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ABSTRACT

High-purity semi-insulating (HPSI) 4H silicon carbide (4H-SiC) single crystals are critical semiconductor materials for fabricating -
GaN-based high-frequency devices. One of the major challenges for the growth of HPSI 4H-SiC single crystals is the unintentional doping >
of nitrogen (N) and boron (B). The addition of hydrogen has been supposed to mitigate unintentional doping. However, the underlying =
mechanism has not been well understood. In this work, the role of hydrogen in the growth of HPSI 4H-SiC single crystals is investigated by §
first-principles formation-energy calculations. We find that the addition of hydrogen significantly mitigates N doping while hardly affecting
B doping. Once hydrogen is added, hydrogen may adsorb at the growing surface of 4H-SiC, leading to surface passivation. Since N can react :
with hydrogen to form stable NH; (g), the chemical potential of N is reduced, so that the formation energy of N in 4H-SiC increases.
Hence, the critical partial pressure of nitrogen required for the growth of HPSI 4H-SiC single crystals increases by two orders of magnitude.
Moreover, we reveal that the adjustment of relative B and N doping concentrations has a substantial impact on the Fermi energy of HPSI
4H-SiC. When the doping concentration of N is higher than that of B, N interacts with carbon vacancies (V¢) to pin the Fermi energy at
Z,/,. When the doping concentration of B is higher than that of N, the Fermi energy is pinned at EH6/7. This explains that the resistivity of

or:Le2h

unintentionally doped HPSI 4H-SiC may vary.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108726

I. INTRODUCTION

High-purity semi-insulating (HPSI) 4H silicon carbide
(4H-SiC) single crystals are now routinely processed to make
wafers that are substrates for GaN-based high-frequency devices
due to the superior physical properties such as wide bandgap, high
resistivity, high thermal conductivity, and strong breakdown field
of HPSI 4H-SiC."™ In order to achieve the high resistivity
(>10° Q cm), shallow donors and acceptors in 4H-SiC must be
compensated or avoided. Two general approaches may be used to
compensate shallow donors and acceptors. One is intentional
doping of vanadium (V).”® The other is creation of intrinsic
defects in 4H-SiC.””"" Doping of V may lead to deterioration of
crystal quality and low processing yield.”* Thus, intrinsic defects

produced by a series of methods such as irradiation are more often
used to compensate shallow donors and acceptors.” It is clear that
shallow donors and acceptors are most preferably avoided during
growth of 4H-SiC for the sake of high resistivity. Nitrogen (N) and
boron (B) are considered major dopants that may be readily doped
without intention because N and B exist in graphite parts and
source powders used in a 4H-SiC growth system.'*~"?

Various approaches for avoiding unintentional doping of N
and B have been investigated. For example, ultra-pure source
powders and graphite parts with negligible N and B were employed
to more efficiently remove N and B.'”"” Higher vacuum was
employed to more efficiently remove N. Inert gas was directly
incorporated into the crystal-growth zone of 4H-SiC to eliminate N
there.'””"” Through these approaches, the doping concentration of
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B in grown 4H-SiC can be decreased in an order of 10" cm™> and
the lowest doping concentration of N is in an order of
10*°-10"” cm™>. However, this doping level was insufficient to
guarantee that the grown 4H-SiC has a uniform semi-insulating
characteristic. It was claimed that the addition of hydrogen might
reduce unintentional doping of N during the growth of 4H-SiC
single crystals by physical vapor transport (PVT)."*'*"” As a con-
sequence, the N incorporation was remarkably reduced, leading to
the growth of semi-insulating 4H-SiC single crystals. Regarding the
underlying mechanism, it was proposed that hydrogen reacted with
graphite to form hydrocarbons, increasing the C/Si ratio during
growth of 4H-SiC.'" Since N and C compete for the same lattice
sites,' the increase in the C/Si ratio significantly reduced N doping
of 4H-SiC. It was also argued that hydrogen passivated the surface
of 4H-SiC, preventing nitrogen from occupying the surface sites
during 4H-SiC growth.'®'” Both explanations, however, are rather
speculative. In this work, first-principle formation-energy calcula-
tions are carried out to reveal the effect of hydrogen on uninten-
tional doping of 4H-SiC. It is found that hydrogen reacts with
nitrogen to form stable ammonia (NH;) at the growing surface of
4H-SiC. This leads to the decrease in the chemical potential of N,
increasing the formation energy of N in 4H-SiC. Hence, HPSI
4H-SiC may be grown by using a relatively high partial pressure
of nitrogen. Moreover, we find that the control of the relative con-
centrations of unintentionally doped B and N has a substantial
impact on the Fermi energy of HPSI 4H-SiC. When the concentra-
tion of N is higher than that of B, N interacts with carbon vacan-
cies (V) so that the Fermi energy is pinned at Z;,. When the
concentration of B is higher than that of N, the Fermi energy is
pinned at EH6/7.

