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Reduction of structural defects in thick 4H-SiC epitaxial layers grown
on 4� off-axis substrates

M. Yazdanfar,a) I. G. Ivanov, H. Pedersen, O. Kordina, and E. Janz�en
Department of Physics, Chemistry and Biology, Link€oping University, SE-58 183 Link€oping, Sweden

(Received 11 April 2013; accepted 24 May 2013; published online 11 June 2013)

By carefully controlling the surface chemistry of the chemical vapor deposition process for silicon

carbide (SiC), 100 lm thick epitaxial layers with excellent morphology were grown on 4� off-axis

SiC substrates at growth rates exceeding 100 lm/h. In order to reduce the formation of step

bunching and structural defects, mainly triangular defects, the effect of varying parameters such as

growth temperature, C/Si ratio, Cl/Si ratio, Si/H2 ratio, and in situ pre-growth surface etching time

are studied. It was found that an in-situ pre growth etch at growth temperature and pressure using

0.6% HCl in hydrogen for 12 min reduced the structural defects by etching preferentially on surface

damages of the substrate surface. By then applying a slightly lower growth temperature of 1575 �C,

a C/Si ratio of 0.8, and a Cl/Si ratio of 5, 100 lm thick, step-bunch free epitaxial layer with a

minimum triangular defect density and excellent morphology could be grown, thus enabling SiC

power device structures to be grown on 4� off axis SiC substrates. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809928]

I. INTRODUCTION

Silicon carbide (SiC) is a promising material for high

power and high frequency devices due to its high breakdown

electric field, high thermal conductivity, and high saturation

electron drift velocity.1,2 In order to realize very high voltage

(>10 kV) SiC devices, thick (>100 lm), low doped

(<1015 cm�3) epitaxial layers with good morphology are

needed.3 For homoepitaxial growth of SiC, substrates are usu-

ally cut not orthogonally to the c-axis but a few degrees off

rendering a surface with atomic steps to facilitate step-flow

controlled epitaxial growth.4 Growth of epitaxial layers on

4H-SiC substrate with an off-cut of 8� towards the [11–20]

direction yields less surface defects. However, a large off-

angle reduces the number of wafers that can be sliced from a

single crystal boule, leading to a substantial amount of wasted

material, especially for 4 in. and 6 in. wafers. The use of lower

off-cut angle decreases the material loss, thereby reducing the

total cost for the final device. It has also been reported that the

use of 4� off-angle substrates leads to reduction of basal plane

dislocations (BPD) in the epitaxial layers compared to the 8�

off-angle substrates.5,6 The presence and propagation of the

BPD in the epitaxial layers are known to cause a drift of

the forward voltage in bipolar devices during operation.7,8 The

use of a high growth rate or low C/Si during the epitaxial

growth increases the density of BPD in the epitaxial layers,

according to the studies made by Ohno et al.9 Also the density

of BPD in the epitaxial layers has been reduced using in situ
growth interrupts10 or molten potassium hydroxide (KOH)

etching.11 However, the main disadvantages of using 4� off-

angle substrate are usually the formation of step bunching12,13

or triangular defects of different shapes and widths14 on the

epitaxial layers. The step bunching negatively influences the

device performance,15 and it has been proposed that the use of

a low C/Si ratio during growth5 as well as epitaxial growth on

the C-face of the substrate14 reduces the step bunching.

Furthermore, it has been reported that the density of the trian-

gular defects could be reduced using a low C/Si ratio16 or a

higher Cl/Si ratio17 during the growth. The formation of step

bunching and structural defects on the surface can be avoided

by carefully controlling the surface chemistry in the growth

process. In this paper, we systematically study the effects on

the surface chemistry by systematically varying the growth

temperature and the chemical vapor deposition (CVD) gas

mixture by changing C/Si-ratio, Cl/Si-ratio, and Si/H2 ratio.

Also the effect of in situ etching time prior to growth was stud-

ied. The optimal surface chemistry was used to demonstrate

growth of >100 lm thick epitaxial layers of 4H-SiC on 4� off-

axis (0001) Si-face substrates at growth rates >100 lm/h with

good morphology.

