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As a common impurity in 4H silicon carbide (4H-SiC), hydrogen (H) may play a role in tuning the electronic proper-
ties of 4H-SiC. In this work, we systemically explore the effect of H on the electronic properties of both n-type and p-type
4H-SiC. The passivation of H on intrinsic defects such as carbon vacancies (V¢) and silicon vacancies (Vg;) in 4H-SiC is
also evaluated. We find that interstitial H at the bonding center of the Si—C bond (H}’C) and interstitial H at the tetrahedral
center of Si (HiSi_‘e) dominate the defect configurations of H in p-type and n-type 4H-SiC, respectively. In n-type 4H-SiC,
the compensation of H]-Si_te is found to pin the Fermi energy and hinder the increase of the electron concentration for highly
N-doped 4H-SiC. The compensation of H}’C is negligible compared to that of V¢ on the p-type doping of Al-doped 4H-SiC.
We further examine whether H can passivate V¢ and improve the carrier lifetime in 4H-SiC. It turns out that nonequilibrium
passivation of V¢ by H is effective to eliminate the defect states of V¢, which enhances the carrier lifetime of moderately
doped 4H-SiC. Regarding the quantum-qubit applications of 4H-SiC, we find that H can readily passivate Vg; during the
creation of Vg; centers. Thermal annealing is needed to decompose the resulting Vgi—nH (n = 1-4) complexes and promote
the uniformity of the photoluminescence of Vg; arrays in 4H-SiC. The current work may inspire the impurity engineering

of H in 4H-SiC.
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1. Introduction

As a leading third-generation semiconductor, silicon car-
bide (SiC) is leaping in an explosive development to meet
the increasing demand of electrical vehicles, 5G communi-
cations and renewable-energy systems. There exist over 250
polymorphs for SiC, among which 4H-SiC has attracted great
attention owning to its wide bandgap, high carrier mobility,
high thermal conductivity, and high stability.l'-3! 4H-SiC in-
gots are usually grown by the physical vapor transport (PVT)
method, during which hydrogen gas (H») is used to optimize
the surface of the seed crystal and tune the growth condition
of 4H-SiC.[*71 4H-SiC epilayers are often homoepitaxially
grown by chemical vapor deposition (CVD), during which
H, is widely used as the carrier gas.[®-'! It should be also
noted that H impurities are frequently incorporated during the

12-15] Therefore, under-

processing of 4H-SiC-based devices. !
standing the effect of H on the electronic properties of 4H-SiC
is critical to the development of 4H-SiC technologies.
Considerable efforts have already been devoted to inves-
tigate H in 4H-SiC.!"63% For n-type 4H-SiC, it was found
that H-ion implantation, Hj-plasma treatment, and high-

temperature H, annealing could reduce the concentration of
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electrons and increase the resistivity of 4H-SiC.[>*-2?! The re-
duction of the electron concentration was controversially at-
tributed to the formation of Nc—H complexes, as well as the
creation of electron traps such as H interstitials and intrinsic
defects.?°1 The hole concentration of p-type 4H-SiC also de-
creased after high-temperature H, annealing,>>->>! as a result
of H, annealing-induced decomposition of Alg;—H complexes
and the creation of positively charge H,!*>2*/ which differed
from the behavior of H in n-type 4H-SiC. Hj-plasma treat-
ment was found to reduce the photoluminescence of both Al-
related defects and N—Al complexes.”! But the underlying
mechanism remains ambiguous. Moreover, intrinsic carbon
vacancies (V¢) were found to seriously reduce carrier life-
time in 4H-SiC.[??1 It was experimentally found that H,-
atomsphere annealing was actually not capable of passivating
Vc in 4H-SiC.B%31 However, it was theoretically proposed

[34-36] It is apparent that a clear pic-

that H might passivate Vc.
ture on H in 4H-SiC remains elusive.

