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Abstract 

Nitrogen doped n-type SiC substrates are extensively employed for high-power devices 

thanks to its excellent physical properties. However, the growth of SiC single crystals via the 

physical vapor transport method still faces large challenges including the control of temperature 

fields, regulation of C/Si ratio at the growth front, intra- and inter-substrate resistivity uniformity 

improvement. Numerical simulations have been performed to study the evolution of temperature, 

C/Si ratio and nitrogen incorporation at the growth front as a function of crystal length. Gas 

exchange across the crucible and crucible etching reaction were considered, and the effects on 

crystal growth rate, temperature, C/Si ratio and N2 distribution at the growth front were illustrated. 

The computational results show unprecedented agreement with experimental observations. The 

factors influencing crystal resistivity has been demonstrated. The nitrogen doping efficiency in 

4H-SiC crystal growth through the PVT method has been proposed through computed and 

measured nitrogen concentrations.

† Co-first authors: Lingling Xuan and Xinyu Xie contributed equally to this work.
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1 Introduction 

With the increasing demand for high-temperature, high-frequency, and high-power RF 

electronics, such as 5G communications, electronic vehicles and photovoltaics,1–3 the physical 

limitations of silicon-based semiconductor devices have become more apparent. Higher power, 

smaller size and lower cost have become key concerns of the power semiconductor industry. The 

wide bandgap of 4H-SiC results in a higher critical electrical field, enabling a thinner device with 

a correspondingly low on-resistance.4 Additionally, its high thermal conductivity enhances the 

heat dissipation characteristics of high-temperature SiC devices. These exceptional physical and 

electronic properties make SiC to be the ideal material for high-power device fabrication. 

Physical Vapor Transport (PVT) is the most studied and the only commercial method for 

growing n-type 4H-SiC crystals. Vertical SiC power devices require substrates with a low and 

uniform resistivity distribution to minimize on-resistance fluctuation within the wafer, particularly 

for 600-1200 V devices with extremely low drift layer resistance.5 Inhomogeneous resistivity 

distribution also affects the uniformity of homoepitaxial layer thickness6 or cause lattice mismatch-

induced dislocations at the substrate and epilayer interface.7–9 Currently, 150 mm SiC substrates 

are the mainstream and 200 mm substrates are under rapid ramping-up in semiconductor industry. 

As crystal diameter increases from 150 mm to 200 mm and crystal length requirement grows, 

radial and axial resistivity variations in SiC crystals become more pronounced. Therefore, 

improving the resistivity uniformity both in radial and axial directions is crucial. Reported studies 

mostly focused on radial resistivity uniformity,10–14 few have considered axial resistivity 

uniformity during SiC crystal growth.

Nitrogen can be easily introduced into SiC crystals during PVT growth by controlling 

nitrogen gas flow. Incorporated nitrogen atoms replace carbon lattice sites, and the nitrogen 
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content determines the resistivity of the crystal. The typical resistivity of commercial n-type 4H-

SiC substrate is at the range of 0.015-0.025 Ω ∙ cm, corresponding to a nitrogen doping 

concentration of 6 × 1018 cm―3-1.5 × 1019 cm―3.15 However, nitrogen concentration often 

exhibits an inhomogeneous distribution due to axial and radial temperature variations. Increasing 

nitrogen doping concentration can improve resistivity, but excessive doping can lead to stacking 

faults (SF) and other defects.16,17 An optimal doping concentration must balance resistivity 

uniformity and defect minimization. Nitrogen doping is influenced by various growth parameters, 

including seed orientation,18 temperature,19,20 and nitrogen partial pressure.21 

C/Si ratio is another important parameter affecting SiC crystal resistivity.22 It not only 

determines the crystallizing condition (C/Si=1) at growth front but affects the crystalline stability 

and defect density as well.23 Most reported C/Si ratio are based solely on gas transport inside the 

crucible, neglecting internal gaseous escape through porous crucible.24,25 13C isotope labeling 

experiment have shown that crucible etching reaction consumes the gas species, altering the C/Si 

ratio.26 The C/Si ratio affects nitrogen doping due to site-competition mechanism.27 Both of them 

are related to growth temperature. Unfortunately, existing literature did not consider neither 

crucible etching reaction nor crucible porosity.26 Due to varying study conditions, obtained C/Si 

ratio values differ among the studies. There is lack of study simultaneously considering variations 

in growth front temperature, C/Si ratio and nitrogen incorporation during crystal growth as well as 

their effects on axial resistivity distribution. 