II. EXPERIMENTS

Growth experiments were performed in a horizontal

flow hot wall chemical vapor deposition reactor without

rotation of the substrate. All substrates in this study were

approximately 1.5� 1.5 cm2 samples cut from one chemo-

mechanically polished 4 in. 4H-SiC wafer with a 4� off-cut

towards the [11–20] direction; growth was done on the

Si-face of the substrates. For all experiments, the growth

pressure and growth time were kept constant at 100 mbar

and 1 h, respectively. Palladium membrane purified H2 was

used as carrier gas. The carrier gas flow was 50 l/min, SiH4

(silane) þ C2H4 (ethylene) þ HCl were used as precursor

with a Si/H2 ratio of 0.25%. The growth temperature was

varied in the 1550–1625 �C range, the C/Si ratio was varied

between 0.4 and 1.1 by changing the C2H4 flow, the Cl/Si ra-

tio was varied between 5 and 8 by changing the HCl flow.

For surface preparation, a HCl flow of 300 ml/min was added

to the H2 flow when the temperature in the growth chamber

a)Author to whom correspondence should be addressed. Electronic mail:

beat.voegeli@phys.chem.ethz.ch. Telephone: þ46 13282663. Fax: þ46

13137568.
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was 1175 �C, the HCl flow was kept constant during the tem-

perature ramp up to the growth temperature and followed by

etching at growth temperature for between 0 and 24 min, af-

ter which the precursors were gradually introduced to the gas

mixture. The precursor flows are ramped up from low flows

to the growth process flows during 3 min, maintaining the

C/Si and Cl/Si ratios. No intentional dopants were added in

this study. The thicknesses of the layers were measured by

observing the cross section of cleaved samples in an optical

microscope. The morphology of the epitaxial layers was

studied by an optical microscope with Nomarski differential

interference contrast (NDIC) and in greater detail with

atomic force microscopy (AFM) in tapping mode. AFM

measurements were done on a 20� 20 lm2 surface at the

center of the substrate and at two different areas at the pe-

riphery, about 2 mm from the edge. The surface roughness of

the samples was quantified by the root mean square (RMS)

value of the height variations over the area scanned by AFM.

The net carrier concentration of the epitaxial layers was

determined from capacitance-voltage (CV) measurements

using a mercury-probe. Low temperature photoluminescence

(LTPL) at 2 K with a frequency doubled Argon ion laser at

244 nm was used to estimate the quality of the grown epitax-

ial layers. In addition, the LTPL spectra of all samples were

processed according to the procedure of (Ref. 18) in order to

obtain the nitrogen-doping concentration, which is in excel-

lent agreement with the net carrier concentration obtained

for those samples where CV measurements were possible.

Raman measurements were performed in a micro-Raman

setup with spatial resolution (size of the laser spot) <1 lm

using a 532 nm laser as an excitation source. In order to esti-

mate and compare dislocation densities in epitaxial layers

grown under different growth conditions, the epitaxial layers

and substrates were etched in molten KOH at 500 �C for

3 min to decorate dislocations on the epitaxial layer surface.

The shape and distribution of etch pits were studied by opti-

cal microscopy. The investigated areas excluded 2 mm from

the edge.