In this work, we systemically explore the effect of H on
the electronic properties of both n-type and p-type 4H-SiC.
The passivation of H on intrinsic defects such as V¢ and sili-

con vacancies (Vs;) in 4H-SiC is also evaluated. We find that

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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interstitial H at the bonding center of the Si—C bond (Hibc) and
interstitial H at the tetrahedral center of Si (H}*) dominate
the defect configurations of H in p-type and n-type 4H-SiC,
respectively. For n-type 4H-SiC, the compensation of H?i_‘e
is found to pin the Fermi energy and hinder the increase of
electron concentration in highly N-doped 4H-SiC. Reducing
the concentration of unintentional incorporated H is highly
desired to improve the n-type doping and reduce the resis-
tivity of n-type 4H-SiC. In p-type 4H-SiC doped by Al, we
find that the compensation of H%’C on the p-type doping of
4H-SiC is negligible compared to that of V. Nonequilibrium
H-incorporation approaches may passivate Als; by H, and de-
grades the performance of p-type 4H-SiC. The degradation can
be easily eliminated by thermal annealing, because of the low
binding energy of Alg;—H in p-type 4H-SiC. We have further
examined whether H can passivate V¢ and improve the carrier
lifetime in 4H-SiC. It turns out that nonequilibrium passiva-
tion of V¢ by H is effective to eliminate the defect states of
V¢, which enhances the carrier lifetime of moderately doped
4H-SiC. Regarding the quantum-qubit applications of 4H-SiC,
we find that H can readily passivate Vg; during the creation of
Vi centers. Thermal annealing is needed to decompose the
resulting Vsi—nH (n = 1-4) complexes and promote the uni-

formity of the photoluminescence of Vg; arrays in 4H-SiC.

2. Computational methodology

First-principles calculations are carried out by the
projector-augmented wave (PAW) method, as implemented in
the Vienna ab initio simulation package (VASP).[3738] The
wave functions are expanded by using the plane waves up to a
kinetic energy cutoff of 500 eV. The Perdew—Burke—Ernzerhof
revised for solids (PBEsol) functional with the GGA exchange
correlation is adopted for the structural relaxation.**! The su-
percell size and atomic positions are fully relaxed until the
total energy per cell and the force on each atom converge to
less than 1 x 107® eV and 0.01 eV/A, respectively. For accu-
rate bandgap energy and defect level description, the hybrid
density functional of Heyd, Scuseria, and Ernzerhof (HSE06),
which mixes 25% of screened Hartree—Fock exchange to the
PBE exchange functional, is employed during the calcula-
tion of electronic properties.!*¥! H impurities are modeled
in 128-atom 4H-SiC supercells. For Brillouin zone integra-
tion, the Monkhorst—Pack scheme with a I'-centered 2 x 2 X 2

[39

special k-points mesh is used.**! Defect formation energies

of H are calculated by the well-established mixed k-point

scheme. 4243

3. Results and discussion
3.1. Configurations

As shown in Fig. 1, the configurations of H in 4H-SiC
include substitutional H at C sites (Hc), substitutional H at Si
sites (Hsg;), as well as interstitial H at the bonding center of Si—
C (H?C), interstitial H at the tetrahedral center of Si (HiSi_te)
and C (Hic_“’), and interstitial H at the octahedral center (H{°).
We note that the nonequivalent lattice sites of Si and C in 4H-
SiC include the quasihexagonal (k) and quasicubic (k) sublat-
tice sites. The difference of the formation energy of Hc (Hs;)
at the k-site and h-site is negligible. So, we just construct Hc
and Hg; at the k-site as a representative.

@ Si ® Hc
oC e Hg;
o Hfi"'* ¢ H™™
e H}* e H°

[0001]

[0110]
Y% % Y%
[2110]

Fig. 1. Relaxed structures of H in 4H-SiC. Hc, Hg;, H}’C, HiSHC, Hicf‘e, and
H{¢ are denoted by gray, orange, purple, yellow, cyan, and pink balls, respec-
tively. Si and C atoms are denoted by red and white balls, respectively.
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Fig. 2. (a) Accessible range of chemical potentials (green area) for equilib-
rium incorporation of H in 4H-SiC, (b) calculated formation energies of H in
4H-SiC.