In this article, a 4H-SiC crystal was grown by PVT method to obtain the axial resistivity 

distribution. To investigate the impacting factors of axial resistivity, we performed numerical 

simulations for growth rate, temperature, C/Si ratio and nitrogen partial pressure at growth front 

of SiC crystal grown by PVT, considering the porosity of graphite crucible and their etching 
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reactions. Their variations with crystal length change were demonstrated. Nitrogen doping 

efficiency in 4H-SiC crystal was obtained through measured and simulated concentrations. The 

dominant factor sensitive to crystal resistivity was analyzed experimentally and numerically.

2 Modeling and experimental procedures

2.1 Modeling procedure

The growth system for PVT method is complex and not measurable so that the detailed 

growth process information and corresponding parameters are not available in the experiment. 

Numerical simulation is a valuable tool for understanding key growth parameters, such as 

temperature, C/Si ratio and nitrogen incorporation at growth front during various stages of growth. 

Assuming the PVT growth system for 4H-SiC bulk crystal is axisymmetric, Fig. 1 presents the 

schematic setup of crystal growth. A 2-mm thick 4H-SiC seed with a 4°off-axis with respect to 

(1120) direction is glued and fixed at the bottom of graphite lid. The graphite crucible is resistively 

heated using the multi-resistance heating method28 with graphite felts surrounded for thermal 

insulation. The crucible bottom is filled with SiC powder having a porosity of 0.5. A 2D 

axisymmetric multi-physics model, which coupled heat transfer, multi-component mass transport, 

gas flow and crucible etching reaction is implemented in COMSOL Multiphysics software to 

investigate the evolution of growth rate, temperature, C/Si ratio and nitrogen incorporation at 

growth front during crystal growth. A portion of the crucible is treated as porous media to allow 

gas exchange across the crucible wall.
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Fig. 1 The sketch of 4H-SiC crystal growth by PVT method.

2.2 Heat and mass transfer

It is assumed that sublimation process occurs only in the thin region of powder near the source 

top. Three resistance heaters provide heating source for the growth system through careful power 

control. The SiC raw material is heated, decomposing into three primary gas species, Si(g), SiC2(g) 

and Si2C(g), which are then transported to the seed surface, crystallized under diffusion and 

convection. Given that internal radiation within the crucible is greatly larger than the latent heat 

from SiC deposition,29 it is reasonable to disregard latent heat effects. The gas flow is assumed to 

be laminar and compressible. Therefore, the global heat transfer includes heat conduction in both 

solid and gas media, thermal radiation from solid surfaces in the gas domain, and heat convection 

in the gas phase. Heat conduction and convection are governed by the equation:

ρ𝐶𝑝𝒖 ∙ ∇𝑇 ― ∇ ∙ (𝑘∇𝑇) = 𝑄 (1)

where ρ denotes density, 𝐶𝑝 and 𝑘 are the thermal capacity and conductivity, 𝒖 is the velocity of 
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fluid, ∇𝑇 represents for temperature gradient and 𝑄 is the heat source. For porous SiC powder and 

graphite wall, their material consists of solid and gas phase so that the equivalent thermal 

conductivity and heat capacity could be described by linear combination theory: 30

𝑘𝑒𝑓𝑓 = 𝑘𝑔𝜀𝑝 + 𝑘𝑠(1 ― 𝜀𝑝) +
8
3𝜀0𝜀𝑝𝜎 ∙ 4𝑇3 ∙ 𝑑𝑝

(2)

