and a shielding gas sprayed around the irradiation port. The distance between the sample and the nozzle
was approximately 1 mm. A Z-stage for focusing was used for adjusting the position of the nozzle. The total flow rate of Ar
gas was 2 L/min. e —
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Fig. 5. Simplified view of the gas supply nozzle
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3. RESULTS AND DISCUSSION

Figure 6 shows the current—voltage (/-V) characteristics of the surface after irradiation in vacuum (a) and Ar ambient
and atmosphere (b). Figure 5(a) is taken from a previous report on irradiation in vacuum [26] where the fluence was set to
2.0 J/cm” and the number of shots to 10. The /-V plot obtained clearly shows ohmic linearity characteristics. The results in
figure 4(b) were obtained with a fluence of 2.2 J/em? and 10 shots. For irradiation in atmosphere, the -V curve is nonlinear
while for irradiation in Ar ambient, ohmic characteristics with linearity are clearly obtained. A characteristic close to that in

vacuum and Ar gas atmosphere was obtained. Therefore, the developed gas supply nozzle effectively prevented the
oxidation of the SiC surface.
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Fig. 6. (a) I-V characteristics of irradiation in vacuum from a previous report [26]. (2.0 J/cm?, 10 shots)
(b) I-V characteristics of irradiation in Ar ambient and atmosphere. (2.2 J/cm?, 10 shots)

Figure 7 shows the /-V characteristics of the surface with and without OPS. The low resistance values range from 2.2 to
3.0 J/cm2 and from 2.1to 2.3 J/cm2 for irradiation with and without OPS, respectively. Thus, the use of the OPS causes the
low resistance range to expand. The minimum resistance value shifts to the high fluence side. From this result, we
conclude that the peak power of the laser is lowered by the OPS, and the electrical characteristics degradation induced by
laser doping is reduced. Figure 8 shows the dependence of the resistance value on the number of irradiations for each
fluence. The resistance value was 28.4 Q for 5 shots, 28.4 Q for 10 shots and 26.3 Q for 15 shots when the irradiation
condition was 2.4 J with OPS. It was confirmed that the resistance value decreased in a wide range of the number of
irradiations. As the number of irradiations is increased, the resistance value increases and the SiC surface is ablated.
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Fig. 8. Dependence of the resistance value on the number of irradiations for each fluence.
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Figures 9 and 10 show the results of Raman analysis and the shape profile of the irradiation surface analysis with and
without the OPS, respectively. The fluence was 2.4 J/cm2 with OPS and 2.2 J/cm2 without OPS. In the Raman analysis, the
vertical axis represents the ratio of the near 780 cm? peak intensity of the 4H-SiC surface after irradiation to the
unirradiated 4H-SiC substrate. Figure 9(a) shows the results of the Raman analysis without the OPS. The crystallinity was
decreased to 70% after the laser irradiation. Figure 9(b) shows the results of the Raman analysis with the OPS. As shown in
the figure, the crystallinity did not change.

Figure 10 shows a surface profile of the laser-irradiated surface, which was obtained by scanning the probing stylus
over the irradiated area. Figure 10(a) shows the surface profile after irradiation without the OPS. The cross-sectional area
of the surface bump after irradiation was approximately 3 umz. Figure 10(b) shows the surface profile after irradiation
without the OPS. The cross-sectional area of the surface bump after irradiation was approximately 1.5 umz. Therefore, the
OPS is effective in reducing the degradation of the crystallinity and improves bumps formation and the electron properties.
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Fig. 9. (a) Raman spectrum of 4H-SiC at no irradiation area and the laser doping area without OPS. (2.2 J/cm*, 10 shots)
(b) Raman spectrum of 4H-SiC at no irradiation area and the laser doping area with OPS. (2.4 J/cm?, 10 shots)
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Fig. 10. (a) Surface bump of 4H-SiC laser doping area without OPS. (2.2 J/cm?, 10 shots)
(b) Surface bump of 4H-SiC laser doping area with OPS. (2.4 J/cm?, 10 shots)

Figure 11 shows the results of secondary ion mass spectrometry (SIMS) analysis of nitrogen after laser doping in Ar
ambient (2.4 J/em?, 10 shots) with and without OPS. High-concentration nitrogen doping (at the 10°"/cm’ level at the
surface) was achieved in both conditions.

105

— 2.4 J/em?, 10 shots, with OPS
— 2.2 J/em?, 10 shots, without OPS

102

10

N atom Concentration (/cm?)

1020
19
10 Substrate concentration
1018 : :
0 20 40 60 80 100

Depth (nm)

Fig. 11. SIMS depth profiles of N obtained from the sample irradiated with SIN, film.
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Figure 12 describes the contact resistance measurement method. Al/Ti electrodes with sizes ranging from 5 um x 5 um
to 50 um x 50 um were deposited on the laser-doped region. When the electrode dimension d was much smaller than the
SiC substrate thickness t, the bulk resistance R2 and Ni/SiC contact resistance R3 were considered constant. The contact
resistance value can be calculated from the slopes of equations (1), (2), and (3).

The contact resistance value was calculated from the /-V measurement results. With a fluence of 2.2 J/cm2 and 10 shots
without the OPS, the contact resistance was 3.7 x 10-5 Q-cm® without annealing. When the Al/Ti electrodes were
annealed at 200 °C for 30 min, the contact resistance was 2.5 x 10-5 Q-cm’. Therefore, the annealing repaired the crystal
defects. With the OPS, the contact resistance was 2.3 x 10-5 Q-cm?® without annealing. Thus, the OPS did not deteriorate
the crystallinity, and few crystal defects were formed when the contact resistance decreased at room temperature.

RM=R1+R2+R3 (1)
Ry = p¢/d? 2)
Ry = pc/d* + Ry + R3 3)

@ i’| d<<t .
Electrode : AUTi |£f| AlTi

Fig. 12. Schematic diagram of a contact resistance measuring method (left) and measurement circuit diagram (right).
4. CONCLUSIONS

We proposed a method for low-temperature nitrogen doping of 4H-SiC(0001) induced by KrF excimer laser irradiation
of a SiN, film. The laser irradiation was performed using an Ar gas supply nozzle to avoid oxidation of the SiC surface. The
gas supply nozzle was as effective as a vacuum in preventing SiC surface oxidation. The use of the OPS induced little
degradation of the SiC crystallinity in the nitrogen-doped region. The deformation of the irradiated surface could also be
suppressed. Therefore, high pulse energy adversely affects SiC. In terms of laser doping, we concluded that widening the
pulse and lowering its peak energy improves the effectiveness. High-concentration nitrogen doping (at the 1021/cm3 level
at the surface) can be achieved by laser ablation of the SiN, film. With the OPS, the contact resistance between an Al/Ti
electrode and the nitrogen-doped region is 2.3 x 10° Q-cm?’ at room temperature. Therefore, if a back-side electrode for a
Schottky barrier diode (SBD) or PiN diode is fabricated following this method, the power loss ratio of the contact resistance
to the bulk resistance can be estimated to be 3.2 and 11.5% at substrate (0.02 Q-cm) thicknesses of 350 and 100 um,
respectively. Then, a sufficiently small value of the backside contact resistance of SBD and PiN diodes can be obtained. In
conclusion, low-temperature and high-concentration laser doping can be achieved by laser ablation of a SiN, film on a 4H-
SiC substrate. Furthermore, the use of the gas supply nozzle and the OPS stabilize the manufacturing process and reduces
the cost of the system.
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