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Considerably long carrier lifetimes in high-quality 3C-SiC(111)

J. W. Sun (孙建武), I. G. Ivanov, R. Liljedahl, R. Yakimova, and M. Syväjärvia)

Department of Physics, Chemistry and Biology, Linköping University, SE-58183, Linköping, Sweden

(Received 24 April 2012; accepted 30 May 2012; published online 18 June 2012)

As a challenge and consequence due to its metastable nature, cubic silicon carbide (3C-SiC) has

only shown inferior material quality compared with the established hexagonal polytypes. We

report on growth of 3C-SiC(111) having a state of the art semiconductor quality in the SiC

polytype family. The x-ray diffraction and low temperature photoluminescence measurements

show that the cubic structure can indeed reach a very high crystal quality. As an ultimate device

property, this material demonstrates a measured carrier lifetime of 8.2 ls which is comparable with

the best carrier lifetime in 4H-SiC layers. In a 760-lm thick layer, we show that the interface

recombination can be neglected since almost all excess carriers recombines before reaching the

interface while the surface recombination significantly reduces the carrier lifetime. In fact, a

comparison of experimental lifetimes with numerical simulations indicates that the real bulk

lifetime in such high quality 3C-SiC is in the range of 10–15 ls. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4729583]

During last two decades, silicon carbide has reached a

semiconductor maturity as electronic material. Both 6H- and

4H-SiC materials are industrially produced, and high voltage

devices have been commercialized based on these hexagonal

SiC polytypes.1,2 Although 3C-SiC would offer significant

benefits over hexagonal SiC because of the high electron mo-

bility, high-saturated electronic drift velocities, and isotropic

properties,3 it has not demonstrated comparable quality to

the 6H and 4H-SiC polytypes. A major reason is its metasta-

ble phase formation, which makes it to form only at certain

temperatures, and sensitivity to vapour phase composition.

As a consequence, it cannot be grown by physical vapor

transport (PVT) methods like applied for hexagonal SiC

since 3C-SiC becomes less stable above 2000 �C. Only epi-

taxial growth with layers up to 200 lm by various methods is

used.4 Since 3C-SiC substrates are not available, the growth

of 3C-SiC is usually done on either silicon substrates or hex-

agonal SiC substrates. The thermal and lattice mismatch

using silicon substrates results in a large biaxial stress, which

degrades the material properties.5–7 The alternative way to

achieve relaxed 3C-SiC is to use hexagonal SiC substrates.4,8

However, the previous attempts to grow 3C-SiC layers have

yielded inferior crystals with high densities of defects that

hinders the implementation of its beneficial properties in

electronic devices.6 In addition, high quality 3C-SiC would

be a perfect material for impurity based single cell photovol-

taics with efficiency up to 60% (Ref. 9) since the bandgap is

2.4 eV and boron is a common acceptor dopant in SiC acting

as a deep level at 0.7 eV.10

Carrier lifetime is one of the key parameters governing

the electronic and optoelectronic device performance. It is

very sensitive to the crystal quality. The carrier lifetime in

4H-SiC has been intensively investigated in recent years.

Although 4H-SiC exhibits the highest maturity among all

polytypes, the carrier lifetime is still short. The typical life-

time in as-grown 4H-SiC is around 1 ls under the low injec-

tion level.11–16 The main lifetime-limiting defects are

recognized as Z1/2 and EH6/7 centers, which are related to

intrinsic defects with energy levels located at 0.65 eV and

1.55 eV below the conduction band, respectively.11–14

Recently, it was shown that the reduction of the defects of

Z1/2 and EH6/7 by post-growth processes results in an

improvement of carrier lifetime. Kimoto et al.15 reported

that the carrier lifetime in a 148-lm-thick 4H-SiC layer is

enhanced from 0.69 to 9.5 ls after thermal treatment. Miya-

zawa et al.17 showed that using post carbon-implantation and

annealing, the carrier lifetime in 4H-SiC was improved from

3.5 ls to an extraordinarily long value of 18–19ls.
In contrast to 4H-SiC, the study of recombination dy-

namics in 3C-SiC is still limited due to the lack of high

quality material.18–21 In early 3C-SiC epitaxial layers with

the thicknesses of 4–9 lm grown on silicon substrates, the

excess carrier decay curves exhibited fast (a few ls) and

slow (>1ms) components, which was suggested to be due

to electron trapping at deep defect levels.18 It is not unex-

pected since the residual large strain results in a serious

deterioration of the crystallinity and a defect-rich interface

in such thin layers.5–7 After the progress of different growth

techniques in the last decade, free standing or thick

(>100 lm) 3C-SiC has been demonstrated.4 In these thick

layers grown using either undulant Si,19,20 or 4H-SiC,19 or

6H-SiC as substrates,20,21 however, the carrier lifetime is

rather short. It is ranging from a few to 120 ns. These values

are at least one order of magnitude lower than the lifetime

in 4H-SiC.