(𝜌𝐶𝑝)𝑒𝑓𝑓 = 𝜀𝑝(𝜌𝐶𝑝)𝑔 + (1 ― 𝜀𝑝)(𝜌𝐶𝑝)𝑠 (3)

where 𝑘𝑔, 𝑘𝑠, (𝜌𝐶𝑝)𝑔 and (𝜌𝐶𝑝)𝑠 are the thermal conductivity and heat capacity of gas and solid 

matrix, respectively, and 𝜀𝑝 is the porosity of porous material. The third term on the right-hand 

side of eqn (2) represents particle-to-particle radiation in SiC powder. 𝜀0 is the emission coefficient 

of particle surfaces, 𝜎 = 5.67 × 10―8 W/(m ∙ K) is the Stefan-Boltzmann constant and 𝑑𝑝 = 500 

um is the average particle diameter of powder. All the radiation surfaces are set as gray-diffuse 

and opaque including the source powder and crystal, the governing equation for solid radiation is:

―𝒏 ∙ 𝒒 = εσ(𝑇4
𝑎𝑚𝑏 ― 𝑇4

𝑏) (4)

where q is radiative heat flux at the boundaries, 𝒏 is the outside pointing normal of the surface, ε 

is the emissivity of solid surface, 𝑇𝑎𝑚𝑏 and 𝑇𝑏 are the ambient temperature and boundary 

temperature, respectively. The ambient temperature outside of crucible is considered to be 300 K.

The 4H-SiC crystal growth process, typically lasting over 100 hours with growth rate ranging 

from tens to several hundred micrometers per hour, can be regarded as a steady-state process. It is 

assumed that no other chemical reactions occur among vapor species in the gas phase except for 

the heterogeneous reactions occur at the solid-vapor interface:

Si(g) + SiC2(g) = 2SiC(s) (5)

Si2C(g) = SiC(s) + Si(g) (6)

and the etching reaction occur at graphite crucible (see section 2.3 for a detailed description). 

During the 4H-SiC crystal growth, the sublimation and deposition processes are assumed to occur 
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under stoichiometric conditions. The partial pressure of SiC gas species near the growth front is 

maintained above the local thermal equilibrium vapor pressure to ensure the necessary 

supersaturation requirement for crystal growth. The thermodynamic pressure of concentrated 

multi-component vapor above the 4H-SiC seed surface is connected to the total boundary flux 

species through the Hertz-Knudsen equation: 

𝐽𝑖 = 𝛼𝑖
𝑃𝑖 ― 𝑃𝑒

𝑖

2𝜋𝑀𝑖𝑅𝑇
(7)

where 𝐽𝑖 represents the total molar flux of gas species 𝑖 deposited at seed surface, 𝛼𝑖 is sticking 

coefficient. The temperature dependent equilibrium partial pressure 𝑃𝑒
𝑖  is calculated from the 

thermodynamic data of Lilov31 and 𝑃𝑖 is the partial pressure of species 𝑖 at temperature 𝑇, 𝑀𝑖 is 

molar mass of species 𝑖, 𝑅 is the universal gas constant. At the powder surface, a negative sign 

should be added to eqn (7) to indicate species fluxes sublimated from the SiC powder surface. 

In the PVT growth system, the gas phase consists of a mixture of high-concentration 

sublimated species (Si, SiC2, and Si2C) along with an inert gas argon, and additional nitrogen 

doping gas to adjust resistivity. Consequently, the diffusion coefficients of gas species are not 

constant but closely related to the chemical compositions of gas phase. Therefore, mole or mass 

fractions should be treated as dependent variables to satisfy the condition that the total amount of 

species equals unity, rather than using traditional species concentrations. This approach is known 

as the Maxwell-Stefan diffusion model.23 The mass transport of species in growth system is 

described by Navier-Stokes equations simplified for low Mach number multicomponent flows. 

Since part of the crucible wall is made of a porous medium (see Fig. 2), which allows the gas 

exchange across the crucible as seen in SiC crystal growth experiment, the Darcian flow model is 

employed to describe the mass transport in porous media. Furthermore, a mixture-averaged 

diffusion model is used to calculate concentrated species transport in porous media. For complete 

Page 7 of 27 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

35
:0

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4CE01206B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ce01206b


8

formulation, one can refer to the work of Xu et al.32 It should be noted that mass transfer through 

the powder is not considered in the present work. 