III. RESULTS AND DISCUSSION

The surface chemistry of the CVD process was studied

by isolating the effect of temperature, C/Si ratio, etching

time, Cl/Si ratio, and Si/H2 ratio by varying etch parameter

while keeping the other fixed. The effect on the morphology

and surface roughness was determined by NDIC microscopy

and AFM, respectively. The dislocation densities in the sub-

strates were found to be 4� 103�5� 103, 2� 103�3� 103,

and 9� 102�1� 103 cm�2 for BPD, threading edge disloca-

tions (TED), and threading screw dislocations (TSD), respec-

tively. Most BPD in the substrate were converted to TED in

the grown epitaxial layers, for all growth conditions. It can

be seen by the significantly lower BPD density and higher

TED density in the epitaxial layers compared to the sub-

strate; this is consistent with previous results.9

A. Growth temperature

The effect of growth temperature was studied in the

1550–1625 �C range with C/Si fixed at 0.9, etching time at

12 min and Cl/Si at 5 (Fig. 1). Triangular defects were

observed in all epitaxial layers. At the lowest growth temper-

ature (1550 �C), a high density, 12 cm�2, of the triangular

defects was observed. Besides those defects, the observed

surfaces are smooth having a RMS surface roughness of

about 1.3 nm on a 20� 20 lm2 area. At the highest tempera-

ture (1625 �C) severe step bunching with 150–950 nm wide

terraces and 5–6 nm step height were formed. The density of

triangular defects decreased somewhat at this temperature to

7 cm�2. It has been reported that the different step velocities

for each Si-C bilayer, due to the difference in energy cost

deposition (the extra energy for adding a new layer), pro-

mote the formation of half-unit-cell height step. Periodically,

changing bond configuration at step edges with the half-unit-

cell height may further induce bunching of these steps into

unit-cell height (1 nm) steps.12 The more severe step bunch-

ing at higher growth temperature is most likely explained by

enhanced surface migration at higher growth temperature,

allowing species to migrate faster on the SiC surface where

the difference in growth rate at steps and at the terraces is

increased resulting in increased step bunching. The growth

temperature was not found to affect the dislocation densities

in the grown epitaxial layers, which were found to be

400–500, 6� 103�8� 103, and 9� 102�1� 103 cm�2 for

BPD, TED, and TSD, respectively.

Based on these results, in order to reduce the formation

of step bunching and triangular defects a growth temperature

of 1575 �C was chosen for the following experiments.

B. C/Si ratio

The effect of the C/Si ratio on the surface chemistry was

studied in a set of experiments with a fixed Cl/Si of 5,

FIG. 1. Optical microscope images at 200 times magnification of 115 lm thick 4H-SiC epitaxial layers with C/Si¼ 0.9, Cl/Si¼ 5, Si/H2¼ 0.25%, and growth

rate¼ 112 lm/h for various GT.

223502-2 Yazdanfar et al. J. Appl. Phys. 113, 223502 (2013)

Downloaded 02 Oct 2013 to 130.236.83.167. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



etching time at growth temperature of 12 min, with the C/Si

ratio varied between 0.4 and 1.1 at growth temperatures of

1575 �C (Fig. 2).

The best morphology was obtained at C/Si ratio of 0.8

having a RMS value of 0.95 nm and the triangular defects

density of 8 cm�2. At C/Si ratios above 0.8, the surface mor-

phology deteriorated, as manifested by higher RMS values

and at C/Si ratios below 0.8, severe step bunching and RMS

values up to 32 nm was observed (Fig. 3(a)). The growth rate

for various C/Si ratios is plotted in Fig. (3(b)), which illus-

trates that the growth rate drops when the C/Si is below 0.9,

since the growth becomes carbon limited and the growth rate

thus decreases due to the lack of carbon.19,20 The density of

the triangular defects decreased with decreasing C/Si ratio

from 1.1 to 0.4 (Fig. 3(c)). Similar tendency has been

reported earlier16 and was attributed to decrease of growth

rate at lower C/Si.

Fig. 4 displays the AFM images of the epitaxial layers

grown at C/Si< 0.8. For C/Si ratios of 0.7 and 0.6, severe

step bunching with 58–102 nm and 25–82 nm high steps,

respectively, was observed. The terrace width was irregularly

distributed ranging between 1–2 lm and 0.5–1.2 lm for C/Si

ratios of 0.7 and 0.6, respectively. The step height decreased

to 15–17 nm and 11–13 nm and terrace width to 430–460 nm

and 280–450 nm for C/Si ratios of 0.5 and 0.4, respectively.

