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Measurements of carrier transport have been carried out in different SiC polytypes by using two complementary techniques:
a picosecond four-wave mixing and magnetoresistance. Both techniques confirmed the mechanism of phonon scattering in 7" =
100-300 K range, as well as higher carrier mobility in n-type 4H epitaxial layers with respect to 3C-SiC. The optical technique
revealed a decrease of the bipolar mobility in 3C-SiC at 7" < 100 K and its variation with photoexcited carrier density. A
lattice heating was observed in free standing 3C- and 4H-SiC due to strong impact of nonradiative recombination, and this
effect precluded optical studies of carrier dynamics at low temperatures.
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1. Introduction

Devices made from SiC have been under extensive
development in the past two decades and some of them
are already commercialized. They often operate at high
carrier densities, therefore it is important to determine
carrier plasma parameters under adequate conditions.
Non-destructive monitoring of carrier plasma param-
eters at high injection conditions is possible by using
“excite-probe” optical techniques, which explore the
light-induced changes of absorption or refractive index
by free carriers [1,2]. Transient grating, or four-wave
mixing technique (FWM) may provide all-optical eval-
uation of carrier transport and recombination processes
in a wide range of excitations. Moreover, optical car-
rier injection at different wavelengths with quantum en-
ergies above the bandgap makes it possible to vary in-
depth resolution, to reach high nonequilibrium carrier
density, and to study carrier density dependent photo-
electric processes [3].

In this work, we applied the optical and electrical
techniques to study carrier dynamics and transport in
differently grown 4H-SiC and 3C-SiC samples in 10—
300 K range. By optical technique, we determined the
temperature dependence of the bipolar carrier mobil-
ity in wide range of excitations. Comparative electrical
measurements in 100-300 K range confirmed the dom-
inant phonon scattering mechanism in the given tem-
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perature range. At lower temperatures (1" < 100 K),
a decrease of bipolar mobility in 3C-SiC reflected the
ionized impurity scattering, while the screening of lo-
cal charge by higher nonequilibrium carrier density re-
sulted in higher mobility values. Moreover, at temper-
atures below 100 K, we observed strong contribution
of a lattice heating to refractive index modulation, and
this effect precluded optical studies of carrier dynamics
at temperatures below 100 K in the samples with high
defect density.

2. Samples

We performed measurements of nonequilibrium car-
rier dynamics in n-type 3C-SiC (111) epilayer grown
by vapour-liquid—solid (VLS) mechanism on 6H-SiC
(0001) and carried out comparative studies on free-
standing bulk 3C-SiC (001) material originally grown
on Si by HOYA Co. The 5 um thick n-type (ng =~
107 ¢cm™3) 3C-SiC (111) epilayer was elaborated in
two steps: firstly, a 2 um double-positioning bound-
ary (DBP) free layer was grown by VLS mechanism in
Ge-Si melt as described in Ref. [4]. After wet etching
of the sample in acid solution to remove the remaining
Ge-Si alloy on the surface, the 3C-SiC layer was thick-
ened to 5 pm by standard chemical vapour deposition
(CVD) growth at 1450 °C using a mixture of silane and
propane diluted in Ha.
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Fig. 1. Optical configuration for a surface grating recording. Iy,

Iy, Igs, and It are the intensities of pump, probe, diffracted, and

transmitted beams, correspondingly, A is the period of diffraction
pattern, O is the angle between pump beams.

The measurements were also performed on two dif-
ferently grown n-type 4H-SiC epilayers. One of them
was 35 um thick layer (ng = 10'® cm™3) grown by
CVD on a heavily doped (ng = 10'? cm~3) 4H-SiC
substrate. The second one was 30 pm thick layer (ng =
5-10'% ¢cm~3) grown by sublimation technique on a
semi-insulating 4H-SiC substrate.