2.3 Crucible etching reaction

Experimental observations have revealed the exchange of carbon between gas species and the 

interior walls of graphite crucible through 13C labeling and digital X-ray imaging during the growth 

process.26,33 The graphite crucible acts as an active carbon source for SiC crystal growth by 

forming SiC2 in accordance to the following equation:34

Si(g) + 2C(s) = SiC2(g) (8)

The crucible etching reaction influences the graphitization degree of graphite crucible and, 

consequently, the crystal quality. When the crucible was repeatedly used for several runs, the 

graphite crystallite size increases due to its graphitization degree increasing. It leads to crucible 

electrical resistivity decreasing and its thermal conductivity increasing. This significantly degrades 

the overall temperature field and axial temperature gradient within the crucible.35 Clearly, the 

graphite crucible etching reaction affects the vapor gas species, thereby, the C/Si ratio at growth 

interface, which in turn impacts nitrogen incorporation for resistivity due to C-N site competition 

mechanism.27 Therefore, the crucible etching reaction must be considered when accounting for the 

variations in the C/Si ratio and nitrogen incorporation during crystal growth process.
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Fig. 2 2D axisymmetric model meshing and primary boundary conditions.

As the sublimation temperature of silicon is lower than that of carbon-containing species, the 

growth cell of 4H-SiC crystal is in a Si-rich environment. We assume that the deposition of SiC 

on the graphite wall is negligible, and excess Si atoms from the sublimation of source do not 

incorporate into graphite walls but reacting with them through eqn (8). It was reported that graphite 

erosion is significant at 30-40 mm below the seed crystal, and the degree of erosion gradually 

decreases downward from the seed crystal to the powder direction.36 To simplify calculations, a 

flux boundary condition is used to represent the consumption of Si(g) and the formation of SiC2(g) 

on the graphite wall. The total weight of graphite crucible was found to has a loss around 200 g 

after crystal growth experiment. Based on this, the maximum flux of Si(g) was set at 10―5 kg/(m2

∙ s). According to the etching reaction depicted in Fig. 2, the thickness of etched graphite crucible 

is calculated to be 2.61cm which aligns well with experimental observations.   
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2.4 Experimental procedure

An n-type 4H-SiC bulk single crystal with a diameter of 150 mm was grown along C-face 

(0001) using PVT method in the temperature range of 2100-2300 ℃ and pressure of 300 Pa. The 

growth atmosphere was a gas mixture of 95 vol% Ar + 5 vol% N2 gas, with a fixed gas flow rate 

of 100 SCCM. The total crystal growth time was around 155 hours. To monitor the real-time axial 

temperature gradient, two infrared temperature probes were positioned at the top of the crucible 

lid and bottom of the crucible, enabling PID to provide feedback control of the temperature field 

in the growth cell. To check the sensitivity of resistivity on temperature, an intentional rapid 

temperature decreasing was performed for top monitoring point in the last stage of crystal growth. 

The resistivity of these substrates was measured by the eddy-current method (SEMILAB, LEI-

1510EA). Nitrogen concentration was determined by Raman (HORIBA LabRAM Odyssey) and 

secondary ion mass spectroscopy (SIMS, CAMECA 7f-Auto).

3 Results and discussion

3.1 Axial resistivity distribution

The grown crystal has a length of 48 mm, was cut perpendicular to the growth direction and 

processed to standard 150 mm 4H-SiC substrates. The average resistivity distribution of grown 

crystal is shown in Fig. 3. It increases from 0.0182 Ω ∙ cm to 0.0248 Ω ∙ cm along axial growth 

direction. The resistivity increases rapidly when the crystal length is shorter than 15 mm; afterward, 

it becomes smooth and eventually converges to 0.025 Ω ∙ cm. This suggests that in the middle and 

late stages of crystal growth, nitrogen atoms become increasingly difficult to incorporate into the 

crystal. The final data point for temperature sensitivity test results in a resistivity change of 0.4%. 
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To investigate the factors sensitive to axial resistivity variations, the crystal growth rate, growth 

front temperature, C/Si ratio and axial nitrogen incorporation are analyzed step-by-step in the 

subsequent paragraphs. 

