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In bipolar SiC devices, which are promising under ultra-high voltage operation, the carrier lifetime is a highly influential
parameter for the device performance. Surface recombination is one of the limiting factors for the carrier lifetime, and
guantitative values of the surface recombination velocities are required for design and development of fabrication processes
of the devices. In this study, we observe carrier recombination at various temperatures for the Si- and C-faces of n- and p-
type 4H-SiC samples and the a- and m-faces of n-type 4H-SiC samples with a treatment of chemical mechanical polishing
or reactive ion etching by using the microwave photoconductivity decay method. From the experimental results, we
estimate surface recombination velocities and bulk carrier lifetimes of the samples by using an analytical model. As a
result, we found the smallest surface recombination velocity of 150 cm/s for the chemical mechanical polished surface of
the Si-face of the n-type samples at room temperature. Surface recombination velocities increased with temperature for the
chemical mechanical polished surfaces. The surfaces treated with reactive ion etching showed relatively large surface
recombination velocities with weak temperature dependence. Based on these results, we discuss the origins of the

recombination centers at surfaces of 4H-SiC.

Introduction

Silicon carbide (SiC) has a much higher breakdown electric field and a comparable electron mobility
with Si. Power devices fabricated from SiC exhibit lower on-resistance and higher breakdown voltage
than Si devices. In particular, at voltages higher than 10 kV, it is difficult to operate Si devices, and
even for SiC devices, it is difficult to operate unipolar devices.? Therefore, bipolar SiC devices are
promising because of low on-resistance owing to the conductivity modulation.™™ There have been a
large number of reports on fabrication of bipolar SiC devices. However, there are several difficulties
to be overcome in the development of bipolar SiC devices, such as suppression of degradation and
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improvement of fabrication techniques for pn junctions. One of the important difficulties is control of
the carrier lifetime. The carrier lifetime directly affects the conductivity modulation behavior; thus,

on-resistance and switching loss of the devices depend on the carrier lifetime.

Generally, the carrier lifetime in semiconductors is limited by Shockley Read Hall (SRH)
recombination, bimolecular recombination, Auger recombination, and surface recombination. Among
these factors, SRH recombination and surface recombination can be controlled by the crystal growth
or surface treatment processes. Measurement results for SRH and surface recombination have been
reported, and control processes for them have also been suggested in the literature.®2® Although the
surface recombination velocity S for 4H-SiC has been reported by several groups so far, the reported
surface recombination velocities are only for the Si- and C-faces,'>2% or the processed surface of
devices.?>?%) As seen in refs. 25 and 26, bipolar devices frequently expose surfaces other than Si- and
C-faces, and thus evaluation of surface recombination velocities for the various crystal faces is
important for design of the devices. In addition, temperature dependence of S has rarely been
reported,*®) even though the SiC devices are expected to be operated at high temperature. Therefore,
accurate quantitative evaluation of S for various crystal faces including temperature dependence is

required for use in the design and fabrication processes of bipolar devices.

There are several techniques to observe carrier recombination.® Among them, the microwave
photoconductivity decay (u-PCD) method is highly sensitive and accurate for detection of
recombination of excited carriers in the low-injection condition.?’?®  Time-resolved
photoluminescence (TR-PL) is also a sensitive technique for observation of carrier recombination. TR-
PL, however, sometimes includes signals from recombination of stacking faults or dislocations,*® and
the signal component due to such defects overlaps with signals from surface recombination. Therefore,

in this study, we adopted pu-PCD with improvement of time resolution compared with our previous
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study.?>?? We have estimated S for the various crystal faces of n-type 4H-SiC and for the Si- and C-

faces of p-type 4H-SiC.

