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Thermal oxidation and hydrogen annealing were applied on a 100 pm thick Al-doped p-type 4H-SiC epitaxial wafer to
modulate the minority carrier lifetime, which was investigated by microwave photoconductive decay (1-PCD). The minority
carrier lifetime decreased after each thermal oxidation. On the contrary, with the hydrogen annealing time increasing to
3 hours, the minority carrier lifetime increased from 1.1 us (as-grown) to 3.14 us and then saturated after the annealing
time reached 4 hours. The increase of surface roughness from 0.236 nm to 0.316 nm may also be one of the reasons for
limiting the further improvement of the minority carrier lifetimes. Moreover, the whole wafer mappings of minority carrier
lifetimes before and after hydrogen annealing were measured and discussed. The average minority carrier lifetime was up
to 1.94 us and non-uniformity of carrier lifetime reached 38% after 4-hour hydrogen annealing. The increasing minority
carrier lifetimes could be attributed to the double mechanisms of excess carbon atoms diffusion caused by selective etching
of Si atoms and passivation of deep-level defects by hydrogen atoms.

Keywords: 4H-SiC, carrier lifetime, hydrogen annealing

PACS: 72.20.Jv, 72.80.Jc

1. Introduction

Silicon carbide (SiC) has received increasing attention as
a significant semiconductor material for ultrahigh-voltage and
low-loss power devices owing to its superior physical prop-
erties such as wide band gap (3.26 eV), high carrier satura-
tion rate (1200 cm?-V~'-s7!) and good thermal conductivity
(4.9 W-cm~1.K~1).12 The bipolar devices require a long car-
rier lifetime to achieve sufficient conductivity modulation in
the forward conduction mode.3! The carrier lifetime usually
observed in 4H-SiC epilayer is approximately less than 1 ps
after growth, which is not adequate to promote the conductiv-
ity modulation of 4H-SiC for ultra-high voltage application.
Therefore, it is significant to improve the carrier lifetime in
4H-SiC epilayer. The trap centers depressing the minority car-
rier lifetime in n-type 4H-SiC epilayer have been reported by

[4-6] At present, the major carrier lifetime killer

several groups.
for n-type 4H-SiC is well known as the Z; /, center,!”* which
is considered to be the defect center related to carbon vacan-
cies (V). The density of the Z, , center in SiC epitaxial layers
is strongly dependent on the growth conditions.”! On the one

hand, it is achievable to reduce the density of the Z; /; by op-
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timizing the C/Si ratio and the growth temperature during the
expitaxy growth.[!%) On the other hand, the Z; /2 defect cen-
ters can be eliminated and very long minority carrier lifetimes
of 20-30 ps in n-type 4H-SiC epilayer have been obtained by
high temperature oxidation or carbon ion implantation after

g.['=131 However, the same methods being ap-

post-processin
plied to p-type 4H-SiC epilayer do not work well,['*] which
makes it difficult to improve the carrier lifetimes of p-type 4H-
SiC.[15:16] In p-type SiC, the EHg /7 center rather than the Z,
center must be more involved in the carrier recombination.!!”]
Takafumi Okuda et al. reported an improvement of minor-
ity carrier lifetimes in p-type 4H-SiC epilayers by hydrogen

(181 But the mechanism of hydrogen annealing is

annealing.
still unclear.

In this study, the minority carrier lifetimes in 100 um
thick p-type 4H-SiC epilayer after 1300 °C thermal oxidation
and different cumulative hydrogen annealing time were mea-
sured by microwave photoconductive decay (u-PCD). Fur-
thermore, the mechanisms of hydrogen annealing effects on
the minority carrier lifetimes have been studied and demon-
strated by analysis of photoluminescence images and the sur-

face roughness after long-time hydrogen annealing.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experiment

The samples used in this study were Al-doped p-type
4H-SiC epitaxial wafer homoepitaxially grown on 4° off-axis
(0001) substrates by chemical vapor deposition. The thickness
was 100 pum and the doping concentration was 2x 10" cm—3.
The sample was thermally oxidized at 1300 °C for 5 h (1%
thermal oxidation) after standard RCA cleaning and applied
on segmented annealing in hydrogen at 1000 °C under low
pressure, with cumulative annealing time of 1 h, 1.5 h, 2 h,
3 h and 4 h respectively (1%t hydrogen annealing), by using
the LPE-109 equipment. After 4 h hydrogen annealing, the
sample was thermally oxidized again at 1300 °C for 8 h (2™
thermal oxidation) and annealed in hydrogen again at 1000 °C
for 0.5 h and 1 h (2™ hydrogen annealing), which was fol-
lowed by the 3™ thermal oxidation for 16 h. The 3" hydrogen
annealing was carried out at 1000 °C for 1 h after the 3™ ther-
mal oxidation. The above three times thermal oxidation and
three times hydrogen annealing were used in order to further
verify the decrease of minority carrier lifetime after oxidation
and the increase of minority carrier lifetime after hydrogen an-
nealing. The oxidation time increased from 5 h to 16 h in order
to rule out the insufficient oxidation time as the cause of mi-