Fig. 3 Average resistivity distribution of the SiC substrates across crystal lengths ranging from 2 

mm to 45 mm.

3.2 Growth rate

Crystal growth rate is calculated using following formula: 37

𝑉𝑔𝑟𝑜𝑤𝑡ℎ = 2
𝑀𝑆𝑖𝐶

𝜌𝑆𝑖𝐶
𝐽𝑑

𝑆𝑖𝐶2

(9)

where 𝜌𝑆𝑖𝐶 is the density of SiC, 𝐽𝑑
𝑆𝑖𝐶2

 is the total molar flux of SiC2 deposited at seed surface. In 

Fig. 4, crystal growth rate decreases as crystal length increases from 0 to 30 mm. This is agreed 

with the observation of Ramm et al.38 Increased crystal length lead to lower axial temperature 

gradients thereby less SiC2 gas species reaching the supersaturation condition, decreasing the 
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growth rate. For crystal length exceeding 30 mm, the growth rate shows a tiny increase due to 

large temperature difference between the top and bottom monitoring points. Numerical calculation 

result indicated that the crystal growth rate would resume its declining trend if the temperature 

difference between these two points is maintained within 180 K. The large increasement for the 

last data point at 45 mm is caused by the intentionally temperature sensitivity test. It is obtained 

from eqn (9) that crystal growth rate is determined by the molar flux of SiC2 which is closely 

related with temperature through Hertz-Knudsen boundary condition eqn (7). The distribution 

profile of growth rate is totally different from the profile of axial resistivity. No relevant evidence 

suggests that growth rate is responsible for nitrogen incorporation. The experiments of Takahashi 

and Onoue also proved that crystal growth rate has rare influence on nitrogen incorporation.39,40

Fig. 4 Comparison of growth rates with and without considering crucible etching reaction across 

crystal lengths ranging from 2 mm to 45 mm.

The growth system of SiC is carbon deficient and the SiC2 produced by crucible etching 
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reaction (8) supplies additional carbon source to the gas phase, promoting SiC crystallization 

according to the preferred C/Si ratio of 1:1. Therefore, the crystal growth rate under crucible 

etching reaction is higher than when such reaction is not considered. A similar phenomenon was 

also observed in the study of Ariyawong et al. with similar SiC crystal growth setup.41 Although 

the crucible corrosion reaction helps to increase the crystal growth rate, it damages the crucible 

and reduces the crucible lifetime. 

3.3 Axial temperature distribution 

The heating power of resistance heaters directly influences the temperature readings at the 

top and bottom monitoring points (refer to Fig. 1), thereby determining the feedback-controlled 

temperature gradients of the growth system. To ensure that the calculated temperature field closely 

matches the experimental conditions, the power settings of the three heaters are obtained by 

optimizing the temperature field in light of the experimental values of the two temperature 

monitoring points measured by infrared pyrometer. During the experiment, the bottom temperature 

monitoring point is maintained at approximately 2500 K, while the top monitoring point is 

gradually reduced from 2373 K as the grown crystal length increasing. These optimized power 

settings were then used for the mass transport calculations of gas species. In addition, previous 

studies have reported that distribution of heating power also impacts the maximum values of stress 

and dislocation density.42–45 
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Fig. 5 (a) 3D global temperature distribution of the whole growth setup; (b) 2D temperature 

contours of the growth cell at 15 mm crystal length.

The axial and radial temperature gradients are crucial for the growth and diameter 

enlargement of SiC crystals.46,47 The global temperature distribution of the growth setup is 

illustrated in Fig. 5(a) and the detailed temperature contours inside growth chamber is zoomed in 

Fig. 5(b). A positive axial temperature gradient is required to allow the sublimation of SiC from 

powder and the deposition of SiC crystal at the seed. The temperature of crystal center is lower 

than that of the edge due to the cooling effect of the upper hole for temperature monitoring. This 

contributes to a higher supersaturation of gas species at crystal surface, ensuring outward growth 

of the crystal in the radial direction.29 
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Fig. 6 (a) Schematic of crystal length changes during crystal growth; (b) growth front 

temperature variations for crystal length ranging from 2 mm to 45 mm; (c) comparison of 

experimental (blue triangles) and calculated temperatures (dash lines) at the top and bottom 

temperature monitoring points shown in Fig. 1. The dash line in the middle represents the 

calculated average temperature at the growth front.