In this work, we show that the crystal quality in

extremely thick 3C-SiC grown by sublimation epitaxy is sig-

nificantly improved compared with previous works. As a

consequence, in as-grown 3C-SiC, a considerably longer car-

rier lifetime of 8.2 ls, which is comparable with the carrier

lifetime in post growth treated chemical-vapor-deposition

(CVD) grown 4H-SiC layers, is observed by microwave pho-

toconductivity decay (l-PCD) measurements. The experi-

mental decay curves are also compared with the numerical

simulations to resolve the impact of surface recombination

and interface recombination on the carrier lifetime.a)Email: mikael.syvajarvi@ifm.liu.se.
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The 3C-SiC layers were grown on quarters of 6H-SiC

substrates with area larger than 1 cm2 by sublimation epi-

taxy.22 The growth is performed by sublimation of a SiC

source, and transport of the vapor species through vacuum to

a substrate at lower temperature than the source. The growth

is applied on substrates using a slight off-axis. In this mode,

the 3C-SiC nucleates as domains, which extend in the off-

axis direction and creates enlargement of domains. In the ini-

tial heating stage to growth temperature, the surface exhibits

a thermal etching, which prepares the surface for growth and

reduces effects of substrate polishing. In comparison to con-

ventional PVT methods, the advantage of the method is that

growth temperature is decreased to below 2000 �C at which

3C-SiC forms while high growth rate is maintained.

Extremely thick layers (>300 lm) are obtained by modifying

the process to reach a high growth rate, mainly by increasing

the temperature difference between source and substrate. To

explore surface and interface recombination, a very thick

sample was grown as well during 45min at a growth temper-

ature of 1775 �C to reach a layer thickness of 760 lm. Low

temperature photoluminescence (LTPL) spectra were meas-

ured at 2K using the 351 nm line of an Arþ-ion laser for ex-

citation. The spectra are collected by a monochromator fitted

with a 2400 grooves/mm grating in combination with a

charge coupled device camera, with spectral resolution about

1 Å. High resolution x-ray diffraction (HR-XRD) measure-

ments were performed using a Philips MRD with Cu Ka1
(k¼ 1.54 Å) radiation at 45 kV and 40 mA. The triple axis

configuration was employed in the measurements by using a

Ge (220) monochromator. The carrier lifetime was measured

by lPCD at room temperature. The sample was excited using

the 349 nm line of a frequency-tripled yttrium lithium fluo-

ride laser with laser pulse of 5 ns. The laser penetration depth

is 4.24 lm (absorption coefficient a¼ 2360 cm�1).23 The

injection level N0, which was defined as the photon density

illuminated on the sample surface per unit area, was varied

from 3.5� 1012 to 2.5� 1013 cm�2 for the presented sample.

Considering the penetration depth, the average excited car-

rier density N0a is from 8.3� 1015 to 5.9� 1016 cm�3. Thus,

the injection levels in this study are very low but higher than

the nitrogen doping level of around 1� 1015 cm�3, which

was estimated from LTPL using an established procedure.24

The cubic sublimation method is applied at a tempera-

ture below 2000 �C. It was found that very high-quality 3C-

SiC could be formed directly on 6H-SiC at a high growth

rate of 1mm/h. HR-XRD measurements were used to inves-

tigate the crystalline quality. In Figs. 1(a) and 1(b), x-ray

incident angle (x) scan rocking curves collected from (111)

Bragg reflections for 3C-SiC with different foot print area on

the sample evidence that single crystal domains have an av-

erage size of 0.6� 0.6 mm2. In larger foot print (2� 2 mm2)

the peaks show a small splitting with the separation of 0.05�,
which is due to several domains that are slightly off-oriented

to each other. We measured HR-XRD by scanning the whole

sample with step of 2mm and the full width at half maxi-

mum (FWHM) values are between 50 and 100 arcsec with

foot print of 2� 2 mm2. With decrease of the foot print to

0.6� 0.6 mm2, a single peak is observed having FWHM of

32 arcsec. As a comparison, commercial hexagonal sub-

strates have values in the range of 25–40 arcsec.