During the incorporation of H in 4H-SiC, thermodynamic
equilibrium growth conditions require a series of limitations
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on the achievable values for chemical potentials of the con-
stituents (u;). Firstly, the values of ug; and pc are limited to
maintain the stable 4H-SiC:

Usi + Uc = AHy(4H-SiC), (1)

where AH;(4H-SiC) is the formation energy of 4H-SiC. The
calculated AH¢(4H-SiC) is —0.73 eV for formula which is in
good agreement with experiments (—0.68 eV, —0.75 eV or
—0.771 eV for formulal*¥). Secondly, to avoid the precipita-
tion of elemental host phases and the elemental H, the values
of u; are limited by

,USiSOa ,U,CSO, .UHSO (2)

Finally, CH4(g) has the lowest formation energy. Due to this,
the formation of CH4(g) should be avoided. The values of ;
are limited by

Hc +4un < AHy(CHy4) = —0.79, 3)

where AH;(CHy) are formation energy of CHy. By solving
Egs. (1)-(3), we can get the accessible range for values of the
chemical potentials, as shown by the green regions in Fig. 2(a).
We then take the Si-rich limit [point A in Fig. 2(a)] and the C-
rich limit growth condition [point B in Fig. 2(a)] to calculate
the formation energies of H in 4H-SiC.

As shown in Fig. 2(b), the formation energies of H in-
terstitials are lower than those of substitutional H, as a result
of the steric effect. H}’C and HiSi_te dominate the configura-
tions of H in p-type and n-type 4H-SiC, respectively. For H?C,
the neutral charge state is never stable, because of the Col-
umn effect between H?C and its neighboring atoms. When the
Fermi energy increases up to 2.80 eV, the charge state of H;’C
charges directly from 14 to 1—. HiSi_‘e also acts as a negative-
U center, with the charge transition from 1+ to 1— occuring
at 0.34 eV. We find that H;’C and HiSi_te introduce deep defect
states under the conduction band minimum (CBM) and above
the valance band maximum (VBM) of 4H-SiC, respectively.
These defect states are both occupied by one electron, indi-
cating H may capture carriers and affect the performance of
4H-SiC (Fig. 3). More importantly, electron transfer between
H and other defects (e.g., dopants and intrinsic defects) would
give rise to H-passivation of these defects. Unintentional H
passivation of dopants would change the electronic properties
of semiconductors.* During the processing of semiconduc-
tor devices, passivation of H is also frequently adopted to sup-

46471 Therefore,

press the negative effect of intrinsic defects. !
we evaluate the effect of H passivation of the common n-type
dopant (N), p-type dopant (Al), and intrinsic defects (V¢ and
Vi) on the performance of 4H-SiC. Because the growth con-
ditions for both the single crystal growth and homoepitaxy of
4H-SiC are Si-rich, and the growth condition does not signifi-

cantly affect the formation energies of H in 4H-SiC [Fig. 1(b)],

we investigate the effect of H on the electronic properties of
4H-SiC under the Si-rich limit.

3h+ — - ]
a2
>
3 + +
£ 1l _
5|

+ = _
0 At tl+'*'+
+

HPe  H{"**  Alg  Ng Vg Vsi

Fig. 3. Single-electron levels of dominant H interstitials, dopants, and in-
trinsic defects in 4H-SiC. Pink and blue regions indicate the CB and the VB
of 4H-SiC, respectively. The up and down arrows denote the occupied spin-
states of electrons on the defect levels.

3.2. H in n-type 4H-SiC

The high dopability of N in 4H-SiC endows 4H-SiC a
great success in high power electronics. For n-type 4H-SiC
substrates, the resistivity in the order of 1073 Q-cm is highly
desired to guarantee its conductivity. During the homoepitaxy
of n-type 4H-SiC layers, the electron concentration of the n-
type buffer layer should be as high as possible to guarantee the
conversion efficiency of basal plane dislocations.*®4°1 How-
ever, the doping efficiency of N still lags behind the demand
of ideal power-device applications. In this section, we eval-
uate the effects of compensation (or passivation) of H on the
electronic properties of n-type 4H-SiC.