Il. COMPUTATIONAL METHODS

First-principles calculations are performed using the
projector-augmented wave (PAW) method implanted in the
Vienna ab-initio Simulation Package (VASP). The wave functions
are expanded by using the plane-wave energy cutoff of 500 eV.
The Perdew-Burke-Ernzerhof (PBE) functional with generalized
gradient approximation (GGA) exchange correlation is employed
to describe exchange-correlation interactions.”” Brillouin-zone
integrations are approximated by using special k-point sampling
of the Monkhorst-Pack scheme with a k-point mesh of 2 x 2 x 2.
The supercell lattice and atomic coordinates are fully relaxed until
the total energy per cell and the force on each atom are less than
1.0x107%eV and 0.01eV/A, respectively. The screened hybrid
density functional of Heyd, Scuseria, and Ernzerhof (HSE06) is
adopted to calculate the electronic properties of 4H-SiC. Defects
are modeled in a 4 x4 x 1 supercell of 4H-SiC with 128 atoms.
The calculated lattice parameters of 4H-SiC are a=3.07 A and
c=10.05 A. The calculated bandgap energy of 4H-SiC is 3.23 eV,
which agrees well with experimental results."

The formation energy of a charge-neutral defect & is calculated
by using”"**

AH(at, 0) = Eyor(@t, 0) — Eqoq(host) + Y ny;, )

where E;(a, 0) is the total energy of the host supercell containing
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the defect o, E;y(host) is the total energy of the host supercell, #; is
the number of atoms removed from or added into the supercell,
and y; is the chemical potential of constituent i referred to elemen-
tal solid or gas. If the defect « is in the charge of g, the formation
energy can be expressed as

AHy(a, q) = AHg (o, 0) — qe(0/q) + qEr, ()

where £(0/q) are charge-state transition levels and E is the Fermi
energy referred to the valence band maximum (VBM) of the host.
To overcome the issue of finite supercell size, £(0/q) is calculated
with the mixed k-point scheme by using

£(0/q) = [e},(0) — £}, (host)]
+ [Ewr(@ q) — (Euor(a, 0) — gef(O)]/(—q),  (3)

where £5,(0) and £5,(0) are the energies of the defect band at the T’
point and special k point (weight averaged), respectively;”'
&5y (host) is the VBM of the host at the I" point; and E;x(ar, q) is
the total energy of the host supercell containing defect o with
charge g. For Eq. (3), the first term on the right-hand side gives the
single-electron energy level of the defect at T’ point, while the
second term on the right-hand side determines the relaxation
energy U of the charged defect calculated at the special k point,
which is the extra cost of energy by moving charge q from the
VBM of the host to the defect level.

lll. RESULTS AND DISCUSSIONS

Thermal equilibrium conditions exert a series of thermody-
namic limits on the achievable values of y;. First, the values of ug;
and u are limited to those values that maintain stable 4H-SiC,

Hsi + tc = AHf(SiC). (4)

Second, for the avoidance of precipitation of Si, C, B, and N,,
the values of u; are limited by

psi < 0, e <0,y <0,y <0 ®)

Finally, the formation of the secondary phase needs to be
avoided. In order to make the consideration of secondary com-
pounds as complete as possible, the material genome database
(Materials Project) is used to search for the competing secondary
compounds.” Through the formation energy information of all the
secondary compounds for Si-C-B and Si-C-N system, we find
that the formation of SiBs;, B39Cs, and SizN, limits the stable
chemical potential region due to the lowest formation energy. The
calculated formation energies and experimental values of 4H-SiC,
SiBs, B39Ce, and Si3N, are summarized in Table 1. Hence, the
values of y; are limited by

Us; + 3ug < AHf(SiBs), 39up + 6y
< AHp(B39Ce), 4un + 3us; < AHf(SisNg),  (6)

where AHf(SiB3), AHf(B39Cs), and AHf(Si3Ny) are the formation
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TABLE |. DFT-calculated formation energies and experimental values (Expt.) of
4H-S|C, SiB3, B39Ce, and Si3N4.