Experiments

Samples used in this work were free-standing n- and p-type 4H-SiC epilayers that were originally
grown ~150 pm thick on the (0001) Si-face with 4° off-angle toward <11 20> of bulk single crystal
4H-SiC substrates. We also prepared ~150 um thick epilayers on the (1120) face (a-face) or the (1100)
face (m-face) of 4H-SiC substrates, and these two epilayers were grown in the same batch. The N-
doped n-type epilayers had a net donor concentration of 1 x 10 cm=3, but the m-face sample had
unintentionally high net donor concentration of 1 x 10'® cm=3 even in the same growth batch with the
a-face sample. The Al-doped p-type epilayers had a net acceptor concentration of 6 x 10*4 cm=3. The
substrates for all the epilayers were completely polished, and both the front and back surfaces of the
epilayers were treated by chemical mechanical polishing (CMP) which was performed by a
commercial supplier of the polishing service. Then the epilayers were cut into several pieces and
prepared with several thicknesses for experiments to obtain the thickness dependence of the carrier
recombination.?>?? Pieces with three different thicknesses are considered as one set of samples. For a
set of samples of each epilayer, we performed reactive ion etching (RIE) in SFe+O2 under a pressure
of 20 Pa with 150 W for 30 min. In the case of the samples with the Si- and C-faces, we performed
RIE for the Si- or C-face, whereas for the samples with a- and m-faces, we performed it for both sides
of the a- and m-faces. The n-type Si- and C-face samples are the same samples as in our previous

report.??

Carrier lifetimes for all the samples were measured by the u-PCD method.?” In the u-PCD method,

we employed 266 nm or 355 nm pulsed yttrium aluminum garnet (YAG) lasers with a pulse width of
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1 ns as the excitation source. The penetration depths for 4H-SiC at room temperature are 1.2 um and
42 um for 266 nm and 355 nm, respectively,%? and 1.2 um penetration for 266 nm excitation makes
surface recombination dominant in measured carrier lifetimes.?*2® The samples were irradiated with
microwaves of 10 GHz and their reflection was used as a probe. We measured the carrier lifetime with
injected photon densities of 2 x 101 cm= to keep the low-injection condition for reliable measurements
with a sufficient signal to noise ratio.?®® Temperature of the samples was controlled from room
temperature to 250°C by hot air from a 3 kW heater with a temperature regulator. In addition, we have
improved the time resolution of our u-PCD system with better matching of impedance among a
microwave detection diode, an amplifier, and an oscilloscope compared with the system in our
previous reports for estimation of surface recombination velocities?*?? (the present system has already
employed in our recent report for characterization of surface passivation of SiC?®). Time resolution of

our present system is ~2 ns.

Numerical analysis

For the estimation of the surface recombination velocity S, we compared 1/e lifetimes ze (decay time
from a peak to 1/e) obtained from experimental decay curves with numerically calculated curves. The
following continuity equation was solved to obtain the excess carrier concentration An(x, t) at given

time t and depth x in a semiconductor layer:

0An(x,t)
at

9%An(xt) An(xt)
dx2 Tepi

D, BAn? — CAn3 + G, (1)

where zpi is the bulk carrier lifetime in the epilayers, Da is the ambipolar diffusion coefficient, B is the
radiation recombination coefficient, C is the Auger recombination coefficient, and G is the generation
rate of the excess carriers. We adopted B of 2 x 10 cm3 st and C of 5 x 103! cm® s72,3¥ even though
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they are not significant in the low-injection condition, while we placed G = 0 because of absence of
any excitation sources except for the initial laser pulse. The value of Da was obtained from the

following equation shown in ref. 34:

p+n (2)

a= p/Dn+n/Dp ’

where n is the free electron concentration, p is the free hole concentration, and Dn and Dy are the
diffusion constants of holes and electrons, which are estimated from the mobilities of electrons and
holes e and g, respectively. As the excess carrier concentration increases, s and zn change due to
the influence of electron-hole scattering.?®) The temperature dependence of e and tm was extracted
from the reported results, and anisotropy in e was considered.? Thus, Dn and Dp depend on excess
carrier concentration, crystal face and temperature, so Da also depends on these factors through Eqg.