Reciprocal space mapping with symmetric (111) reflec-

tion has been performed on the sample to determine the lat-

tice parameter.25 From this mapping shown in Fig. 1(c), the

lattice constant a is derived to be 4:35956 0:0005Å, which
is very close to the standard 3C-SiC a value of 4.3596 Å.26

This unambiguously shows that the thick 3C-SiC grown on

6H-SiC has a negligible biaxial stress, which is the main rea-

son that deteriorates the crystal quality of 3C-SiC grown on

silicon substrates.

The LTPL spectrum demonstrates that the high-growth-

rate sample exhibits a very high crystal quality. It is known

that LTPL spectra in 3C-SiC are usually governed by the

nitrogen bound no-phonon line (ZPL) and its four

momentum-conserving phonon replicas (denoted TA, LA,

TO, and LO).27 In our samples, we found that the LTPL

spectrum as seen in Fig. 2 is surprisingly distinct, especially

compared to the LTPL spectra of CVD-grown 3C-SiC on sil-

icon substrates:5

(i) Only very sharp nitrogen-bound-exciton peaks without

any defect-related emissions are observed. In 3C-SiC

grown on silicon substrates, it usually shows broader

nitrogen-bound-exciton peaks accompanied with

defect-related emissions called “W-band” near 2.15 eV
and “G-band” near 1.90–1.92 eV.5 The LTPL does not

exhibit any defect-related emissions or other residual

impurity related emissions such as aluminum bound

exciton and donor-acceptor-pair emissions. As shown

in Fig. 2, the LTPL emission is very strong and the

line width (FWHM) of the nitrogen-bound-exciton

peak is rather narrow, around �0.2meV. In 3C-SiC,

the width of the TA-phonon replica is sensitively pro-

portional to the nitrogen doping concentration. From

the FWHM value of TA line,24 the nitrogen concentra-

tion in this 760-lm thick 3C-SiC can be estimated to

be around 1� 1015 cm�3.

(ii) It is known that the TO-phonon line is the strongest

feature in 3C-SiC PL and seems not to be affected by

FIG. 1. HR-XRD x scan rocking curves collected from (111) Bragg reflec-

tions for 3C-SiC with different foot print area: (a) 2� 2 mm2, (b) 0.6� 0.6

mm2. (c) XRD reciprocal space mapping with symmetric (111) reflection

measured on 3C-SiC. This mapping reads the reciprocal scattering vector in

reciprocal lattice unit (rlu) Qy(rlu)¼ 0.306003, which is used to calculate

the lattice constant a value.

252101-2 Sun et al. Appl. Phys. Lett. 100, 252101 (2012)
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stress while the relative intensities of other phonon

lines with respect to TO line largely depend on the

biaxial stress. Consequently, the intensity ratio of LA

mode to TO line (ILA/ITO) is used to evaluate the biax-

ial stress.5 The typical value of ILA/ITO is around

�0.19 in 3C-SiC grown on Si substrate.5 In contrast in

our thick 3C-SiC, the ratio of ILA/ITO is equal to 1,

indicating that the 760-lm thick 3C-SiC grown on 6H-

SiC substrate is completely stress free. This agrees

very well with the XRD results.

(iii) Besides the nitrogen-bound-exciton peaks, the multiple

bound exciton complex lines are also well resolved. In

this case, the nitrogen donor can bind m holes and

(mþ 1) electrons and one electron-hole pair can recom-

bine and emit a photon.28 We can clearly observe multi-

ple bound exciton peaks up to m¼ 4 (denoted by am).
Additional fine lines (bm) due to excited electron states

were also observed.28 Clearly, in order to bind more

than one exciton at a nitrogen donor, a longer carrier

lifetime (high quality material) is required; otherwise,

the photo-generated carriers would quickly recombine

before bounding more electron-hole pairs to the nitro-

gen donors (m¼ 2, 3, 4…). Thus, these multiple bound

excitons have been rarely observed in 3C-SiC and

regarded as a characteristic of high-quality material.29

Notably, in agreement with the expectation of long car-

rier lifetime from LTPL observation of multiple bound exci-

tons, we observed a considerably longer carrier lifetime in

the 760-lm thick 3C-SiC by l-PCD measurements. Fig. 3(a)

shows l-PCD decay curves measured at room temperature

under different injection levels N0 ranging from 3.5� 1012

to 2.5� 1013 cm�2. All curves are non-exponential decays

showing fast decay process at initial time stage and slow

decay at the later stage. The initial fast decay is governed by

surface recombination as discussed below.

The 1/e decay-times, which are defined as the time dura-

tion from the maximum of the peak after laser pulse illumi-

nation to 1/e of the peak, were extracted from l-PCD curves

and given in Fig. 3(b). It is apparent that the 1/e decay time

decreases with increased injection level until

N0¼ 1.7� 1013 cm�2 is reached while further increasing

injection level gives almost identical decays. This is not

unexpected if taking the surface recombination into account.