It has previously been reported that the step separation

depends on the C/Si ratio.5,14 The formation of the step

bunching has been explained by a model based on the impu-

rity effect.21,22 Ishida et al. reported the formation of

extreme step bunching at very low or high C/Si ratio.23 They

suggested that the severe step bunching is formed by the

appearance of Si clusters or C clusters on the terraces due to

excessive flow of SiH4 or C3H8. At C/Si ratios of 0.7 and

0.6, epitaxial layers with a very rough surface, having a

RMS value of 32 and 28 nm, respectively, (Fig. (3(a))), and

severe step bunching due to excessive flow of SiH4 were

observed. On the other hand, at lower C/Si ratio, 0.5 and 0.4

the step height and terrace width of the step bunching

decreased. At lower C/Si ratio the growth rate is much lower

(36 lm/h for C/Si of 0.4 and 95 lm/h for C/Si of 0.7) which

results in a reduced step bunching. Experiments have been

performed at C/Si of 0.7, Si/H2 of 0.125% and growth time

of 60 and 120 min to investigate the effect of growth rate on

the step bunching while severe step bunching was observed

at Si/H2 of 0.25% as mentioned above. Step height and

terrace width decreased to 13–15 nm and 410–440 nm,

FIG. 2. Optical microscope images at 200 times magnification of 4H-SiC epitaxial layers grown at temperature¼ 1575 �C, Cl/Si¼ 5, growth time¼ 1 h,

Si/H2¼ 0.25%, and various C/Si ratios.

FIG. 3. Dependencies of (a) RMS value; (b) growth rate; (c) triangular

defects density on the C/Si ratio for 4H-SiC epitaxial layers with growth

temperature¼ 1575 �C, Cl/Si¼ 5, and Si/H2¼ 0.25%.
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respectively, when the growth rate was decreased to about

45 lm/h. The growth time (i.e., growing thicker epitaxial

layers with the same growth rate) had no influence on the

step bunching. The BPD and TED densities were not

affected by the C/Si ratio, while the TSD density was found

to increase significantly at C/Si< 0.8. This can be explained

by the increased probability for conversion of micropipes

into TSD at low C/Si ratio.24

C. In-situ surface preparation

It has previously been shown that proper surface prepa-

ration prior to the epitaxial growth will reduce the amount of

surface defects on the substrates, which is the key for grow-

ing epitaxial layers of good quality.25 In our previous study,

we investigated the effect of different conditions during the

temperature ramp-up prior to epitaxial growth on the carrot

defect formation during epitaxial growth on 8� off axis sub-

strates.26 Also a HCl in situ etching prior to epitaxial growth

at a temperature 50 �C higher than the growth temperature

for the growth of about 20 lm thick 4H-SiC epitaxial layers

grown on 4� off axis substrates has been used.27 As men-

tioned above, the best morphology was obtained at C/Si ratio

of 0.8 and 1575 �C. At this temperature, where the etching

time at growth temperature was 12 min, the density of trian-

gular defects was still high (8 cm�2). In order to reduce the

density of the triangular defects, a set of growth experiments

was done with fixed C/Si of 0.8, Cl/Si of 5 and growth tem-

perature of 1575 �C, while the etching time at growth tem-

perature was varied between 0 and 24 min (Fig. 5). Epitaxial

layers with the lowest triangular defects density (2 cm�2)

and roughness, having a RMS value of 0.75 nm, were

obtained with an etching time of 18 min at the growth tem-

perature. Etching times of 0, 6, and 24 min at the growth

temperature results in layers with very high triangular

defects density and very bad morphology, as illustrated in

Fig. 5. The chemistry of the SiC surface etching can be

explained as follows: hydrogen molecules or atoms react

with surface C atoms forming hydrocarbons, allowing car-

bon to be removed from the surface. With the high flow of

H2 at the low pressure, C will be efficiently removed from

the SiC lattice.28 Similar reactions between hydrogen and sil-

icon atoms are slower leading to a faster removal of carbon

than silicon from the surface, when etching is done in pure

hydrogen ambient. Addition of HCl will increase the desorp-

tion of silicon from the surface through reactions between Si

and Cl and possibly also H atoms forming of SiHxCly spe-

cies. Etching of carbon by chlorine is not likely given the

lower bond enthalpy for C-Cl 324 kJ mol�1 compared to

C-H 414 kJ mol�1.29 For comparison the bond enthalpies for

Si-Cl and Si-H are 400, respectively, 323 kJ mol�1 (Ref. 29),

indicating that Si will mainly be etched by Cl. Thus the addi-

tion of HCl will lead to an etch process that removes Si and

C at similar rates which enables a smoother SiC surface with

less surface defects.30 An etching time between 0 and 6 min

was found to be too short to achieve a smooth surface,

whereas for an etching time of 24 min the etching is too

long, resulting in a severely damaged surface. We observed

a similar trend in the reduction of the carrot defect density in

our previous study.26 It seems that the mechanisms for the

formation of triangular and carrot defects are quite similar,

and the concentration of defects can be controlled by an

in-situ surface etch.