DFT calculated AHf Expt. AHy
4H-SiIC ~ -0.7309¢eV/SiC  -0.676, —0.747, or —0.771 eV/SiC”"*
SiB; -1.309 eV/SiBs -1.196 eV/SiB5"”
B39C6 -3.678 eV/B39C6 ees
Si3N4 -8.323 eV/Si3N4 -7.7173 eV/Si3N426

energies of SiBs;, B3gCs, and SisNy, respectively. By solving
Egs. (4)-(6), we obtain the accessible range for u and py [region I
in Figs. 1(a) and 1(b)].

As for B or N doping during the PVT growth of 4H-SiC, B or
N is incorporated at the growing surface. Normally, 4H-SiC crystal
grows on a SiC seed with the (0001) face (i.e., C face), while

(a) Mc

0.0 -0.1 -0.2 -0.3 -0.4 -0.5
0.00 + .

-0.02

-0.14

-0.4

Region IlI

FIG. 1. (a) Accessible range of chemical potential of ug. (b) Accessible range
of chemical potential of uy.
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TABLE II. The accessible range for B and N chemical potential.

Equilibrium Growth on C-face
state Growth on C-face  with hydrogen
Chemical Region I Region I and Region I and
potential of B region II region II
Chemical Region I  Region I, regionII,  Region I and
potential of N and region III region II

6H-SiC grows on a SiC seed with the (0001) face (i.e., Si face).
The accessible range of g or uy for B or N doping on the surface
of SiC is larger than the equilibrium range [region I in Figs. 1(a)
and 1(b)], consistent with previous findings that doping on the
surface led to the increase in the chemical potential and solubility
of the dopant.”””® This is because initial precipitation of the
dopant on the growing surface costs more energy than doping in
the bulk. We have considered the effect of C face on the chemical
potential of B or N. A simple estimation for the upper limit of uy
or uy under the conditions of PVT growth is made by considering
the spontaneous accumulation of the dopant at the top surface
layer: AH;mf(N or B, 0) = 0. For growth on the C face, the accessi-
ble range of up expands to region I and region II [Fig. 1(a)].
The accessible range of uy expands to region I, region II, and
region III [Fig. 1(b)]. Furthermore, hydrogen may affect the chemi-
cal potential range of yy. Once the hydrogen is added, hydrogen
will adsorb to the growing surface and passivate it. When N

—o = Ng(with hydrgen) —o— N; —&— B¢
——Bg——Vg——V¢

Formation energy (eV)

? Bt E B EFEf B
T o PR o

————
00 05 10 15 20 2

5 30
Femi energy (eV)

FIG. 2. Formation energies of B, N, and V¢ at the Si-rich limit.

0%:2€:ZL ¥20Z IMdY L1

J. Appl. Phys. 132, 155704 (2022); doi: 10.1063/5.0108726
Published under an exclusive license by AIP Publishing

132, 155704-3


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

adsorbs to the growing surface, N may react with hydrogen to form
stable NH; ( g).” Therefore,

fin + 3y = AH;(NH;). )

This restricts the accessible range of uy in region I and
region II [Fig. 1(b)]. The accessible ranges of the chemical

Fermi energy (eV)
3.230

2826

10°

1.0x10"

VE (em?)

1.0x10"*
T 7.5x107
56x10'
| 42x10%
3.2x10™
2.4x10"
1.8x10'?
1.3x10"

1.0x10"

10  10° 10*

107
Py/P,
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potentials of B and N under different conditions are summarized
in Table II.

The effect of temperature and the partial pressure of N/B is
further considered. u; can be given as™

U =ty + RTIn(Pyys/Po), (8)

max

where ujy is the max value of sy, R is the molar gas constant, T

Resistance (Qcm)

107 10® 10°* 10*

Pn/Po

10° 10°

B (cm?)

VE (em?)

1.0x10"7
T 1.3x10%
1.8x10'®
2.4x10™
3.2x10"
4.2x10"
I 5.6x10"
7.5x10"°

1.0x10"

107 10® 10° 10*

Pnv/Po

10°

10?