ers as-grown and after the post-treatment. It is worth noting
that the minority carrier lifetime of the sample decreased from
1.65 ps to 1.10 s after the 1t thermal oxidation at 1300 °C
for 5 h. On the contrary, after the 15 hydrogen annealing at
1000 °C for 4 h, the minority carrier lifetime increased from
1.10 ps to 2.99 ps, which will be discussed in detail in the
next section. While the 2" thermal oxidation at 1300 °C for
8 h was carried out on the sample, the same decrease of minor-
ity carrier lifetime as that after the 1% thermal oxidation was

observed.
e | — As-grown
> — After 1% oxidation
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nority carrier lifetime decrease.

Table 1. Process parameters and minority carrier lifetime.

Annealing Annealing Carrier
Process . e
temperature (°C)  time (h)  lifetime (us)

As-grown 1.65

15t thermal oxidation 1300 5 1.10
1% hydrogen annealing 1000 4 2.99
2" thermal oxidation 1300 8 1.28
2" hydrogen annealing 1000 1 1.94
3™ thermal oxidation 1300 16 1.12
3" hydrogen annealing 1000 2 2.81

The curves of photoconductivity decay and the whole
wafer mappings of minority carrier lifetimes were measured
by u-PCD measurement of Semilabs WT-2000 instrument at
room temperature. In the u-PCD measurement, the samples
were excited by an yttrium lithium fluoride (YLF) laser with
a 349 nm wavelength and a 15 ns pulse width. During mea-
surements, the decay of the photoconductivity which indicated
the variation of excess carrier concentration was monitored by
microwave reflectivity at a frequency of 26 GHz. And, photo-
luminescence (PL) excited by laser with 313 nm wavelength
was employed to study the original state and the change of
sample defects after the thermal oxidation. At last, the surface
roughness was measured by atomic force microscopy (AFM).

3. Results and discussion
3.1. Thermal oxidation

Figure 1 shows the normalized photoconductivity decay
curves of the 100 um thick Al-doped p-type 4H-SiC epilay-

Fig. 1. The p-PCD decay curves at room temperature are obtained from
a 100 pm thick p-type 4H-SiC epilayer. The decay curves of as-grown
epilayer as well as before-and-after three-times thermal oxidation at
1300 °C are demonstrated.

Likewise, the increase and decrease of the minority car-
rier lifetime were respectively observed after the 2™ hydrogen
annealing at 1000 °C for 1 h and the 3™ thermal oxidation
1300 °C for 16 h. With the increase of the thermal oxida-
tion time, the minority carrier lifetime did not decrease sig-
nificantly further, which was because the excess carbon atoms
introduced by thermal oxidation eliminated the role of carbon
vacancy and hydrogen annealing.

The decrease of the minority carrier lifetime after thermal
oxidation was also reported in Takafumi Okuda’s study.!'*) Al-
though it was reported that the elimination of the Z; ;, center
by the thermal oxidation would enhance the minority carrier
lifetime of the N-type SiC epitaxial layer,?”! the elimination
of the Z; /, center in the p-type SiC epitaxial layer would be
very limited after the thermal oxidation.!?!! The reason of the
carrier lifetime decrease is considered as follows. On the one
hand, the benefit of the elimination of the Z; ; center by ther-
mal oxidation may be cancelled by generating another deep
level by the oxidation, such as the HKO center, [*?! and that the
thermal oxidation may also eliminate partially hydrogen passi-
vation in this process. On the other hand, the oxidation degree
of the SiC area with dislocations and stacking faults would be
higher than that without dislocation and stacking faults, and
surface pits would form base on the dislocations and stack-

23,24

ing faults after oxidation.!?*>>*! Those surface pits could fur-
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ther enhance the carrier recombination and reduce the carrier

e.>>] The PL images are shown in Fig. 2, which illus-

lifetim
trates the change of the original state and the change of sample

defects after each thermal oxidation. The outcrops of surface

1%t oxidation

200 uym

pits became larger and more obvious after each thermal oxida-
tion. Therefore, the 1300 °C thermal oxidation might enhance
the surface recombination of SiC epitaxial wafers and decrease

the minority carrier lifetime.

Fig. 2. PL images of the 4H-SiC epilayer: (a) as-grown and (b), (c), (d) after thermal oxidation at 1300 °C for 5 h, 8 h, 16 h.