The best in situ etching condition of 18 min had a great

impact also on the BPD density, which was reduced from

250 cm�2 for an etching time of 12 min to below 10 cm�2. It

has previously been reported11 that the creation of BPD etch

pits on the substrate surface after molten KOH etching

enhanced the conversion of BPD into TED during epitaxial

layers growth. This effect also increases as the dimension of

FIG. 4. AFM images of a 4� 4 lm2 area of epitaxial layers with growth temperature¼ 1575 �C, Cl/Si¼ 5, growth time¼ 63 min and Si/H2¼ 0.25%, and vari-

ous C/Si ratios.

FIG. 5. Optical microscope images at 200 times magnification of 4H-SiC epitaxial layers with growth temperature¼ 1575 �C, C/Si¼ 0.8, Cl/Si¼ 5, growth

rate¼ 105 lm/h, and Si/H2¼ 0.25% for various etching time at growth temperature.
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the BPD etch pits on the substrates became larger. It can thus

be speculated that as the etching time at growth temperature

increased, the BPD etch pits on the substrates became larger

which facilitated the conversion of BPD into TED. The etch-

ing times of 0, 6, and 24 min at growth temperature results in

layers with very high triangular defects density and very bad

morphology, which makes it impossible to count the etch

pits of the dislocations. The densities of TED and TSD was

not affected by the etching time and remained in the high

and low 103 cm�2 ranges, respectively.

D. Cl/Si ratio

The impact of the Cl/Si ratio was probed by experiments

with fixed C/Si ratio of 0.8 and a 18 min etching time at

growth temperature and a varying Cl/Si ratio between 5 and

8. The density of triangular defects for various Cl/Si ratios

were in the order of 2 6 cm�2 The epitaxial layers with the

lowest defects density (1.2 cm�2) but a rougher surface with

a RMS value of 1.56 nm was obtained at a Cl/Si ratio of 7.5.

The smoothest surface having a RMS value of 0.75 nm was

observed at Cl/Si of 5, 5.5, and 6, but the triangular defects

density was then 2 cm�2. The growth rate was constant for

Cl/Si ratios below 6 and decreased for Cl/Si> 6 (Fig. 6). The

effect of Cl/Si ratio on the morphology of the epitaxial

layers31 and on the growth rate32,33 has been reported previ-

ously. A decrease in growth rate for lower Cl/Si ratio33 due

to insufficient formation of SiCl2 and for higher Cl/Si ratio32

due to etching of the growing epitaxial layers was found. At

Cl/Si ratio of 5, 5.5, and 6, the growth rate is more or less

constant, while for Cl/Si> 6, the etching rate of the growing

epitaxial layer becomes so significant that the result is a

decreased growth rate. The Cl/Si ratio was not found to

affect the dislocation densities.

E. Growth rate

To investigate the impact of the growth rate on the sur-

face roughness and triangular defects density, experiments at

different growth rates with C/Si at 0.8, 18 min etching time

at growth temperature, growth time of 1 h, and Cl/Si of 6

were performed. The growth rate was controlled by varying

the Si/H2 ratio between 0.15% and 0.25% rendering growth

rates between 65 and 105 lm/h (Fig. 7). The triangular

defects density and RMS value were not affected by the

growth rate in the investigated range, remaining at �2 cm�2

and 0.75 nm, respectively. The growth rate was not found to

affect the dislocation densities. This is contradictory to the

paper by Ohno et al.,9 where it was reported that the BPD

density was increased with increasing growth rate. It should

be mentioned that all epitaxial layers in their study were

grown on 8� off axis substrates and the growth rate was in

the range of 4–10 lm/h, while in our study, epitaxial layers

were grown on 4� off axis substrates and the growth rate was

in the range of 65–105 lm/h.

