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Abstract 

 The carrier lifetime is an important parameter for high voltage SiC bipolar devices because its distribution in drift layers 

affects the device performance. Observation techniques for carrier lifetime, along with the development of carrier lifetime 

control processes, are important to control carrier lifetime distribution. In this study, we developed a microscopic time-resolved 

free carrier absorption system that has a variable spot size of excitation light and two different probe light wavelengths (405 or 

637 nm). By selecting a relatively small spot size of excitation light and the probe light of shorter wavelength (405 nm), the 

distribution of carrier lifetime was observed with a high spatial resolution of ~3 m. Additionally, by using a relatively large 

spot size of excitation light and the probe light which leads to stronger free carrier absorption (637 nm), an accurate 

measurement of carrier lifetime was obtained. The developed system enables the design and development of bipolar SiC devices 

with carrier lifetime distribution control. 
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Introduction 

Silicon carbide (SiC) is expected to be an attractive wide-bandgap semiconductor material for power 

device applications. Unipolar devices using SiC are commercially available and are widely employed in 

electric power conversion. However, the compatibility between the on-resistance and breakdown voltage 

of unipolar devices is limited.1) Meanwhile, bipolar devices can overcome this limitation owing to the 

effects of conductivity modulation, which employs both electrons and holes for electrical conduction. To 

induce the effects of conductivity modulation, the carrier lifetime in the drift layer must be sufficiently 

long. However, a long carrier lifetime enhances the reverse current during device switching. It is important 

to control the distribution of the carrier lifetime in the drift layer to achieve conductivity modulation effects 

with low switching reverse currents. In silicon bipolar devices, thin and short carrier lifetime layers have 

been frequently employed to achieve conductivity modulation with low switching currents.2) For SiC, it 

has been suggested that the fabrication of a drift layer with carrier lifetime control can be achieved by 

combining carrier lifetime enhancement processes with a buried thin layer and vanadium (V) doping..3-6) 

To control carrier lifetime distribution, developments in not only fabrication processes, but also 

observation techniques are important. Even if the device is designed for optimal carrier lifetime 

distribution, the distribution in the fabricated device will differ from the design. Therefore, a technique 

for measuring carrier lifetime with high spatial resolution must be developed to confirm the presence of 

thin and short carrier lifetime layers in the fabricated device. For SiC, three typical contactless techniques 

exist for carrier lifetime measurement: microwave photoconductivity decay (-PCD),7-17) time-resolved 

photoluminescence (TR-PL)17-22), and time-resolved free carrier absorption (TR-FCA).17,23-35) Among 

these techniques, TR-FCA uses probe and excitation lights, and measurements are performed on the area 

where both the lights overlap. Therefore, by focusing on either of the lights, a spatial resolution higher 

than those of -PCD and TR-PL can be achieved. Observation of the short carrier lifetime layer in silicon 
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has been reported by using TR-FCA.35) In addition, TR-FCA offers an advantage in the accurate evaluation 

of carrier lifetime under high-injection conditions.34)  

Here, we report the depth-resolved carrier lifetime measurements of 4H-SiC thick epilayers obtained 

using a microscopic TR-FCA system. By selecting the excitation laser spot size and the probe laser 

wavelength, we performed two modes of measurements to obtain either a high spatial resolution or an 

accurate estimate of carrier lifetime. From these measurements, we estimated the distribution of the carrier 

lifetime in thick epilayers with and without the PiN diode structure. 

 

Experiments 

Schematics of the sample structures are shown in Figs. 1(a)–(c). One of the samples has a PiN structure 

with a p+ contact layer, a p-type epilayer, an n-type drift layer, and an n+ buffer layer on an n-type 4H-SiC 

substrate. We named this sample PiN N dope, and it was fabricated by the following procedure. A 12 μm 

thick epilayer (n+ buffer layer) with an N doping concentration of ~1018 cm−3 was grown on the Si face of 

an n-type 4H-SiC 4° off-axis (0001) commercial substrate. Subsequently, a 150 μm thick n-type drift layer 

with an N doping concentration of ~1014 cm−3 was grown on the n+ buffer layer. A 2 μm p-type epilayer 

with an Al doping concentration of ~1018 cm−3 was grown on top of the n-type drift layer. The structure 

was subjected to thermal treatment (C-diffusion process) after the p-type epilayer growth to reduce the 

concentration of the recombination center, the Z1/2 center, in the drift layer. The structure was twice 