3. Experimental technique

The samples were excited by the interference pat-
tern of two 25 ps duration laser beams at 355 nm
wavelength, which created a periodically modulated
nonequilibrium carrier density N(z) = Np + AN
x cos(2mz/A) with the period A and refractive index
modulation by free carriers Angc(x,t) ~ AN (z,t)
[2]. The incident light was absorbed in a layer of thick-
ness d = a~ ! ~ 48 um (in 4H-SiC) or d ~ 4.5 pm (in
3C-SiC sample), in accordance with the absorption co-
efficient v, thus creating the nonequilibrium ambipolar
carrier plasma of density up to 10'® cm™3. A delayed
probe pulse at 1064 nm, to which SiC samples were
transparent, monitored the instantaneous diffraction ef-
ficiency (Fig. 1) of the grating n = I4ir/IT (here g is
the diffracted and I is the transmitted probe beam in-
tensity), which is proportional to the square of refractive
index modulation, i.e. 1(t) ~ An2c(t) = (nen AN)?
(nen 1s refractive index change induced by one electron—
hole pair) [2]. The carrier grating decay time 7 is ob-
tained by an exponential fit of diffraction efficiency de-
cay kinetics ) ~ exp(—2t /7). The grating is erased by
carrier recombination and lateral diffusion processes,
therefore 7g can be expressed through ambipolar diffu-

sion coefficient D, and carrier recombination time 7R
[2]:

1 1 4x°D
— = (1)
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The decay of free-carrier grating with carrier density
N(z,t) is described by

ON(z,t) O?°N(x,t)  N(z,t)
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Here C'is the Auger recombination coefficient, B is the
bimolecular recombination coefficient, and G(x,t) =
aI(z,t)/(hv) is the carrier generation function.

For the measurements of magnetoresistance, the
samples were made as classic Hall bar-shape pieces
(2x5x0.4 mm?) with planar indium contacts. Samples
were placed in a nitrogen-cooled cryostat with mag-
netic field B = 1.75 T. Current was controlled with
a KEITHLEY 6430 multimeter. The measurements
were performed in 100-400 K temperature range.

From magnetoresistivity measurements, the magne-
toresistant mobility of equilibrium carriers can be cal-

culated [5]:
™ [PB — PO
=/ 3)
KM B %

here B is applied magnetic field, pp is magnetoresis-
tivity, pg is resistivity, ry is a constant which depends
on sample geometry and scattering mechanisms. The
magnetoresistant mobility is mainly influenced by the
largest current. Therefore, for n-type samples with
mobility of electrons being higher than that of holes
(un < ), the magnetoresistant mobility reflects the
electron mobility. Carrier scattering mechanisms can
be identified from the index value of the temperature de-
pendence of magnetoresistant mobility: if phonon scat-
tering dominates, then pin ~ T—3/2, if ionized impuri-
ties — fum ~ T3/2, if dislocations — i ~ T [6].

4. Results and discussion

We measured grating decay kinetics at different grat-
ing periods A (in range from 2.7 to 14 pm), excita-
tion intensities, and temperatures (10-300 K). Using
a set of the measured grating kinetics at various peri-
ods and the corresponding grating decay times 7g, we
determined the bipolar diffusion coefficients D, and
carrier lifetimes by using Eq. (1). The bipolar mobil-
ity values p, were obtained from the Einstein relation
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Fig. 2. Temperature dependence of a bipolar mobility in (a) 3C-SiC
(111) epitaxial layer and (b) free standing 3C-SiC (001) substrate at
different excitation energy densities.

D, = (kT /e)p,. Under our experimental conditions,
the electron and hole concentrations are equal (AN, ~
A Ny), thus the hole mobility (pun < f1,) limits the value
of bipolar diffusion coefficient D, ~ 2Dy, = 2kT /€.
The hole mobility in free standing 3C-SiC layer at
300 K was found to be equal to u, = (40+5) cm? /(Vs),
and a slightly smaller value of u, = (35+5) cm?/(V s)
was found in epitaxial DPB free layer. The decrease of
bipolar mobility (see Fig. 2(a, b)) at low temperatures
(T" < 100 K) reflected the ionized impurity scattering,
while at higher temperatures (7' > 100 K) the phonon
scattering dominated. In the conditions of ionized im-
purity scattering, we found a tendency of mobility in-
crease with increasing excitation density for the epitax-
ial 3C-SiC layer, while in the free standing 3C-SiC layer
the effect was opposite: the u value decreased from 300
to 110 cm?/(Vs) at T' = 50 K, see Fig. 2(b). These ten-
dencies can be attributed to screening of the charge at
contributing defect states by high carrier density. Car-
rier mobility values were found to be higher in the free
standing layer in all measured temperature range, and
that shows better electrical properties of the sample in
comparison with the DPB free epilayer. In the lat-
ter sample, photoluminescence measurements revealed
high density of shallow impurities (above 10'® cm—3)
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Fig. 3. Temperature dependence of bipolar carrier mobility in dif-
ferently grown n-type 4H-SiC epilayers.