F. Characterization of the triangular defects

The triangular defects were observed in all samples;

however, their structure was different depending on the C/Si

ratio, as illustrated in Fig. 8. It can be seen that, for C/Si

ratios in the range 0.4–0.8, the inside of the triangular defect

is completely covered by defects, whereas for larger C/Si

(0.9–1.1) the inner part looks smoother, but a linear defect

emerges in the middle of the triangle. It was found during our

investigations that the triangular defect length is proportional

to the epitaxial layer thickness and can be estimated by

epitaxial layer thickness ¼ tanð4�Þ� triangular defect length:

Here, the angle of 4� is the off-cut angle of the substrates.

Similar calculation is applicable in case of the carrot defects

observed on 8� off cut substrates.34

In order to get insight in the structure of the triangular

defects, LTPL and Raman measurements were carried out on

the defect area within the triangles. The LTPL spectra

showed none, or in some cases, strongly diminished lumines-

cence of the usual near-band gap emission of the 4H-SiC

polytype, with no detectable contribution from other poly-

types. However, the micro-Raman spectrum, taken within

the two types of triangles shown in Fig. 8, showed distinct

difference from the spectrum taken outside the defect (on the

smooth surface of the samples far from any triangular

FIG. 6. Dependence of the growth rate on the Cl/Si ratio for 4H-SiC epitax-

ial layers with growth temperature¼ 1575 �C, C/Si¼ 0.8, etching time at

growth temperature¼ 18 min, and Si/H2¼ 0.25%.

FIG. 7. Dependence of the growth rate on the Si/H2 ratio for the 4H-SiC epi-

taxial layers grown at 1575 �C, with C/Si¼ 0.8, etching time at growth tem-

perature¼ 18 min, and Cl/Si¼ 6.
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defects). The outcome of the Raman measurements is sum-

marized in Fig. 9. As expected, the spectra taken on the sam-

ple surface with no visible defects show the typical Raman

spectrum of the 4H polytype in backscattering geometry

from the (0001) face of the crystal35 (Fig. (9(a))). On the

other hand, the spectrum taken within a triangular defect are

different in the ratio between the Raman peaks at 777 and

797 cm�1, as well as in the appearance of the longitudinal

optical (LO) mode, which is positioned at 966 cm�1 in a

pure 4H-SiC sample in the above-mentioned geometry.

More concretely, the spectrum within the triangular defects

show an enlarged contribution of the 797 cm�1 mode com-

pared to the 777 cm�1 one, and at the same time the LO peak

splits into two distinct peaks at 965 and 972 cm�1. Similar

spectra have been observed previously36 when 3C-SiC inclu-

sions are imbedded in the 4H-SiC crystal. Indeed, the

3C-SiC polytype exhibits only two Raman peaks at 797 and

972 cm�1. Hence, if there exists 3C inclusions within the

probing laser spot (about 1 lm in diameter in our experi-

ment), their Raman-spectrum will contribute to the spectrum

of the 4H polytype, which is present within the same spot.