Considering the fact that the laser penetration depth

(4.24 lm) is rather smaller with respect to the sample thick-

ness (760-lm), we can only consider surface recombination

velocity and neglect the interface recombination velocity. As

we will see subsequently, the interface recombination indeed

does not influence the excess carrier decay in such thick sam-

ple. It is known that carrier trapping at the surface states

causes band bending near the surface, and one type of car-

riers is repelled from the surface, leading to reduced surface

recombination velocity.30 Such a band bending, however,

depends sensitively on the injection carrier density and tends

to flatten when the injection level increases. Therefore, sur-

face recombination becomes significant, and the decay time

is decreased with increasing the injection density until the

surface band is flattened.

Since the surface recombination dominantly affects the

initial decay process and thus results in a non-exponential

decay curve, the effective lifetime should be determined by

the fitting of the linear portion at slow stage where one

should wait for the transient at least decay to about half of its

maximum value.31 As seen in Fig. 3(a), the portion of the

decay curves in the range of 10–20 ls shows the intensity

lower than 1/e of the peak value and can be fit by single ex-

ponential decay function very well. Thus, we extracted the

effective lifetime sef f by the single exponential fitting in the

range of 10–20 ls for l-PCD curves. As shown in Fig. 3(b),

the fitted sef f values decrease from 8.2 to 7.3 ls with

FIG. 2. Low temperature photoluminescence spectrum of the 760-lm thick

3C-SiC. The inset shows the enlarged part of the same spectrum from 2.25

to 2.39 eV, showing very sharp peaks with the full width at half maximum

of 0.2meV.

FIG. 3. (a) l-PCD decay curve measured for the 760-lm thick 3C-SiC

under different injection levels at room temperature. (b) The 1/e decay time

and effective lifetime sef f as a function of injection level. sef f was obtained
by the single exponential fitting in the range of 10–20ls for l-PCD curves.

252101-3 Sun et al. Appl. Phys. Lett. 100, 252101 (2012)
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increasing the injection level, indicating that the surface

recombination still gives a contribution at this time range but

smaller than the impact in the initial stage. This measured

carrier lifetime in as-grown 3C-SiC is much higher than the

reported values in 3C-SiC grown by other methods,19–21

even a little bit higher than the typical values in as-grown

4H-SiC.11–15 The maximum carrier lifetime reported in as-

grown 4H-SiC is 8.6 ls,11 which was measured by l-PCD in

a high-quality 50 lm thick CVD epilayer under an injection

of 5� 1012 cm�2. The measured conditions are quite similar

to our measurements. The considerably longer lifetime

clearly indicates a very high crystal quality of the 3C-SiC

which is comparable with the best quality of CVD-grown

thick 4H-SiC epilayers.

To further understand the influence of the surface and

interface recombination on the carrier lifetime, we model the

carrier dynamics for an n� 3C-SiC epilayer with very low

doping concentration grown on a high-nitrogen doped nþ

6H-SiC substrate under low injection conditions. The one

dimensional continuity equation for the time dependent

excess minority carrier concentration Dpðz; tÞ is given by13

@Dpðz; tÞ
@t

¼ D
@2Dpðz; tÞ

@z2
� Dpðz; tÞ

sB
; (1)

with boundary conditions

@Dpðz; tÞ
@z

�
�
�
�z¼0 ¼ S1Dpð0; tÞ;

@Dpðz; tÞ
@z

�
�
�
�z¼w ¼ �S2Dpðw; tÞ:

The coordinate 0 � z � w indicates the depth axis of the epi-

layer with the thickness of w¼ 760 lm, D is the minority

carrier diffusion coefficient, sB is the bulk carrier lifetime, S1
is the surface recombination velocity, and S2 is the interface

recombination velocity. In the calculation, the injection level

is fixed as same as the lowest value of N0¼ 3.5� 1012 cm�2

used for l-PCD measurement and D is assumed to be 3 cm2/s,

which is the experimental value in 3C-SiC and 4H-

SiC.17,21

Figs. 4(a)–4(c)show the depth profiles of the excess car-

rier concentration in the 760-lm thick layer as a function of

time. In this case, the bulk lifetime was assumed to be a con-

stant of 10 ls while the surface recombination velocity S1
and interface recombination velocity S2 are varied from 1 to

1� 106 cm/s, independently. It is found that the interface

recombination velocity S2 actually does not give any contri-

bution to the carrier distribution independent of the value of

S1, for instance, see a comparison of Figs. 4(a) and 4(b). It is

apparent that almost all excess carriers are distributed in a

depth of around 400 lm from the surface and cannot reach

the interface. Hence, the generated carriers are annihilated

through two pathways: surface recombination and bulk

recombination.