subjected to thermal oxidation at 1300 °C for 5 h. The oxide layer was etched off by hydrofluoric acid 

before the second thermal oxidation, followed by annealing at 1550 °C in Ar gas for 30 min.13) The thermal 

treatment process was expected to reduce the thickness of the p-type epilayer by 200 nm. Then, a p+ 

contact layer was fabricated by Al ion implantation, forming a 0.3 μm thick box profile with an Al doping 

concentration of ~1020 cm−3 with post-implantation annealing at 1620 °C in Ar gas for 3 min. Another 

sample was fabricated with the same structure as that of the PiN N dope, except for a buried nitrogen and 
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vanadium (N/V) co-doped layer, which was formed by adding VCl4 during its growth. Furthermore, the 

N/V co-doped layer had a V concentration of ~1013 cm-3 and a thickness of 11 µm.6) V doping was 

performed to reduce the carrier lifetime and resulted in a local short carrier lifetime layer. Such a structure 

reduces accumulated carriers and reverse currents during switching operations.5) This sample was named 

PiN N/V co-dope. The sample was processed into a 1 mm × 3 mm wide strip by mechanically grinding 

and polishing a 3 mm × 3 mm chip from both the (11̅00) and (1̅100) faces. Figure 1(c) shows another 

sample without any p-type layers. This sample has an epitaxial layer (thickness: 140 μm) with a uniform 

N concentration (~1014 cm−3) on the C-face of the 4H-SiC substrate. After epitaxial growth, the sample 

was subjected to C+ implantation (total C+ concentration: ~1016 cm-3) and annealing at 1650 °C for 5 min 

to enhance the carrier lifetimes.20) We named this sample N dope and the size of this sample was 3 mm × 

20 mm. The cross section of the sample was treated by mechanically polishing the (11̅00) and (1̅100) 

faces. We mechanically polished the (11̅00) faces of all the samples prior to the measurements. 

We employed a 355 nm pulsed yttrium aluminum garnet (YAG) laser as the excitation light with a 

pulse width of 1 ns and a repetition frequency of 100 Hz. The injected photon density was set at 1016 cm-

2, which corresponds to an average excess carrier density of 1.5 × 1018 cm-3 up to the penetration depth 

(~42 m). A continuous wave laser of wavelength 405 or 637 nm was used as a probe light for the 

microscopic TR-FCA system. The probe light with 405 nm wavelength enabled measurements at high 

spatial resolutions as it is almost the shortest wavelength below the band gap energy of 4H-SiC. Further, 

the probe light of 637 nm wavelength has a higher free carrier absorption peak than the 405 nm probe 

light, which enabled the achievement of a high signal-to-noise ratio.30,36) The sample was illuminated by 

the excitation and probe lights through an objective lens with a numerical aperture (NA) of 0.65. The spot 

diameter of the probe light at the focal point was ~1 m, whereas the spot size of the excitation light could 

be modified using a variable aperture and a convex lens in front of the objective lens. The probe light, 

which is transmitted from the (11̅00) face to the (1̅100) face of the sample, was detected using a silicon 
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photodiode (Si-PD). A long-pass filter (LPF) to block light of 355 nm wavelength and a bandpass filter 

(BPF) to pass the probe light of 405 nm or 637 nm wavelength were placed in front of the Si-PD. During 

the measurement, the sample was moved along the depth direction with respect to the objective lens by 

using a stepper motor. The step size was selected to restrict the total measurement time to several hours. 

Figure 2 shows a schematic of our microscopic TR-FCA system. All the measurements were performed 

at room temperature. 

We defined two measurement modes: fine and expanded measurements. In the fine measurement 

mode, the excitation light was focused to a spot diameter of ~30 m on the sample, and the probe light of 

405 nm wavelength was selected. This mode enabled measurements with a high spatial resolution. In the 

expanded measurement mode, the excitation light was focused to a spot diameter of ~90 µm on the sample, 

and the probe light of 637 nm wavelength was selected. This mode enabled the accurate evaluation of 

carrier lifetimes with moderate spatial resolution. The expected optical paths for the fine and expanded 

measurement modes are shown in Figs. 3(a) and 3(b), respectively, using refractive indices of 2.83, 2.75, 

and 2.63 for 355, 405, and 637 nm lights, respectively.37) As shown in this figure, the probe light expanded 

from the (11̅00) surface of the sample, resulting in a wider measurement region than the spot diameter of 