This will lead to changed ratio in the intensities of the

797 cm�1 (originating from both 3C- and 4H-SiC) and

the 777 cm�1 peaks (4H only), and simultaneously show the

965 cm�1 mode of 4H-SiC together with the 972 cm�1 mode

of 3C-SiC. This situation is depicted in Fig. 9(b). In addition,

we have mapped (using micro-Raman spectroscopy) a line

across the two types of triangles shown in Fig. 8. In both

cases, the Raman spectra within the triangle show the contri-

bution of the 3C polytype, as described above. However, in

the case of the triangular defect typical for low C/Si ratios

(Fig. (8(a))) the contribution of the 3C-spectrum to that of

the 4H-polytype is quite random from point to point (the dis-

tance between the subsequent points is 10 lm), whereas this

contribution increases smoothly when the laser spot is

scanned across the triangle in the direction shown with arrow

in Fig. 8(b). This is an evidence that triangles similar to the

one in Fig. 8(a) (low C/Si ratio) are filled with microscopic

randomly distributed inclusions of 3C-SiC. One might sus-

pect that the triangle would be filled with stacking faults

rather than inclusions of an second SiC phase, however,

inclusions of 3C-SiC rather than stacking faults are the most

probable explanation for the appearance of the peak at

972 cm�1 and the increase of the 797 cm�1 peak, the contri-

bution of those peaks in the 4H-SiC Raman spectrum is too

high to be attributed to stacking faults. Further, stacking

faults would represent too small fraction in the volume

probed by the laser spot, too small to account for the

observed intensity in the above mentioned peaks. The

smooth decrease of the contribution of the 3C polytype in

the Raman spectra taken across a triangle similar to the one

in Fig. 8(b) (high C/Si ratio), together with the rather smooth

morphology within the defect, suggests that a plausible ex-

planation in this case would be a single crystal of 3C-SiC

within the triangle, the thickness of which increases along

the arrow in Fig. 8(b). In all cases, the spectra anywhere out-

side the triangles are identical to the one in Fig. 9(a), indicat-

ing sole contribution from the (0001) surface of 4H-SiC. We

note also that polytype inclusions other than 3C-SiC would

likely produce minor peaks associated with the zone fold-

ing.37 Such minor peaks are the peaks at the 266 cm�1 and

610 cm�1, and the doublet 196–204 cm�1, which uniquely

identify the contribution of the 4H polytype.35 This leads us

to conclude that the observed intensity variations discussed

above are entirely due to the interplay of the contributions

FIG. 8. Optical microscope images at 50

times magnification of triangular defects

having different structure depending on

the C/Si ratio.

FIG. 9. (Raman) (a) Raman spectrum of 4H-SiC in backscattering geometry

from the (0001) surface, representative for all samples on a defect-free sur-

face, and (b) typical spectrum when the laser spot is within a triangular

defect of the type shown in Fig. 8(b). The latter spectrum shows contribution

from both 4H and 3C polytypes and is similar to the spectra obtained also

from the other type of triangular defects shown in Fig. 8(a). The spectra are

recorded at room temperature using an excitation a 532 nm laser line. The

peaks are labeled with their respective Raman shift in cm�1.
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of 3C and 4H-SiC in the spectra and no other polytypes

are involved.

G. Background doping concentration

The unintentional nitrogen doping in all samples was

estimated using the LTPL spectra according to the procedure

described in Ref. 18. For samples with higher doping level

(>1014 cm�3) CV measurements of the net doping concen-

tration were also possible and in all cases the net doping

concentration (donor concentration minus acceptor concen-

tration) determined by CV coincides within <5% with the

nitrogen doping concentration determined by LTPL. This

suggests that the acceptor concentration in our samples is

negligible and the detected donor concentration is entirely

due to unintentional doping with nitrogen. LTPL spectra of

the samples with the lowest and highest doping levels are

shown in Fig. 10. The spectra are dominated by the contribu-

tion of the nitrogen-donor-bound exciton (zero-phonon line

and its phonon replicas) and the phonon replicas of the free

exciton, with no detectable contribution from, e.g., the Al

acceptor bound exciton, thus confirming that the uninten-

tional doping is mainly due to the nitrogen donors. Apart

from the near-bandgap emission comprising the lines associ-

ated with the nitrogen-bound exciton and the free exciton,

the LTPL spectra show also some emission (see insert,

Fig. 10) from the well-known but unidentified D1 center;37

however, in most samples its intensity is weak, similar to

that in samples grown by usual (non-chlorine based) CVD

epitaxy, hence its contribution to the net doping concentra-

tion is most likely negligible.

The nitrogen doping dependence on the C/Si ratio is dis-

played in Fig. 11(a), which illustrates that the lowest doping

is achieved at the highest C/Si ratio of 1.1. This trend is con-

sistent with the site-competition model,38 and clearly

observed for C/Si >0.7. On the other hand, at C/Si¼ 0.7 the

doping increases abruptly by almost two orders of magni-

tude, however decreases for lower C/Si ratios in contrast to

our expectation with respect to the site competition. In order

to explain this phenomenon, we recall that at C/Si¼ 0.7 also

the most severe the step bunching was observed with largest

step height, as mentioned in Sec. III B. This suggests that the

large increase of doping might be connected to the increased

height of the steps. Indeed, for decreasing C/Si below 0.7,

the step height decreases (Fig. 3) and at the same time the

doping decreases, as shown in Fig. 10, which suggests that

the nitrogen incorporation is favored by higher steps on the

surface of the growing film. This is consistent with the previ-

ous results39,40 where it was shown that nitrogen atoms are

incorporated at steps in step-controlled epitaxy growth with

a sticking coefficient of almost unity.