It is evident from Fig. 6(b) that the growth front temperature increases as crystal length 

increases. This can be attributed to the inter-radiation interaction between the inner walls of the 

growth cell. Heat transfer in the growth chamber is predominantly radiation-based. Although SiC 

crystal has a high thermal conductivity, the thermal radiation of growth interface receives from 

surrounding walls is much larger than the heat it generates. This result matches well with 

experimental findings as well as previous reports.48 The temperature curve from 40 mm to 45 mm 
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does not follow the increase trend but decreases due to an intentional rapid temperature decreasing 

of top monitoring point for sensitivity test. Fig. 6(c) compares the experimental and computed 

temperatures at the top of crucible lid and bottom of crucible, showing excellent consistency. 

Additionally, the calculation results provide the average temperature at the growth front which 

cannot not be probed directly in experiment. Likewise, this temperature increases with crystal 

length. Notably, the average temperature at growth front, situated at a crystal length 45 mm, has 

decreased by 3 K compared to the previous increasing trend. This turning point aligns with the 

observed changes in average resistivity. Hence, it can be inferred that crystal axial resistivity is 

extremely sensitive to temperature fluctuations. 

3.4 Axial C/Si ratio 

During the dissociative sublimation of powder source, the gas phase is enriched with silicon 

atoms, resulting in a C/Si ratio less than 1. As the crystallization condition requires C/Si=1, the 

whole growth process of typical PVT method is carbon limited. Therefore, high C/Si ratio 

contributes to the growth of 4H-SiC polytype. But when temperature is not high enough, fewer 

carbon atoms are sublimated, leading to a lower C/Si ratio which would promoting the formation 

of 3C-SiC rather than 4H-SiC.49 Although Fig. 7 suggests that C/Si ratio increases as crystal length 

becomes larger, the ratio always stay around 0.8, which agrees well with reported value 

C/Si=0.83.50 The increasement of C/Si ratio is within 3%, significantly lower than 26% increase 

in axial resistivity in the experiment. It verifies previous report that changes in the C/Si ratio rarely 

impact the nitrogen incorporation on C-face but primarily affect the Si-face growth.51,52
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Fig. 7 Variations of C/Si ratio at growth front for crystal length ranging from 2 mm to 45 mm.

Through comparing the calculation results under “etching” and “without etching” conditions 

in Fig. 8, it is found that crucible etching has no influence on the average temperature and nitrogen 

partial pressure during the growth, while the C/Si ratio increases due to the decrease of Si atoms. 

The average C/Si ratio at growth front in Fig. 8(b) exhibits a trend similar to the average 

temperature in Fig. 8(a). It is because the C/Si ratio is highly correlated with the thermal 

equilibrium temperature of deposition gas species. For the last data point, the temperature 

decreasing rate at the top monitoring point from 40 mm to 45 mm is 2 times faster than previous 

stage (~8 K/h), resulting in a slight 0.2% decrease in C/Si ratio and a corresponding 0.4% decrease 

in resistivity. Therefore, it could be concluded that resistivity is more sensitive to temperature 

changes than C/Si ratio.
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Fig. 8  Comparison of average temperature, average C/Si ratio and average nitrogen partial 

pressure at growth front for crystal length ranging from 2 mm to 45 mm: (a) average 

temperature; (b) average C/Si ratio; (c) average pN2.

It’s worth noting that as the growth front temperature varies with crystal length, both C/Si ratio 

and nitrogen incorporation are related with temperature, it is challenging to separately assess the 

influence of C/Si ratio and nitrogen incorporation, making it difficult to determine the dominant 

factor. 
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3.5 Axial nitrogen incorporation

Fig. 9 (a) presents the dependence of nitrogen partial pressure on crystal length. It is observed 

that the nitrogen partial pressure at growth surface decreases as crystal length increases from 2 mm 

to 40 mm. As illustrated in Fig. 6, the growth temperature rises with increasing crystal length. 