3.2. Hydrogen annealing

After the 1% oxidation, the 100 pm thick Al-doped p-
type SiC epilayers (Np = 2 x 10'* cm™3) were annealed in
hydrogen atmosphere for 4 h, and the p-PCD photoconductiv-
ity decay curves at different cumulative annealing time are il-
lustrated and studied in Fig. 3(a). After the cumulative anneal-
ing time reached 1 h, the minority carrier lifetimes increased
from 1.10 ps to 2.00 ps and then increased to 2.74 us after the
cumulative annealing time reached 2 h. Another hour later,
the minority carrier lifetimes increased to 3.14 us. When the

cumulative annealing time reached 4 h, a slight decrease of
the minority carrier lifetimes was observed. It could be con-
cluded that the minority carrier lifetimes increased with the
cumulative annealing time, and saturated after the cumulative
annealing reached 3 h. In the same way, the second hydrogen
annealing was carried for 1 h (0.5 hx2) after the 2"¢ oxidation,
and the third hydrogen annealing was carried for 2 h after the
3" oxidation. As shown in Figs. 3(b) and 3(c), the minority
carrier lifetime of the sample was also increased with cumula-

tive annealing time.

e'F —After oxidation (1300 °C, 5 h)

—~
& —After Hy anneal (1000 °C, 1 h) w o oef — After 2" oxidation (1300 °C, 8 h) E\ eV — After 3'! oxidation (1300 °C, 16 h)
g —After H, anneal (1000 °C, 1.5 h) = — After Hy annealing (1000 °C, 0.5 h) 3 — After Hy annealing (1000 °C, 1 h)

=] —After Hy anneal (1000 °C, 2 h) g — After H, annealing (1000 °C, 1 h) = — After Hy annealing (1000 °C, 2 h)
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s 5 5
| TSt U W = . N
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Fig. 3. Photoconductivity decay curves measured for a 100 um Al-doped p-type 4H-SiC epilayer (Np = 2 x 10'* cm~3) at RT. (a) Decay curves are
shown for the first Hy-annealed 1-4 h samples. (b) Decay curves are shown for the second Hy-annealed 0.5 h and 1 h samples. (c) Decay curves are

shown for the third Hy-annealed 1 h and 2 h samples.

As shown in Fig. 4, the surface roughness after the 1%
hydrogen annealing was also measured and it was found that
there was no significant change until the cumulative annealing
time reached 3 h. After then, the surface roughness began to
increase. When the cumulative annealing time reached 4 h,
the surface roughness increased to 0.316 nm and the minority
carrier lifetime also decreased from 3.14 ps to 2.99 us. The
large variation of surface roughness might increase the surface
recombination which could limit the minority carrier lifetimes
and result in the slight decrease of the minority carrier lifetime
of the sample after 4 h cumulative annealing.?*?”! There was

almost no change on surface roughness within a short-time hy-
drogen annealing (2™ and 3" hydrogen annealings).

The interreaction between hydrogen atoms and silicon
carbide during the annealing process is quite complex,?%2°]
which could generate Si-H, C-H,*% Al-H complex,!! and

x.1321 The effects of 10-20 min hydrogen an-

Vc—H comple
nealing on increasing the minority carrier lifetimes were basi-
cally independent of the annealing time, according to OKUDA
who stated that the unknown deep level defects were passi-
vated by hydrogen atoms in p-type SiC epilayers during hydro-
gen annealing.!*3] Due to the small radius of hydrogen atoms
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and their tendency to diffuse in silicon carbide at relative low
temperature of 1000 °C, hydrogen passivation of deep level
defects was supposed to be accomplished in a short time (10—
20 min). In our study, under the condition of low pressure and
long time (several hours) hydrogen annealing, the minority
carrier lifetimes further increased, which is mainly attributed
to selective etching rather than the hydrogen passivation of
deep level defects. The mechanism of selective etching can
be depicted by the following chemical equations:

Si(s) — Si(g), ey
C(s) +2H, — CHa(g), 2

[TP=ll

where “g” and

7L
S

represent the gas and solid phases of the
reactive matter during the annealing process. In chemical
reactions involving gas molecules, the equilibrium tends to

produce more gas molecules when the pressure is lowered.

(b)

As-grown

RMS =0.236

(d) (e)
After Hy annealing (2 h)

RMS = 0.255

After Hy annealing (1 h)

RMS =0.216

After Hy annealing (3 h)

Therefore, it can be deduced from Egs. (1) and (2) that hy-
drogen annealing under low pressure will produce a selective

34351 which can enhance the desorption of Si atoms

etching, !
and inhibit the etching of carbon atoms. The desorption of sili-
con atoms on the surface may lead to the formation of some ex-
tra carbon atoms, and the long-time hydrogen annealing may
result in the diffusion of carbon atoms into the epilayer bulk,
thus eliminating a part of V¢ defects. This may be the reason
for the further increase of the minority carrier lifetimes. In
addition, a small number of extra carbon atoms introduced by
thermal oxidation would diffuse further and eliminate carbon
vacancy relevant defects, which could further improve the mi-
nority carrier lifetime. This may be the reason why the minor-
ity carrier lifetime of the third hydrogen annealing was longer
than that of the second hydrogen annealing with the same an-
nealing time.