(2).
Boundary conditions at the excited and the other surfaces are given by

0An(0,t) _
dx -

Sehn(0,6)  and D PR = —sAn(W, 1), (3)

D,

where So and Sw are surface recombination velocities at the excited and other surfaces, respectively,
and W is the thickness of the layer. In the case of analyses for the a- and m-face samples, So and Sw

were set to the same values.

The initial carrier concentration profile with illumination by a light pulse is expressed as

An(x,0) = g, exp(—ax), 4)

Publishing

where go is the carrier concentration at t = 0 and « is the absorption coefficient for the excitation

wavelength. Temperature dependence of « is also included.3V
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From the solution of Eq. (1) using Da from Eq. (2) and boundary conditions of Eq (3) with the
initial condition of Eq. (4), we calculated time-dependent u-PCD signals from depth integration of the
product of excess carrier concentrations and mobilities. In this work, we directly solved this partial
differential equation using the method in ref. 23, which is unlike the method of our other previous
reports?>?2), for improved validity of calculation. Then, S was estimated by fitting of zve obtained from
experimental and calculated decay curves. Fitting was performed to minimize the sum of the relative
error between the calculated and experimental ze in all measurement conditions with So, Sw, and zepi

as parameters.

Results

Figure 1 shows p-PCD decay curves at room temperature for the CMP-treated C-face of n-type 4H-
SiC excited by 266 nm, which is the measurement condition most sensitive to the surface
recombination at the excited surface. Experimental zue extracted from these results are 0.19-0.27 us,
which is shorter than in our previous reports®*?? due to better time resolution with a sufficient signal
to noise ratio. At elapsed times after zu, the slopes of the decay curves depend on the sample thickness,
and the thicker samples show more gradual decay. This implies that the surface recombination at the
non-excited surface (the Si-face) influences the decay curves due to diffusion of the excited carriers.
Thus, we consider that adoption of zwe for fitting with the calculations is adequate to separate S between
the excited and non-excited surfaces. We also performed the same measurement on the Si-face of the
samples and also performed measurements with 355 nm excitation, and then extracted experimental

Tlle.

We plotted the experimental zie against the sample thickness for the n-type CMP-treated Si- and

C-face samples at room temperature as shown in Figure 2. For 355 nm excitation, zue are larger than
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those for 266 nm excitation and increases with thickness. In addition, zie for the Si-face excitation are
larger than those for the C-face excitation. These tendencies are the same as in our previous
reports.?+?? The fitting with calculated zue results in zpi = 6 ps, S for the Si-face Ssi = 150 cm/s, and
S for the C-face Sc = 500 cm/s. The lines in Figure 2 indicate calculated zi/e using these values. The
reproduced decay curves from the calculation are also shown in Figure 1. In Fig. 1, there are some
differences between the experiment and calculated decay curves, and in Fig. 2, for the case of the Si-
face excited by 266 nm, there is difference between experimental and calculated zie. We consider that
these differences originate from the experimental errors, but our analysis was successful to minimize

the errors in estimation of S by using the measurements with various condition as described later.

From the fitting results for all the measurement temperatures, we estimated the temperature
dependence of Ssi and Sc for the n-type samples as shown in Figure 3. In Figure 3, we also show S
obtained from the RIE-treated samples (but not S for the non—RIE-treated surface of the RIE-treated
samples, because they are almost the same as those for the CMP-treated surfaces). Sc are larger than
Ssi, and S of both faces for the RIE-treated surfaces are larger than those for the CMP-treated surfaces,
as in previous reports.?? S increases with temperature monotonically for the CMP-treated surfaces
from 150 cm/s to 800 cm/s for the Si-face and from 500 cm/s to 1500 cm/s for the C-face. For the RIE-
treated surface, S also increase with temperature in the ranges of 350-1550 cm/s for the Si-face and
750-2400 cm/s for the C-face, but seems to be saturated at ~200°C. From the temperature dependence
of S for the CMP-treated surface, we estimate apparent activation energies Ea of 0.1 eV and 0.07 eV

for the Si- and C-faces, respectively.