As shown in Fig. 4(a), the + /0 transition energy level of
N locates at 0.06 eV below the CBM of 4H-SiC, which agrees
well with theoretical and experimental results.[!! We find that
the Fermi energy of 4H-SiC tends to shift toward its CBM as
the concentration of N increases [Fig. 5(a)]. For n-type 4H-
SiC, the formation energy of the negatively charged HiSi_te be-
comes lower than that of Ng , which leads to the compensation
of negatively charged H>™*® on the n-type doping of 4H-SiC.
The Fermi energy would be pinned in the mid-gap of 4H-SiC
when the concentration of unintentional induced H becomes
nonnegligible.

We also evaluate whether H can passivate N¢ in n-type
4H-SiC. As shown in Fig. 4(a), the formation energy of N¢c—
H complex is much higher than those of individual N¢ and
H;, indicating that the passivation of H at N¢ is unlikely
to happen under thermodynamic equilibrium growth condi-
tions. We also calculate the binding energy of the Nc—-H
complex [Eb (Nc—H)] by Ep (Nc—H) = AHy (Nc) + AHy (Hl) —
AH; (Nc—H). The negative value of Ey, (Nc—H) throughout the
bandgap of 4H-SiC indicates that the Nc—H complex is not
stable against decomposition. This indicates that the compen-
sation of HiSi_te exerts more significant effect on the properties
of n-type 4H-SiC. Reducing the concentration of unintentional
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induced H is highly desired to improve the n-type doping and
reduce the resistivity of highly N-doped 4H-SiC.

(a) 5_Si-rich 0 (b) -2.0 —— Ng—H
— 4k 1— —2.5
> 1+ <
< 3 7 —3.0
B2 o
% B —3.5
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° 0 g —4.0
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© of o HpTE )
g - - Ne 2 —5.0
o _3F —— Ng—H [an}
= TR TR T Y SOOI
0 1 2 3 20 1 2 3

Fermi energy (eV) Fermi energy (eV)

Fig. 4. (a) Calculated formation energies of N¢, Nc-H, HiSi_‘e, and Hibc in
4H-SiC, (b) calculated binding energy of the Nc—H complex in 4H-SiC.
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Fig. 5. (a) Fermi energies of 4H-SiC grown at 1800 K and 2400 K as

functions of the concentration of N, (b) Fermi energies of 4H-SiC grown
at 1800 K and 2400 K as functions of the concentration of H under different
background concentrations of N.

The typical temperatures of PVT growth and CVD ho-
moepitaxy of 4H-SiC are 2400 K and 1800 K, respectively.!]
Therefore, we investigate the effects of H on the Fermi energy
and carrier concentration of n-type 4H-SiC at the temperatures
of 2400 K and 1800 K. As shown in Fig. 5(a), the Fermi en-
ergy of 4H-SiC grown under 1800 K is slightly higher than
that of 4H-SiC grown under 2400 K, due to lower concentra-
tion of thermally excited electrons at lower temperatures. This
indicates that the hole concentration of 4H-SiC grown under

1800 K is higher than that of 4H-SiC grown under 2400 K.
When the concentration of N increases from 10" cm™3 to
10'® cm—3, the increase of Fermi energy of 4H-SiC grown un-
der 1800 K is more significant than that for 4H-SiC grown
under 2400 K. For 4H-SiC grown under lower temperatures,
the hole concentration is lower, which means that it is easier
to tune the Fermi energy of 4H-SiC by increasing the concen-
tration of N. When the concentration of N increases to 10"
cm ™3, the Fermi energy of 4H-SiC grown under 1800 K and
2400 K increase to 2.6 eV and 2.8 eV, respectively. Taking 4H-

3 as an €x-

SiC with the N-doping concentration of 10'® cm™
ample, we find that the effect of unintentional incorporated H
exerts negligible effect on the n-type doping of 4H-SiC. Only
when the concentration of H exceeds 10'8 ¢cm—3, the Fermi
energy of 4H-SiC begins to decrease [Fig. 5(b)]. When the
concentration of H increases to 102 cm ™3, the Fermi energy
of 4H-SiC is pinned at 1.4 eV due to the self-compensation of

H [Fig. 5(b)].