The impact of the growth rate on the doping is illus-

trated in Fig. 11(b). The doping increases as the growth rate

decreases, as expected, since at lower growth rate the proba-

bility for incorporation of nitrogen atoms is larger resulting

in higher doping. However, no visible impact of the Cl/Si ra-

tio on the doping level was observed. Pedersen et al.41

reported that the doping level was increased with increasing

Cl/Si-ration. It should be mentioned that all epitaxial layers

in that study were grown on 8� off axis substrates and inten-

tionally doped using N2-gas and the Cl/Si ratios were 2 to 4,

while in our study epitaxial layers were unintentionally

doped and the Cl/Si ratios were 5 to 8.

FIG. 10. (PL) LTPL spectra of (a) sample with one of the lowest background

doping levels, [N]¼ 1.3 1012 cm�3, and (b) sample with high background

doping, [N]¼ 1 � 1015 cm�3. P0 and Q0 denote the no-phonon lines of the

N-bound exciton. Some of the prominent phonon replicas of the N-bound P0

line (respectively, the free exciton) are denoted with the letter P (respec-

tively, I) and a subscript showing the approximate energy of the involved

phonon, in a common notation. Note that spectrum (a) is entirely dominated

by the emission from the free-exciton recombination, yet the Q0 line is

observable and used to determine the nitrogen background doping. The

insert shows the PL emission in the whole spectral region measured, illus-

trating the contribution from the DI center, as well as no detectable contribu-

tion from other defects or polytypes.

FIG. 11. Background doping concentra-

tion of 4H-SiC epitaxial layers with

growth temperature¼ 1575 �C: (a) at

various C/Si ratios, (b) at various Si/

H2% and C/Si¼ 0.8.
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IV. CONCLUSIONS

In this study, we have demonstrated growth of 100 lm

thick, step-bunch free, i.e., with a step height lower than

0.25 nm, epitaxial layer with minimum triangular defects

density and very good morphology on 4� off-axis Si-face

substrate at growth rates exceeding 100 lm/h by a process

optimization of the chloride-based CVD.

• At the lowest growth temperature (1550 �C) a higher den-

sity of the triangular defects was observed, while at the

highest one (1625 �C) severe step bunching appeared. An

optimal growth temperature of 1575 �C produced step-

bunch free epitaxial layer with less triangular defects.
• The triangular defects density decreased as C/Si decreased

due to decrease of growth rate at lower C/Si. The best con-

dition was obtained at C/Si of 0.8. At C/Si ratio above 0.8,

the surface morphology deteriorated and at C/Si ratio

below 0.8 severe step bunching was observed (Fig. 3).
• Epitaxial layers with the lowest triangular defects density

and lowest surface roughness were obtained with etching

time of 18 min at growth temperature.
• At Cl/Si¼ 7.5 the triangular defects density decreased but

a rougher surface was obtained, an optimum Cl/Si value

of 6 was found.
• The growth rate did not influence the triangular defects

density and surface roughness.
• The density of TSD in the epitaxial layers was increased

by a low C/Si ratio due to increased probability for con-

version of micropipes into TSD at low C/Si ratio. The den-

sity of BPD in the epitaxial layers was reduced by proper

in situ etching time, the density of TED in the epitaxial

layers was not found to be affected to any larger extent by

any change in growth conditions.
• Raman spectra taken from within the triangular defects

show the contribution of the 3C polytype. It is further sug-

gested that depending on the C/Si, the 3C-SiC within the

triangular defects change from single crystal, at high C/Si,

to polycrystalline at low C/Si.
• The epitaxial layers with good morphology all show a

very intense near bandgap LTPL emission, indicating that

the epitaxial layers are of high crystalline quality.
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