Figure 4 shows the temperature dependence of =pi for the n-type Si-and C-face samples.
Irrespective of the surface treatments, zpi shows almost the same values. zpi increases with

temperature from 100°C and reaches 9 us at 250°C with Ea of 0.03 eV.
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We performed the same measurements and analyses for the a- and m-face n-type samples. The
estimated S for the a-face Sa and for the m-face Sm are shown in Figure 5. For the CMP-treated surfaces,
Sa are in the range of 450-1200 cm/s, which are similar values to Sc, whereas Sm are larger than Sa and
in the range of 700-2200 cm/s. Sa and Sm for the CMP-treated surfaces monotonically increase with
temperature. The estimated Ea are 0.06 and 0.07 eV for Sa and Sm, respectively. Sa for the RIE-treated
surfaces are larger than those for the CMP-treated surfaces, whereas Sm for the RIE-treated samples
are similar to those for the CMP-treated samples. The temperature dependence of Sa and Sm for the
RIE-treated samples is very similar to the case of the Si and C-faces. For the RIE-treated surfaces, Sa

are in the range of 600-1950 cm/s, and Sm are in the range of 800-2250 cm/s.

Figure 6 shows the temperature dependence of zpi for the a- and m-face samples. As observed in
the Si- and C-face samples, RIE treatment does not significantly change zpi. Compared with zpi for
the Si- and C-face samples, zpi for the a- and m-face samples are small and show similar temperature
dependence: zpi increases with temperature with Ea of 0.05-0.06 eV. zpi for the a-face samples (1.2—
3.2 us) are larger than those for the m-face samples (0.7-2.1 us) due to unintentionally high donor
doping in the m-face samples resulting in higher Z1/2 center concentration.3> We confirmed higher Zu2
center concentrations in the m-face samples by using deep level transient spectroscopy (DLTS); the
Z1/2 center concentrations are 3 x 102 and 4 x 10 cm~3 for the a- and m-face samples, whereas in the

Si- and C-face samples, it is 5 x 10*2 cm~3 as in ref. 21.

For the p-type samples, we also estimated the temperature dependence of Ssi and Sc as shown in
Figure 7. As in the n-type samples, Sc are larger than Ssi, and S for the RIE-treated surfaces are larger
than those for the CMP-treated surfaces. Ssi increases with temperature monotonically for the CMP-
treated surfaces from 400 cm/s to 1550 cm/s with Ea of 0.08 eV, and Sc shows weaker temperature

dependence and is in the range of 1350-2800 cm/s with Ea of 0.05 eV. RIE treatment increases Ssi but
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not Sc, and their values are in ranges of 1100-2400 cm/s and 1950-3000 cm/s for Ssi and Sc,

respectively.

Figure 8 shows the temperature dependence of zypi for the p-type Si- and C-face samples. zpi are
smaller than the n-type Si- and C-face samples, and surface treatment does not have a significant effect
on zpi. The temperature dependence of zpi is not remarkable and has a tendency to increase from 150—
200°C. pi for the p-type samples are in the range of 1.9-3.9 us. The estimated S and zypi for all the

samples are summarized in Table. I.

Discussion

As for the surface treatment, RIE treatment does not have a significant effect on zpi for all the samples.
This is reasonable and supports the validity of our analysis method, because RIE treatment introduces
damage only at the surface of the samples, resulting in the same zpi irrespective of surface treatment.
RIE treatment significantly increases S for the Si- and a-faces, whereas, for the C- and m-faces, which
have large S even at the CMP-treated surfaces, RIE treatment does not change S. This result indicates
that the CMP-treated surfaces with large S already have a large number of defects acting as surface
recombination centers, and thus the effect of the defects induced by the RIE treatment is negligible.
For the CMP-treated surfaces for the Si- and a-faces, S shows monotonic temperature dependence.
After the RIE treatment, the dependence becomes weak and is similar for the C- and m-faces. This
result suggests that RIE introduces a different kind of defects than those at the CMP-treated surfaces

of the Si- and a-faces.