©)
After Hy annealing (1.5 h)

RMS = 0.209

(f)

After Hy annealing (4 h)

RMS =0316

Fig. 4. Surface roughness measured for a 100 um thick Al-doped p-type 4H-SiC epilayer (NA = 2 x 10'* cm~3) by AFM. RMS are shown for

the as-grown, Hy-annealed 1-4 h samples.

Figures 5(a)-5(f) show the mappings of minority carrier
lifetimes of the sample with different cumulative annealing
times. The non-uniformity of minority carrier lifetimes was
calculated by the following equation:

1 X

X:N;Xi, 3)
- .

Std = mi;(x,‘—x), “

Nonuni. =1 — % (®))

It was worth noting that with the increase of the cumu-
lative annealing time, the average minority carrier lifetimes
as well as the non-uniformity of minority carrier lifetimes in-
creased, indicating that the crystal quality of the epilayer had a
great influence on the minority carrier lifetimes. As shown in

Figs. 5(a)-5(f), the increase of minority carrier lifetime of SiC
epitaxial wafer was mainly manifested in the position marked
by the circle. The average minority carrier lifetime at the po-
sition of the red circle in Figs. 5(a) and 5(e) was 1.47 pus and
2.96 ps, respectively, indicating that the minority carrier life-
time at other locations did not increase significantly. Due to
the rotation of the tray during hydrogen annealing, the non-
uniformity caused by hydrogen annealing was excluded. The
main problem lied in the epilayer growth and defects. There
existed the deep-level defects in the epilayer outside the circle
marked which could not be passivated by hydrogen atoms and
could restricted the increase of the minority carrier lifetimes.
Therefore, there was no significant minority carrier lifetime in-
crease in these locations of epilayers when the average minor-

ity carrier lifetime was increasing. The defects which cannot
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be passivated by hydrogen are called DNPH (defects that are
not passivated by hydrogen). The minority carrier lifetimes
could be improved obviously at the position with low DNPH
concentration, but it was difficult to improve the minority car-

Avg: 1.10 ps
Non-uniformity: 29.14%

Avg: 1.64 us

Avg: 1.99 us

Avg: 1.90 ps
Non-uniformity: 37.47%

Nos HEESS

Non-uniformity: 34.99%

Non-uniformity: 38.14%

I

rier lifetimes at the position with high DNPH concentration.
This was the reason why the non-uniformity of minority car-
rier lifetimes increased with the increase of minority carrier
lifetimes.

g L h

Avg: 1.79 ps
Non-uniformity: 36.26%

_— e

—_

Avg: 1.94 us
Non-uniformity: 38.00%

Fig. 5. Minority carrier lifetime mapping over 4 inch wafer measured by u-PCD with 1 mm lateral step size and non-uniformity was calculated:

(a) the as-grown, (b)—(f) after Hy-annealed at 1-4 h.

4. Conclusion

During the fabrication of SiC devices, the fabrication of
oxide layers was usually accomplished by thermal oxidation at
1000-1300 °C. It takes longer to eliminate V¢ defects in this
temperature range. But if the epilayer contains a lot of sur-
face defects, then a short period of low temperature oxidation
could lead to more serious surface recombination, resulting in
a decrease in minority carrier lifetime. This indicates that the
epilayer quality during the fabrication of the oxide layer would
play an important role in most 4H-SiC electron devices. The
relation between the minority carrier lifetime and hydrogen
annealing was studied to offset the decrease of minority carrier
lifetime caused by the thermal oxidation process and improve
the minority carrier lifetime as long as possible. The epitaxial
wafer after thermal oxidation was annealed in hydrogen un-
der low pressure for a long time and it was observed that the
minority carrier lifetimes increased with the increase of the cu-
mulative annealing time. When the cumulative annealing time
reached 3 h, the minority carrier lifetimes reached 3.14 us and
then remained basically unchanged. The increasing minority
carrier lifetimes could be attributed to the double mechanisms
of excess carbon atoms diffusion caused by selective etching
of Si atoms during hydrogen annealing to eliminate carbon
vacancies and passivation of deep-level defects by hydrogen

atoms. With the increase of minority carrier lifetimes in hy-
drogen annealing, the non-uniformity of minority carrier life-
times as well as the surface roughness also increased, which
might be the reason that the minority carrier lifetimes could
not be further improved.
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