FIG. 3. (a) Fermi energy (EF), (b) resistance, (c) N doping concentration, (d) B doping concentration, () Vé‘ concentration, and (f) Vf;* concentration as functions of
Pn/Pq and Pg/Py. Growth temperature is 2400 K, from which quenching reaches room temperature.
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is the temperature, Pyyp is the partial pressure of N/B, and P, is the
total pressure during the growth of 4H-SiC. Due to the fact that
Pyyp is very low during growth, the effect of the change of Py/p on
Ui and uc may be neglected. £(0/+) of N is calculated by Eq. (3).
The calculated £(0/+) is 0.06 €V (0.12 eV) for the h (k) site. When
Egs. (2), (3), and (8) are combined, AHf(Nc, 0) and AH;(Nc, 1+)
can be expressed as a function of Py/Py. Only one typical

ARTICLE scitation.org/journalljap

formation energy curve of N¢ is shown in Fig. 2. B can occupy
either Si or C sites of 4H-SiC. The calculated £(0/—) for Bg; is
0.30 eV, and the calculated £(0/—) for B¢ is 0.42 eV. The formation
energies of Bg; and B¢ are also a function of Pg/P, (Fig. 2). The for-
mation energy of N/B decreases with the increase of Pyz.

It is commonly accepted that carbon vacancies (V) are the
main intrinsic defects responsible for the semi-insulating behavior

Fermi energy (eV) Resistance (Qcm)

"
10 3230 1.0x107!
105 1.3x10"®

1.8x10"
10° 4
2.4x10"?

g o

3 107 5 3.2x10°

o o

4.2x10°
10°4
| | sexio
9
1077 7.5x10°
1010 - - = = ‘ 1.0x10%
10" 10° 10® 107 10® 10° 10 10" 10° 10® 107 10° 10° 10*
Py/Po P\/Po

N (em™) B (cm™)

(c) (d),..

1.0x10'® 1.0x10"®
1.3x10"7 2.0x10"
4.0x10"
1.8x10'® N
7.9x10'* =
>
15
- ot | 1.6x10' ]
N
2\‘? 3.2x10" i;, 3.2x10" §
42x10" 6.3x10" S
1.3x10" &‘)
[ |sexton 3
2.5x10"
11
7.5¢10 5.0x10""
Jd : 1.0x10" 1.0x10"
10 10° 10® 107 10® 10° 10
P\/Py VZ (em?) Pn/Po VE (cm?)

(e) (f)

1.0x10"® 1.0x10"7

7.5x10"7 1.3x10"®
5.6x10'® 1.8x10"
4.2x10'% 2.4x10"
- 4
u‘ 14 13
) 3.2x10 3.2x10
o
2.4x10™ 4.2x10"?
1.8x10"2 56x10"
9
10 1.3x10" 7.5x10'°
1010 1.0x10'® 1.0x10"
10 10° 10®* 107 10® 10° 10* 10" 10° 10® 107 10°® 10° 10
Py/Po Pn/Po

FIG. 4. (a) Fermi energy (EF), (b) resistance, (c) N doping concentration, (d) B doping concentration, (e) Vé’ concentration, and (f) V%* concentration as functions of
Pn/Py and Pg/Py. Growth temperature is 2400 K, from which quenching reaches room temperature. The hydrogen is included during growth. Growth temperature is set to
2400 K, from which quenching reaches room temperature.
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of PVT-grown 4H-SiC.”' " The formation energy of V is also cal-
culated through Egs. (1)-(3), as shown in Fig. 2. For the Si-rich
limit, AHy(Vc, 0) is about 4.42 eV. €(0/2-) transition levels (Z,,,)
of V(h) (V¢ at the h site) and V(k) (V¢ at the k site) are located
at E, +2.60eV and E, +2.67 eV, respectively. The €(2+/0) transi-
tion level (EH6/7) is located at E,+1.84eV for V(h) and
E,+1.90eV for Vi(k), which agrees well with the experimental
value.””™” Tuning the B and N doping concentration (DCg
and DCy) relative to the concentration of V¢ (DCy,) will have
a substantial impact on the Fermi energy of 4H-SiC. When
DCy or DCg > DCy,, N and B doping will make the Fermi level
close to €(0/4+) of N or £0/—) of B (E} or E} in Fig. 2).
When DCy — DCg < DCy,, the excess donors are compensated by
V% and the Fermi energy is pinned at E%. The addition of hydrogen
could increase the formation energy of N. The Fermi energy is
pinned at a deeper level (EZ). When DCg — DCy < DCy,, the
excess acceptors are compensated by V2" and the Fermi energy is
pinned at Ej. When Ny or Ng is close, the Fermi energy will
be pinned at E}.