For the CMP-treated surfaces, considering difference in the a- and m-face samples, larger S are

observed for the samples with smaller zpi. This result implies that defects acting as surface
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recombination centers at the CMP-treated surfaces interact with the recombination centers in the bulk.
Therefore, for example, methods for reduction of the Zi2 center may have secondary effects for
reduction of surface recombination at CMP-treated surfaces,**" if the methods do not induce surface
defects such as oxygen related deep levels.®® On the other hand, Ssi of the CMP-treated surfaces are
significantly smaller than Sc for both the n- and p-type samples. As previously reported,?® surface
recombination at the Si-face can be passivated by acidic aqueous solutions but not at the C-face.
Although we have also tried to passivate surface recombination at the a- and m-faces by the acidic
solutions, only the Si-face can be passivated. This result suggests that dominant recombination centers
at the Si-face are different from those at the other crystal faces. A candidate for the centers is surface

states from Si dangling bonds, as discussed in ref. 23.

The p-type samples show larger Ssi and Sc than the n-type samples. p-type epilayers typically have
a larger number of deep levels and show smaller zpi as shown in Figure 8 compared with n-type
epilayers. As discussed above, since concentration of the bulk recombination centers seems to have a
relationship with concentration of the surface recombination centers, the larger S for the p-type SiC
possibly comes from the recombination centers in the bulk. On the other hand, the temperature

dependence of S for the p-type samples is similar to the n-type samples with slightly small Ea.

The temperature dependence of S has been discussed by Klein et al.'”? Their model is based on the
presence of the surface band bending (the space charge region), and thus S follows the exponential

temperature dependence as

~—a¥s

Seﬁ(Tj =:Swe_i3_! (5)

where Setf is the effective surface recombination velocity at the edge of the space charge region, So is
the surface recombination velocity just at the surface, q is the elementary charge, ¢s is the potential of

the surface band bending, and k is the Boltzmann constant. S.. itself possibly has temperature
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dependence due to emission or capture of carriers at surface recombination centers, and its temperature
dependence may be included in values of Ea in our results. However, by assuming it as constant as in
ref. 17, Ea can be treated as qes. As described in the previous section, the observed Ea for the CMP-
treated surfaces are within 0.05-0.1 eV which is much smaller than the reported gqgs (0.23-0.28 eV)
in ref. 17. Although the origins of the difference are not clear, the samples in ref. 17 were thin epilayers
(18-35 um) on the substrate without CMP-treatments. As discussed in ref. 21, the as-grown surfaces
show significant differences in S compared with the CMP-treated surfaces, and analyses to thin
epilayers include difficulties for separation of the bulk and surface recombination. These differences
may induce different values for the surface band bending. On the other hand, RIE treatment weakens
the temperature dependence of S. The weak temperature dependence can be interpreted as the small
band bending at the surface or presence of the recombination centers at the edge of the space charge
region. Therefore, defects induced by RIE distribute within the space charge region affecting the

charge concentration or recombination center concentration.

The temperature dependence of zypi is similar among the n-type samples, although absolute values
depend on the crystal faces. This temperature dependence is also similar to the previously reported
bulk carrier lifetimes in PiN diodes with and without the Z1/2 reduction process: Ea of 0.07 eV.3 On
the other hand, difference in the absolute values possibly comes from difference in concentration of
recombination centers such as the Zi» center as observed by DLTS. Considering the similar
temperature dependence of zpi among all the samples including previously reported ones®® and zepi
dependence on the Zi/2 center concentration, the Za/2 center is the dominant bulk recombination center
in the n-type SiC, as has been discussed previously.? On the other hand, for the p-type samples, the
temperature dependence of zpi is different from those for the n-type samples. The recombination

behavior in p-type materials is, of course, different from n-type materials even in the presence of the
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same recombination center. There would be other recombination centers than the Zi2 center in p-type

SiC as discussed in ref. 14.