~1 m. In the fine measurement mode, the region of overlap of the excitation light and probe light has a 

maximum radius of 7.8 m at a depth of 36.5 m and a radius of 6.8 m at the penetration depth of the 

excitation light (42 m). The excited carrier concentration was the highest at the (11̅00) face and gradually 

decreased with increasing depth. Therefore, most of the signals originate from a radius of a few microns 

around the probe light spot. With time, the carriers recombine and diffuse out of the path of the probe 

light, and thus the decay of the signal includes both recombination and diffusion. In the expanded 

measurement mode, the region of overlap has a maximum radius of 23.6 m at a depth of 109 m and a 

radius of 9.4 m at 42 m depth. Therefore, the signals originate from a radius of ~10 m around the 
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probe light spot. In this case, the excited carriers are distributed within a diameter of 90 m at the (11̅00) 

face, and this wide carrier distribution suppresses the carrier diffusion in the <0001> and <112̅0> 

directions. Thus, the decay of the signal predominantly depends on the carrier recombination. 

 

Results and Discussion 

Figure 4 shows the depth-resolved TR-FCA decay curves of the (a) PiN N dope, (b) PiN N/V co-dope, 

and (c) N dope samples, obtained by fine measurement. For all the figures, we defined X = 0 µm at the 

top of the samples (for PiN N dope and PiN N/V co-dope, which is the surface of the p-type layer). The 

decay curves of the PiN N dope sample were almost uniform in the depth direction, whereas fast decay 

curves were observed from 10 to 35 µm depth in the PiN N/V co-dope sample. Meanwhile, N dope showed 

slower decay curves near the (0001) surface than that of the other samples. To observe the distributions 

of the carrier lifetimes, we defined the 1/e lifetime as the time for the TR-FCA signal decay from a peak 

to 1/e of the peak.  

Figure 5(a) shows the secondary ion mass spectrometry (SIMS) profile of V concentrations of the PiN 

N/V co-dope sample. The 11 μm thick N/V co-doped layer was located at a depth of 22 μm from the 

(0001) surface. Figure 5(b) shows the depth distributions of 1/e lifetimes at 2.5 μm intervals in the PiN N 

dope and PiN N/V co-dope samples, and the inset shows the measurement at 0.5 μm intervals of X from 

20–35 m. The 1/e lifetimes of the PiN N dope sample were uniform in the n-type drift layer, whereas the 

PiN N/V co-dope sample showed a local 1/e lifetime reduction at 20-35 µm from the surface, which 

corresponded to the depth of the N/V co-doped layer. As shown in the inset of Fig. 5(b), we observed a 

sharp reduction in the 1/e lifetime at 31–34 µm, which is the edge of the N/V co-doped layer. This indicates 

that the spatial resolution of the fine measurement is ~3 μm, which is almost the same as the average 

radius of the probed region shown in Fig. 3(a). The achieved resolution was similar to or even better than 
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the reported FCA results owing to the use of the high NA objective lens and the short wavelength of the 

probe light.24) The 1/e lifetimes within the N/V co-doped layer were not uniform and did not correspond 

to the V distribution measured by SIMS. The origins of these nonuniform 1/e lifetimes within the N/V co-

doped layer are unclear. However, the V concentration measured by SIMS is near the SIMS detection 

limit, and a nonuniform V distribution may exist within the N/V co-doped layer. Figure 5(c) shows the 

depth distribution of 1/e lifetime at 1 µm intervals in the N dope sample, obtained by fine measurements. 

Relatively long 1/e lifetimes were observed at X of 80–120 µm compared with other regions, even though 

the epilayer had a uniform doping concentration (~1014 cm-3) in the depth direction. This result indicates 

that even if an epilayer is grown in a consistent condition, the carrier lifetime will vary within the epilayer. 

The origin of this variation should be investigated further. The 1/e lifetimes obtained from the fine 

measurements for all the samples were short compared with previously reported carrier lifetimes for the 

epilayer after carrier lifetime enhancement processes.13-15,19-21) Though this measurement mode offers high 

spatial resolution, it is difficult to accurately evaluate the carrier lifetimes. 

Figure 6 shows the depth-resolved TR-FCA decay curves of the (a) PiN N dope, (b) PiN N/V co-dope, 

and (c) N dope samples, obtained from the expanded measurements. For all the samples, the decays 

obtained by the expanded measurement were found to be slower than those obtained by the fine 

measurements (Fig. 4). 