3.3. Hin p-type 4H-SiC

The p-type 4H-SiC substrates are of great importance
to the development of n-channel bipolar devices based on
4H-SiC, which hold great promise for ultra-high voltage (>
10 kV) applications.[?%-33] Al owns the lowest ionization en-
ergy among all group-III elements in 4H-SiC, which makes it
as the most popular p-type dopant in 4H-SiC. It is well known
that the lowest defect configuration of Al is Alg;. Therefore,
we investigate the interaction of H with Alg; in this section,
the effect of dominant intrinsic defect of V¢ is also taken into

consideration.
5 b 1
(a) 4 _Si-rich 0.y ( ) 3 ——Alg—H
; 1+ N 1-| .
o 3k . >
: /\% <L
92 2
: $
= 0 5
o a0
2 1 £
: E
e SR IVe o 7l
0 1 2 3 ) 1 2 3

Fermi energy (eV) Fermi energy (eV)

Fig. 6. (a) Calculated formation energies of Alg;, Alsi—H, V¢, HiSi_‘e, and H}’C
in 4H-SiC, (b) calculated binding energy of the Alg;—H complex in 4H-SiC.
As shown in Fig. 6(a), the formation energy of V¢ is
much lower than that of H'fc, indicating the compensation cen-
ter for p-type 4H-SiC is V¢, rather than H. Because the forma-
tion energy of Algi—H complex is higher than those of individ-
ual Alg; and HES!, H is unlikely to passivate Als; under ther-
mal equilibrium growth conditions. This ensures the effective
doping of Alg; in 4H-SiC. Nonequilibrium approaches, such as
H ion implantation or radiation may passivate Alg; by H. The
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passivation can be easily eliminated by thermal annealing, be-
cause of the low binding energy of Alg;—H in p-type 4H-SiC
[Fig. 6(b)].

3.4. H passivation of V¢

When 4H-SiC is applied in power electronics, V¢ has
been identified as the carrier-lifetime killer in bipolar devices
based on 4H-SiC.[>6-3% By trapping carriers in its deep de-
fect level, V¢ severely reduces the carrier lifetime and thus
the blocking voltage of the 4H-SiC drift layer.!33! Various ap-
proaches such as carbon ion implantation followed by thermal
annealing, thermal oxidation, and annealing with a carbon cap,
have been proposed to eliminate V¢ in 4H-SiC.1>*>7] For the
sake of reducing processing complexity and cost, we evaluate
whether H can passivate the defect states of V.

As shown in Fig. 2, passivating V¢ by 4 H atoms can
effectively eliminate the defect level of V¢ and potentially im-
prove the carrier lifetime in 4H-SiC. Therefore, we calculate
the defect formation energies of Vc—nH (n = 1-4) to verify
whether H is capable of passivating V¢ and enhance the car-
rier lifetime of 4H-SiC. As shown in Fig. 7(a), the defect for-
mation energies of Vc—nH (n = 1-4) are all larger than that of
pure V. Although the deep defect states of Vc—4H disappears
in 4H-SiC, Vc—4H has the highest formation energy among
all Vc-nH (n = 1-4) complexes. This indicates that equi-
librium incorporation of H cannot eliminate the defect states
of Vc. Nonequilibrium approaches, such as H ion implanta-
tion or irradiation may capable of passivating V¢ by H. The
binding energy of Vc-nH (n = 1-4) complexes are calculated
by Ey, (Vc-nH) = AH¢ (V) +nAH; (H;) — AHg (Ve — rH). As
shown in Fig. 7(b), when the Fermi energy of 4H-SiC is in the
range from 0.44 eV to 3.03 eV, the binding energies of Vc—
4H is positive, indicating the Vc—4H complex is stable against
decomposition. This means that nonequilibrium passivation of
V¢ by H is effective to eliminate the defect states of V¢ and
thus enhance the carrier lifetime of moderately doped 4H-SiC

with Fermi energy ranging from 0.44 eV to 3.03 eV.

(a) 6 (b) 6

= o 4

: :

= L

5 % 2

g g

3 =

=] @ 0

3 80
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g T, —— V—2H

g 5 —— Vi—3H

o —— Vo—4H

~ —4 ! ! ! ! ! !
0 1 2 3

Fermi energy (eV) Fermi energy (eV)

Fig. 7. (a) Formation energies and (b) binding energies of Vc-nH (n = 1-4)
complexes in 4H-SiC.