Higher growth temperature makes more C-containing and Si-containing gas species enriched 

below growth surface. Consequently, a lower nitrogen partial pressure occurs as crystal grows 

longer, leading to fewer nitrogen atoms being incorporated into the crystal. It needs to be noted 

that the graphitization of SiC raw materials also affects the C-and Si-containing gas species, to 

simplify the calculation, it is not considered in this article. 

Fig. 9 (a) Nitrogen partial pressure dependence on crystal length at growth front; (b) average 

radial resistivity distribution at different crystal lengths.

Fig. 9 (b) shows the radial resistivity distribution at different crystal lengths. The resistivity 

increases from the center to the periphery due to the high nitrogen partial pressure at the center 

and low partial pressure at the periphery as shown in Fig. 9 (a). With the increase of crystal lengths, 

the in-plane resistivity increases which is corresponding to the decreasing nitrogen partial pressure 

from 2 mm to 45 mm. The sudden decrease of resistivity at r=37.5 mm for crystal lengths at 35-
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45 mm is caused by the extreme low resistivity at facet.11 

Fig. 10 presents the nitrogen concentrations of SiC substrates locating at the top (#02), middle 

(#23) and bottom (#43, #48) of boule examined by Raman spectroscopy and SIMS. The nitrogen 

concentrations of both techniques ranged from 1 × 1018cm―3 to 8 × 1018cm―3，with the data 

generally showing good agreement, and a similar decreasing trend. This trend correlates with the 

observed increase in crystal resistivity along the axial growth direction as depicted in Fig. 3.

Fig. 10 Nitrogen concentration distribution versus crystal length, solid square symbols for 

Raman and solid circular symbols for SIMS.

It is noted that Raman measurements consistently yield lower nitrogen concentrations than 

SIMS due to different principles: Raman actually measures ionized carrier concentration, while 

SIMS measures total nitrogen concentration. The comparison reveals that Raman data accounts 

for roughly 30% of SIMS data, consistent with Hansen et al.‘s report that solely 35%-70% of 

incorporated nitrogen in SiC crystal is electrically activated.22 By dividing the SIMS-measured 

nitrogen concentration by the total lattice density of SiC crystal 9.63 × 1022cm―3, it is calculated 

that 0.004% - 0.008% SiC lattice sites are substituted by incorporated nitrogen atoms. Numerical 

simulation result shows that N/(C+Si) ratio in the gas phase near the growth front is 4% - 7%. 
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Therefore, like the segregation of crystal growth from liquid phase, the doping efficiency of 

nitrogen from gas phase to the grown SiC crystal is calculated to be 0.001, comparable to the 

reported atomic fractions of oxygen in growing AlN crystals of 0.001 to 0.01.53 

4 Conclusions

A 4H-SiC crystal was grown by PVT method to investigate the axial resistivity distribution 

and a comprehensive multi-physical model was developed to study the affecting factors. The 

model coupled heat and mass transfer, gas exchange across crucible, and the etching reaction of 

graphite inner walls. The study provided valuable insights into the behavior of the growth front 

temperature, C/Si ratio and nitrogen partial pressure as a function of crystal length. The results 

indicated that both the growth front temperature and C/Si ratio increases as crystal length grows, 

whereas the nitrogen partial pressure decreases. 

Experimental and simulation data revealed that crystal resistivity is more sensitive to 

temperature changes than to variations in the C/Si ratio. Raman and SIMS measurements 

suggested a decrease in nitrogen concentration with increasing crystal length, which is consistent 

with the observed rise in resistivity along the growth direction. For the first time, a nitrogen doping 

efficiency of 0.001 is reported for 4H-SiC crystal growth via the PVT method. Our calculations 

offered a reference for understanding the interplay among temperature, C/Si ratio, nitrogen 

incorporation and improving resistivity uniformity in 4H-SiC crystals. Future research will focus 

on enhancing axial resistivity uniformity based on findings from this study.
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