Figure 7(a) shows the depth distributions of the 1/e lifetimes at 2.5 μm intervals in the PiN N dope and 

PiN N/V co-dope samples, obtained by the expanded measurements, and the inset shows the 1/e lifetime 

distribution of both samples at 0.5 μm intervals around the N/V co-doped layer. The 1/e lifetimes obtained 

from expanded measurements were longer than those obtained by the fine measurements (Fig. 5(b)). 

Although a local lifetime reduction by the N/V co-doped layer was observed, the reduction was more 

gradual than that observed by the fine measurements. The reduction in the 1/e lifetime at the edge of the 
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N/V co-doped layer is shown in the inset figure. This indicates that the expanded measurements had a 

lower spatial resolution (13 μm) than that of the fine measurements (Fig. 5(b)).  

Figure 7(b) shows the depth distributions of the 1/e lifetimes in the N dope sample, obtained by the 

expanded measurement. For estimating the bulk high injection lifetime by the calculations described later, 

we present the 1/e2 and 1/e3 lifetimes, which are defined as decay times from 1/e to 1/e2 and from 1/e2 to 

1/e3, respectively.21) The 1/e lifetimes obtained by the expanded measurements were longer than those 

obtained by the fine measurements (Fig. 5(c)). The 1/e2 and 1/e3 lifetimes were slightly longer near the 

substrate compared to that near the surface, similar to the pattern of the 1/e lifetime distribution in Fig. 

5(c). In addition, the values of the 1/e lifetimes in the N dope sample were ~10 times longer than those in 

the PiN N dope and the PiN N/V co-dope samples. The longer lifetimes in the N dope sample can have 

three possible origins : (i) the difference in growth conditions induced a low Z1/2 center concentration for 

N dope, (ii) the ion implantation and post-implantation annealing processes for the p+ contact layers for 

PiN N dope and PiN N/V co-dope induced defects in the drift layers, and (iii) the lifetime enhancement 

process was only effective before the p-type layer was formed; however, for PiN N dope and PiN N/V co-

dope, the process was performed after the p-type layer formation.38) When we grew an epilayer with a 

single n-type layer, we obtained a long lifetime in the layer after the lifetime enhancement process. Hence, 

origin (i) is unlikely. For origin (ii), because the temperature (1620C) of the post-implantation annealing 

was low enough to prevent significant Z1/2 center generation,39-41) a possible origin of the short carrier 

lifetime was defects formed by the ion implantation. Such the defects should result in a short lifetime near 

the ion implanted layer, while the results in Fig. 5(b) show a short lifetime within the entire epilayer. 

Hence, origin (ii) is also not possible, and thus origin (iii) is the most plausible explanation of the longer 

lifetime in the N dope sample. The detailed mechanism of origin (iii) is not clear and will be investigated 

in our future studies. 
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To confirm the bulk lifetime of the N dope sample, we calculated the excess carrier decay at each 

depth position inside the epilayer using the partial differential equation of excess carrier density as follows: 

𝝏𝒏

𝝏𝒕
= 𝑫

𝝏𝟐𝒏

𝝏𝑿𝟐
−

𝒏

𝝉𝑯𝑳
− 𝑩𝒏𝟐 − 𝑪𝒏𝟑 + 𝑮, (1), 

where 𝑛 is the excess carrier density, D is the ambipolar diffusion coefficient, HL is the high-injection 

lifetime, B is the radiative bimolecular recombination coefficient, C is the Auger recombination 

coefficient, and G is the generation rate of the carrier, which is negligible after the initial excitation. We 

employed electron and hole mobilities to obtain D as in Ref. 10 and adopted the reported values for B and 

C, i.e., 2 × 10-14 and 5 × 10-31 cm6/s, respectively.10,31,42) Although the actual excess carriers diffused three-

dimensionally after the excitation, for simplicity, we solved this equation in the depth direction (in the X 

direction, as shown Fig. 1(c)). We also assumed a constant HL throughout the epilayer. The boundary 

conditions are expressed as follows:  

𝐷
𝜕𝑛

𝜕𝑋
|
𝑋=0

= 𝑆1𝑛 and 𝐷
𝜕𝑛

𝜕𝑋
|
𝑋=140

= −𝑆2𝑛, (2), 

where S1 and S2 are the recombination velocities at the surface (X = 0) and the epilayer/substrate interface 