Hereafter we will keep a constant of S2¼ 1� 106 cm/s.

Two representative profiles with S1¼ 1� 106 cm/s and

S1¼ 1 cm/s are compared in Figs. 4(a) and 4(c). Clearly, sur-

face recombination velocity S1 largely influences the distri-

bution of excess carriers. In the case of enhanced

S1¼ 1� 106 cm/s, the carrier concentration decreases

abruptly near the surface. To illustrate the impact of

enhanced S1 on the carrier lifetime, we plot the decay curves

of normalized excess carrier concentration DpðtÞ=Dpð0Þ by

integrating excess carriers over the entire layer in Fig. 4(d).

In this case, a carrier lifetime of 10 ls was used for the bulk

lifetime, and S1 was varied from 1 to 1� 106 cm/s. It is clear

that the decay curves almost follow a single exponential

decay for small S1 values while the increase of S1 results in
more and more faster decay at initial time region and gives

non-exponential decays similar to those observed experimen-

tally. For the same reason discussed above, the effective life-

times sef f shown in Fig. 4(d) were also extracted by the

single exponential fitting in the range of 10–20ls for these
calculated decay curves. For example, the effective lifetimes

are very close to the bulk lifetime of 10 ls when

S1< 100 cm/s while the enhanced surface recombination ve-

locity significantly reduces the effective lifetime to 6.50 ls
when S1> 1� 105 cm/s.

FIG. 4. Numerical simulated depth profiles of the

excess hole concentration in a 760 -lm thick 3C-

SiC as a function of time with (a)

S1¼ S2¼ 1� 106 cm/s, (b) S1¼ 1� 106 cm/s and

S2¼ 1 cm/s, (c) S1¼ 1 cm/s and S2¼ 1� 106 cm/s.

(d) The calculated decay curves of integrated excess

carriers DpðtÞ=Dpð0Þ in the entire layer with S1
changing from 1 to 1� 106 cm/s. The effective life-

times sef f shown in Fig. 4(d) were extracted by the

single exponential fitting in the range of 10–20ls.

252101-4 Sun et al. Appl. Phys. Lett. 100, 252101 (2012)
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Fig. 5 shows the effective lifetimes for the calculated

decay curves as a function of surface recombination velocity

S1. In this calculation, the bulk lifetime was assumed to be

10, 15, and 20 ls, respectively, and the effective lifetimes

were also obtained by the single exponential fitting for the

calculated decay curves in the range of 10–20ls. When S1 is
less than 100 cm/s, the effective lifetime is close to the bulk

lifetime while it is significantly reduced with increase of S1
until 1� 104 cm/s and then becomes constant if

S1> 1� 104 cm/s. As seen in Fig. 3, from l-PCD decay

curves measured on the 760-lm thick 3C-SiC, the effective

lifetimes were decreased from 8.2 to 7.3 ls with increasing

the injection level, namely, the increase of S1. The dashed

lines in Fig. 5 depict the range for these experimental life-

times. Assuming the bulk lifetime is 20 ls, the lowest effec-

tive lifetime is 8.8 ls (S1> 1� 104 cm/s), which is still

higher than the experimental data. This indicates that the

bulk lifetime in this sample should be lower than 20 ls what-
ever the surface recombination velocity is. A comparison of

experimental data with the calculated results suggests that

the bulk lifetime in the 760-lm thick 3C-SiC should be in

the range of 10–15 ls, assuming the surface recombination

velocity S1 is in a large range from a few hundreds to

�104 cm/s. Recently, the bulk carrier lifetime of 22–31 ls
was evaluated in �265 lm thick 4H-SiC prepared using

carbon-implantation and annealing treatment.17 This indi-

cates that our as-grown 3C-SiC has a comparable bulk life-

time to that of the post-growth treated 4H-SiC.

In conclusion, both the XRD and LTPL results reveal

that the crystal quality of thick 3C-SiC is considerably

improved with respect to earlier reported data. As a conse-

quence, long carrier lifetime comparable with reported val-

ues in CVD-grown 4H-SiC is observed. A comparison of

experimental lifetime with numerical simulations shows that

the measured lifetime is significantly influenced by the sur-

face recombination and the real bulk lifetime is estimated to

be in the range of 10–15 ls provided the surface recombina-

tion velocity is varied from a few hundreds to �104 cm/s.
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