The obtained S in this study are smaller than previously reported values.'®2") One of the reasons is
our low excitation intensity compared with previous reports. As seen in our recent report, Ssi was
evaluated as 800 cm/s, compared with 150 cm/s in this study. The previous one was observed at the
excitation photon density of 8 x 103 cm=2, which is four times larger than the employed intensity in
this study. As has been discussed regarding the surface recombination phenomenon for Si, S increases
with the excitation intensity,*® and most reported S for SiC are observed at higher excitation intensities
compared with this study. We are now estimating quantitative S dependence on the excitation intensity,

and we will report the results in the near future.

Conclusions

We have determined S and zpi with their temperature dependence for the Si- and C-faces of the n- and
p-type 4H-SiC and also for the a- and m-faces of n-type 4H-SiC by using an improved measurement
technique and analysis method. For CMP-treated surfaces, S monotonically increases with
temperature, and comparing S and zpi among the samples, the concentration of recombination centers
at the surfaces appears to be related to the recombination center concentration in the bulk. On the other
hand, the Si-face shows the smallest S among the crystal faces irrespective of the conductivity type, so
there are different recombination centers at the Si-face than the other crystal faces. After RIE treatment,
S increased and had weaker temperature dependence for the samples that had small S for the CMP-
treated surfaces, indicating that the defects induced by the RIE treatment act as charged deep levels or

recombination centers in the space charge region. We believe that such a comprehensive survey and
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discussion of quantitative values of S will support future improvements in the design and development

of bipolar SiC devices.
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Figure Captions

Figure 1. u-PCD decay curves for the CMP-treated C-face of n-type 4H-SiC excited by 266 nm at
room temperature. The solid lines are experimental curves at three epilayer thicknesses (43 um, 63
um, and 83 um), and the dotted lines are calculated ones with zpi = 6 us, Ssi = 150 cm/s, and Sc = 500

cm/s for the same three thicknesses.

Figure 2. The experimental (symbols) and calculated (lines) zue for the n-type CMP-treated Si- and C-
face samples at room temperature. The calculated e employs zpi = 6 ps, Ssi = 150 cm/s, and Sc =

500 cml/s.

Figure 3. Temperature dependence of Ssi and Sc for the n-type samples. The dotted lines are the slopes

corresponding to Ea.

Figure 4. Temperature dependence of zpi for the n-type Si and C-face samples.

Figure 5. Temperature dependence of Sa and Sm for n-type samples, showing slope Ea of 0.06 eV and

0.07 eV.

Figure 6. Temperature dependence of zypi for the a- and m-face samples.
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Figure 7. Temperature dependence of Ssi and Sc for the p-type samples.

Figure 8. Temperature dependence of zpi for the p-type Si- and C-face samples.

Tables

Table 1. Summary of the estimated surface recombination velocities

Conductivity  Crystal face  zpiat RT  zpiat 250°C  Treatment SatRT S at 250°C
_ CMP 150 cm/s 800 cm/s
Si-face
RIE 350 cm/s 1550 cm/s
6 us 8-9 us
CMP 500 cm/s 1500 cm/s
C-face
: RIE 750 cm/s 2400 cm/s
n-type
P CMP 450 cm/s 1200 cm/s
a-face 1.2-1.3 us 3.2-3.6 us
RIE 600 cm/s 1950 cm/s
. 0 701 CMP 700cm/s 2200 cm/s
m-face 7 us 7-2.1us
H H RIE 800 cm/s 2250 cm/s
_ CMP 400 cm/s 1550 cm/s
Si-face
RIE 1100 cm/s 2000 cm/s
p-type 2.2-3.1 us 2.9-3.9 us
CMP 1350 cm/s 2800 cm/s
C-face
RIE 1950 cm/s 2200 cm/s
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