[7], while in the bulk 3C-SiC the concentration of ni-
trogen donors was in mid-1015 cm—3 [8].

In Fig. 3 we show the decrease of bipolar mobil-
ity with temperature at two different 4H-SiC epilayers
at Iy = 1.3 mJ/cm? excitation intensity. The mea-
sured temperature dependence ji, ~ T~ was found
to be similar to those typical for phonon (lattice) scat-
tering mechanism [9] and provided the index value A =
1.4 for sublimation grown epilayer and A = 1.6 for
CVD grown epilayer. The similar slope values A were
found in n- and p-type 4H-SiC samples in temperature
range 100-300 K [10-12]. Our data provided pp =
60 cm?/(Vs) for the CVD grown sample and pn, =
40 cm? /(V's) for the sublimation grown one at room
temperature, that was in good agreement with the Hall
data in low doped 4H-SiC epilayers, which provided the
hole mobility in range of 60-120 cm?/(V's) [12, 13].
From Fig. 3 we see that the determined bipolar mobility
(diffusion coefficient) values at the same experimental
conditions are higher in the CVD grown sample. This
can be attributed to the different concentrations of de-
fects.

Carrier scattering mechanisms in 3C-SiC were de-
termined from the magnetoresistance measurements at
different temperatures (see Fig. 4). The ionized impuri-
ties start to limit the carrier mobility at lower tempera-
tures, but the effect is more pronounced in the epitaxial
3C-SiC layer with respect to 4H-SiC (see Fig. 4). The
expected tendencies for scattering by phonons (un ~
T-3/2) or by ionized impurities (g ~ T°/2) are
shown in Fig. 4 by dotted lines [6]. We note that the
observed scattering mechanisms of equilibrium carri-
ers by magnetoresistance measurements in 100-300 K
temperature interval correlate well with those measured
by FWM for highly excited carriers (see Figs. 2, 3, and
4).

The measurements of grating kinetics in highly-
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Fig. 4. Magnetoresistant mobility dependence on temperature in
free standing 3C-SiC substrate and in n-type 4H-SiC epilayer grown
by sublimation technique.

excited free standing 3C-SiC sample at temperatures
T < 50 K revealed the effect which had been earlier
observed in 4H-SiC crystals [14]. The diffraction ef-
ficiency kinetics at low temperatures pointed out the
contribution of lattice heating to refractive index mod-
ulation (see Fig. 5). This effect was earlier observed
both in CVD grown 4H-SiC epilayer at temperatures
T < 100 K as well as in sublimation grown sample at
T < 150 K [14]. This effect was mainly attributed to
nonradiative carrier recombination and lattice heating
due to excess quantum energy. In Fig. 5 the grating de-
cay kinetics measured in free standing 3C-SiC sample
at different temperatures are presented. The grating de-
cay is single exponential at 7" = 100 K, while at lower
temperatures the kinetics become non-exponential and
reveal contribution of another mechanism of refractive
index modulation. We attribute this effect to refractive
index modulation by temperature, previously observed
in Si and 4H-SiC [14, 15]. We have found that the con-
tribution of coexisting temperature grating in 3C-SiC
is increasing at lower temperature (Fig. 5) and higher
excitation energies. At larger grating periods, the con-
tribution of the thermal grating to the total diffraction
efficiency is observed at later times (see Fig. 6) or even
disappears at A = 15.9 um, as the carrier grating mod-
ulation is less erased by diffusion and persists for a
longer time. In the inset of Fig. 6 the kinetics of diffrac-
tion efficiency measured in DBP free epilayer at 7' =
10 K and different grating periods are shown. As we
see, the lattice heating effect is not present in the sam-
ple. Assuming that the lattice heating due to quantum
excess energy, nonradiative Auger recombination, and
free carrier absorption is similar for both 3C-SiC sam-
ples, the more pronounced lattice heating in free stand-
ing 3C-SiC layers should be attributed to the additional
channels of nonradiative recombination. More detailed

analysis of the effect will require an elaborate numeri-
cal simulation of carrier dynamics and heating in sub-
nanosecond time domain, using the determined temper-
ature and carrier density dependent mobility and life-
time values in 3C-SiC layers.