(X = 140), respectively. We assumed a surface and interface recombination of 1000 cm/s.7-10, 15, 28) In the 

excess carrier decay model, 𝑛 and 𝜏𝐻𝐿 were parameters for fitting the measured depth distributions of the 

lifetimes. We obtained the parameters that minimized the residual sum of squares of the relative error 

between the measured and calculated 1/e, 1/e2, and 1/e3 lifetime distributions. The lines in Fig. 6(b) show 

the calculated results with the minimum error for n = 3.0 × 1018 cm-3 and HL of 10 s. The n of 3.0 × 1018 

cm-3 was slightly larger than the measurement condition of 1.5 × 1018 cm-3, and the calculated 1/e lifetimes 

showed relatively large differences from the experiments compared with the 1/e2 and 1/e3 lifetimes. We 

assumed that these differences were due to not considering the surface recombination at the excited surface 
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in the calculation and the difference between B and C from the actual values. B and C depend on the 

doping concentrations28,31,42,43), and our sample had a lower doping concentration than those employed in 

previous studies. However, the reported HL for the sample from the same wafer as our sample was 11.4 

µs, as estimated by -PCD, which is close to our estimated value of 10 µs. Hence, the expanded 

measurements reflected the accurate carrier lifetimes in the epilayer bulk.14) Therefore, we were able to 

observe the fine distribution of the carrier lifetimes by the fine measurements and accurately evaluate 

carrier lifetimes by the expanded measurements. 

 

Conclusions 

We performed depth-resolved measurements of carrier lifetimes in thick SiC epilayers using a 

microscopic TR-FCA system with variable spot sizes of excitation light and two different probe lights. 

Using the fine measurement mode, which has a spatial resolution of ~3 µm and employed a small spot 

size of excitation light and a short probe light wavelength, we observed the difference between samples 

with and without a 11 µm thick short carrier lifetime layer. Further, from the expanded measurements, 

which employed a large spot size of excitation light and a probe light with strong free carrier absorption, 

the HL was estimated to be 10 µs for the lifetime enhanced sample, which was close to the value obtained 

by the -PCD measurements. Therefore, the selection of the optimum excitation light spot size and probe 

light wavelength in the microscopic TR-FCA measurements yielded carrier lifetime distribution 

measurements with high spatial resolutions and accurate carrier lifetimes. These results demonstrate the 

usefulness of our microscopic TR-FCA system for observing the carrier lifetime distribution in SiC 

epilayers and its potential for accelerating the development of bipolar SiC devices. 
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Figure captions 

 

Fig. 1. Schematics of the sample structures. (a) PiN N dope has a PiN structure with a p+ layer, a p-type 

epilayer, an n-type drift layer, and an n+ buffer layer on the Si-face of a 4H-SiC substrate. (b) PiN N/V 

co-dope has the same structure as that of the PiN N dope, except for a buried N/V co-doped layer. (c) 

N dope has an epitaxial layer on the C-face of the 4H-SiC substrate. 

 

Fig. 2. Schematic of the microscopic TR-FCA system. The spot diameter of the excitation light can be 

modified by the aperture size. One of the two probe lights of 405 nm or 637 nm wavelengths can be 

selected during the measurement. 

 

Fig. 3. Expected optical paths for the (a) fine and (b) expanded measurement modes. 

 

Fig. 4. Depth-resolved TR-FCA decay curves of the (a) PiN N dope, (b) PiN N/V co-dope, and (c) N dope 

samples, obtained by fine measurements. 

 

Fig. 5. (a) SIMS profile of V concentration of the PiN N/V co-dope sample. (b) Depth distributions of 

1/e lifetimes in the PiN N dope and PiN N/V co-dope samples, obtained by fine measurement. The inset 

is the measurement of the 1/e lifetime at 0.5 μm intervals around the N/V co-doped layer. (c) Depth 

distribution of 1/e lifetime in the N dope sample, obtained by fine measurement. 

 

Fig. 6. Depth-resolved TR-FCA decay curves of the (a) PiN N dope, (b) PiN N/V co-dope, and (c) N 

dope samples, obtained by expanded measurements. 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
15

19
9



16 

 

Fig. 7. (a) Depth distribution of 1/e lifetime in the PiN N dope and PiN N/V co-dope samples, obtained 

by expanded measurements. The inset is the distribution measured at 0.5 μm intervals around an N/V 

co-doped layer. (b) Lifetime distribution, measured by expanded measurement and the calculated 

results, of the N dope sample. 
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