3.5. H passivation of Vg;

Since 2015, Vg; has been manipulated as isolated spin
qubits for quantum computing.>8-631 Tsolated Vs; color cen-
ters were created by laser writing, ion implantation or electron
irradiation.’® Tt was found that both the photoluminescence
(PL) wavelength and intensity were not uniform throughout
the Vg; array of 4H-SiC.[%453] In this section, we evaluate the
possible reason of H passivation on the nonuniform PL emis-
sion of Vg; arrays in 4H-SiC.

As shown in Fig. 8(a), (Vs;—4H)° and (Vsi—3H)~ com-
plexes have the lowest formation energies in p-type and n-type
4H-SiC, respectively. This indicates that H would passivate
Vsi and change the optical properties of Vg; defects in 4H-
SiC. The occupied defect state of Vg; lies in 0.72 eV above the
VBM of 4H-SiC, which agrees well with experimental and
theoretical results.[**!l When Vy; is passivated by 4 H atoms,
the defect state disappears from the bandgap of 4H-SiC. This
gives rise to the disappear of PL emission of Vg;. When V;
is passivated by 3 H atoms, the defect states shift to 0.70 eV
above the VBM of 4H-SiC. This results in the change of PL
emission wavelength and intensity for the Vg; arrays in 4H-
SiC. 1661

We also calculate the binding energies of Vgi—nH (n =
1-4) complexes by Ey(Vsi—nH) = AH;(Vs;) + nAH (H;) —
AH; (Vsi—nH). As shown in Fig. 8(b), the binding energies of
Vsi-nH (n = 1-4) complexes are all positive. This indicates
that once the complexes are formed, Vsi—nH (n = 1-4) com-
plexes are stable against decomposition. Because of the low
binding energies of Vgi—nH (n = 1-4) complexes, thermal an-
nealing is needed to decompose Vgi—nH (n = 1-4) complexes,
and promote the uniformity for the PL properties of Vg; array
in 4H-SiC.

16

(a) Si-rich (b) —— Vg—H
8+ 14 0
= —~
: e
= L
& %
= g
3 <
= [}
3 )
°
g 2 =
o - V¢ =i
2 —o-Vo—H —vVo—3H M
- V—2H —-Vo—4H
0 1 1 1 1 1 1 O 1 1 1 1 1 1

0 1 2 3 0 1 2 3

Fermi energy (eV) Fermi energy (eV)

Fig. 8. (a) Formation energies and (b) binding energies of Vg;—nH (n = 1-4)
complexes in 4H-SiC.

4. Conclusion

In conclusion, we have systematically investigated the
role of H in the electronic properties of 4H-SiC. We have
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found that H'iJC and HiSi_te dominate the defect configurations
of H in p-type and n-type 4H-SiC, respectively. In n-type 4H-

= js found to pin the Fermi

SiC, the compensation of H?
energy and hinder the increase of electron concentration in
highly N-doped 4H-SiC. Reducing the concentration of un-
intentional incorporated H is critical to further reduce the re-
sistivity of n-type 4H-SiC. For p-type 4H-SiC doped by Al,
we find that the compensation of H on the p-type doping of
4H-SiC is negligible compared to that of Vc. Nonequilib-
rium H-incorporation approaches may passivate Als; by H,
and degrades the performance of p-type 4H-SiC. The degrada-
tion can be easily eliminated by thermal annealing, because of
the low binding energy of the Algi—H complex in p-type 4H-
SiC. We find that nonequilibrium passivation of V¢ by H is
effective to eliminate the defect states of V¢ and thus enhance
the carrier lifetime of moderately doped 4H-SiC. Regarding
the quantum-qubit applications of 4H-SiC, we find that H can
readily passivate the silicon vacancy (Vs;) during the creation
of Vg; centers. The Vgj—nH (n = 1-4) complexes are stable
against decomposition once they are formed. Thermal anneal-
ing is needed to decompose the resulting Vgi—nH (n = 1-4)
complexes and promote the uniformity of the photolumines-
cence of Vg; arrays in 4H-SiC. The current work may inspire
the further development of the impurity engineering of H in
4H-SiC.
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