By using a detailed balance theory, we can obtain Fermi
energies, resistance, the doping concentration of N/B, and V¢ con-
centrations of 4H-SiC at a given partial pressure of Px/Py and
Py/Py, as shown in Figs. 3 and 4. In practice, quenching is often
used to increase the concentration of intrinsic defects. Therefore,
we also calculate the defect concentrations obtained with a typical
growth temperature of 2400 K followed by quenching to room tem-
perature by fixing the sum of defect concentrations and recalculat-
ing the density of the charged defects at room temperature.’*™*

Figure 3 shows Fermi energy, resistance, N doping concentra-
tion, B doping concentration, VZC* concentration, and Vé+ con-
centration as functions of Py/Py and Pg/P, without the addition of
hydrogen during the growth of 4H-SiC single crystals. Depending
on Fig. 3(a), the distribution diagram of Fermi energy can be
divided into four different regions: red region, yellow region, green
region, and blue region. In the red region, when Px/P, is higher
than 3 x 1078, the Fermi energy is about Ey +3.19eV (close to E}
in Fig. 2) and the resistance is in an order of 10" and 107> Q cm
[Fig. 3(b)]. The doping concentration of N is higher than that of B
[Figs. 3(c) and 3(d)]. The excess donors are not completely com-
pensated by VZC_ [Fig. 3(e)]. In the yellow region, the Fermi energy
is about Ey+2.49¢eV (close to Z,,, of V), and the resistance
is in the range of 10°-10"2 Q cm [Fig. 3(b)]. In this region,
DCy — DCg < DCy,, the excess donors are completely compen-
sated by V&~ [Fig. 3(e)]. In the green region, the Fermi energy will
be pinned at about Ey + 1.89 eV (close to EH6/7 of V), and the
resistivity is higher than 10" Qcm [Fig. 3(b)]. This is because
DCg — DCy < DCy,. and the excess acceptors are completely com-
pensated by V4 ' [Fig. 3(f)]. As for the blue region, the doping
concentration of B is higher than that of N and the excess acceptors
are not completely compensated by Vé* [Fig. 3(e)]. The fermi
energy is located at about Ey + 0.40 eV (close to E} in Fig. 2) and
the resistivity is in the order of 10°> and 10* Q cm [Fig. 3(b)].

If hydrogen is added during the growth of 4H-SiC single crys-
tals, HPSI 4H-SiC can be grown in a relatively high nitrogen partial
pressure environment. The critical Py/Py is 2 x 107, as shown in
Fig. 4. When Px/Py is lower than 2 x 107, the HPSI 4H-SiC can
be grown. Assuming that the growth pressure P, is 100 Pa and

7
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hydrogen is not added during the growth, a HPSI 4H-SiC can be
grown when the nitrogen partial pressure decreases to 3 x 107 Pa.
When hydrogen is added during the growth, the nitrogen partial
pressure lower than 2x107*Pa is sufficient to guarantee the
growth of HPSI 4H-SiC. This indicates that the addition of hydro-
gen during growth could significantly mitigate the requirements of
the growth system on vacuum and the purity of graphite parts and
SiC source powders.

IV. CONCLUSIONS

In conclusion, we have investigated the effect of hydrogen on
unintentional doping of N and B into 4H-SiC. It is found that the
addition of hydrogen significantly mitigates N doping while hardly
affecting B doping. When hydrogen is included in the growth
of 4H-SiC, N may react with hydrogen to form stable NHs.
This decreases the chemical potential of N and increases the forma-
tion energy of N in 4H-SiC. Moreover, the adjustment of relative B
and N doping concentrations has a substantial impact on the Fermi
energy of HPSI 4H-SiC. When the doping concentration of N is
higher than that of B, N interacts with carbon vacancies (V(),
pinning the Fermi energy at Z,,,. The resistance is in the range of
10°-10" Q cm. When the doping concentration of B is higher than
that of N, the Fermi energy is pinned at EH6/7. The resistivity is
high than 10" Q cm.
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