S. Summary

The measurements of carrier mobility have been car-
ried out in 3C-SiC and 4H-SiC by using a picosecond
four-wave mixing and magnetoresistance techniques.
Both techniques confirmed the mechanism of phonon
scattering in 7' = 100-300 K range in 4H-SiC. Higher
carrier mobility was found in 4H-SiC epitaxial layers
grown by standard CVD with respect to 4H-SiC lay-
ers grown by sublimation technique, and attributed to
higher concentration of defects. Temperature depen-
dences of carrier mobility in 3C-SiC samples confirmed
phonon scattering (1" = 100-300 K), while at lower
temperatures (1" < 100 K) we found ionized impurity
governed decrease of carrier mobility. A lattice heat-
ing was observed in free standing 3C-SiC and 4H-SiC
due to strong impact of nonradiative recombination, and
this effect precluded optical studies of carrier dynamics
at 7' < 50 Kin 3C-SiC and at 7" < 100 K in 4H-SiC.
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Fig. 5. Kinetics of grating diffraction efficiency measured at different temperatures for the fixed grating period in free standing 3C-SiC. In
the inset: grating decay kinetics at first 300 ps after excitation.
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(in the inset) 3C-SiC samples.
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SiC KRISTALU TYRIMAI OPTINIAIS IR ELEKTRINIAIS METODAIS

K. Neimontas, R. Vasiliauskas, A. Mekys, J. Storasta, K. JaraSitinas

Vilniaus universitetas, Vilnius, Lietuva

Santrauka

Keturbangio maiSymo bei Holo efekto metodikomis atlikti tem-
perattiriniai nepusiausviryjy kravininky dinamikos matavimai n
tipo 4H-SiC ir 3C-SiC epitaksiniuose sluoksniuose bei 3C-SiC kva-
zitGriniame kristale. ISmatuotos bipolinio kravininky judrio (difu-
zijos koeficiento) priklausomybés 100-300 K temperatiiros inter-
vale. IS abiem metodikomis iSmatuoty priklausomybiy 4H-SiC epi-
taksiniuose sluoksniuose (1 ~ T-3/2) nustatyta, kad pagrindinis
kravininky sklaidos mechanizmas yra sklaida fononais visame ma-
tuotos temperattros intervale (100-300 K). Rastos didesnés difu-
zijos koeficiento vertés cheminiu gary nusodinimo metodu uzZau-
gintame 4H-SiC epitaksiniame sluoksnyje, lyginant su sublimaci-
jos budu uzZaugintu bandiniu. Sis skirtumas paaiskinamas skirtingu
defekty tankiu abiejuose bandiniuose. I§ iSmatuoty kraivininky jud-
rio temperatiiriniy priklausomybiy 3C-SiC bandiniuose padaryta is-
vada, kad sklaida jonizuotomis priemaiSomis riboja judrio verte, kai
T < 100 K, o esant T" > 100 K vyrauja sklaida fononais. Judrio

vertés maz¢jimas didinant Zadinancios Sviesos energijos tankj (ne-
pusiausviryjy kravininky tanki) kvazittiriniame kristale aiSkinamas
priemaisy perelektrinimu esant dideliems kravininky tankiams. Di-
desnés judrio vertés (visuose matuotos temperatiros ir Zadinan¢ios
Sviesos energijos tankio intervaluose) kvazitariniame 3C-SiC lygi-
nant su epitaksiniu sluoksniu rodo geresnes jo elektrines savybes.
Nustatyta, kad esant Zemai temperatiirai (7' < 100 K 4H-SiC at-
vejuir T' < 50 K 3C-SiC atveju) kristalinés gardelés kaitinimas dél
nespindulinés laisvyjy kravininky rekombinacijos ir energijos per-
virSio, susidarancio Zadinant kristala Sviesos kvantu hv > E,, su-
kelia temperattiring laZio rodiklio moduliacija, kuri turi didelg jtaka
difrakcijos efektyvumo kinetikoms, ir dél to nebegalima tiesiogiai
ivertinti nepusiausviryjy kravininky judrio Siuose kristaluose. Rei-
kia paZymeéti, kad epitaksiniame 3C-SiC sluoksnyje §is efektas ne-
buvo stebimas, ir tai rodo maZesnj nespindulinés rekombinacijos
kanaly kieki, lyginant su kvazitariniu 3C-SiC kristalu.



