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Carrier dynamics in n-type 4H-SiC epilayers of varying thicknesses and low Z , defect concentrations are inves-
tigated here in wide ranges of excess carrier density and temperature. Several techniques are employed to monitor
carrier diffusion and recombination processes, including light induced transient grating (LITG), microwave photo-
conductance decay (MPCD) and free carrier absorption (FCA) using ps-laser pulses at 355 nm. The observed in-
crease of the diffusion coefficient with the increasing excitation level is explained by the transition from the minority
to the bipolar transport regime. Its subsequent decrease with even higher excitations is found to be governed by
band-gap renormalization and degeneracy effects. The bulk lifetime, limited by hole traps at 0.19-0.24 eV above
the valence band at lower excitations, was found to decrease from few microseconds to hundreds of nanoseconds
during the transition regime from the minority to the bipolar transport. Our temperature-dependent measurements
confirmed the trap activation energy and provided the approximate functional form of electron and hole lifetimes as
7,= 340 x (T/300 K)*” ns and 7, = 100 x (7/300 K)"** ns, for the temperature T range 80-800 K. It was found to hold
for 65 and 120 ym sample thicknesses, while the lifetimes were found to be twice shorter for the sample 35 ym thick.

Keywords: silicon carbide, microwave photoconductance, free carrier absorption, transient grating, life-
time
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1. Introduction

Carrier lifetime is a crucial parameter for 4H-SiC
bipolar devices, thus many works are devoted to
its investigation in epitaxial layers []. However,
the injection level, temperature and defects lead to
a wide variation of measured lifetimes. In 4H-SiC
Z,, traps are considered to be the main lifetime
killing defects [EI, E] , responsible for the increase of
lifetime with excitation and temperature. Growth
of 4H-SiC at a high C/Si ratio leads to a low Z, ,
density (<10 cm™) [E]; moreover, in such crys-
tals lifetime decreases with excess carrier density,

pointing out to recombination by other mecha-
nisms. Lifetime decrease with nitrogen doping,
not correlating with the Z, | trap density, was also
observed in [ﬁ]. The recombination mechanisms
when intrinsic Z , trap density is negligibly low
are often attributed to surface recombination, dis-
locations and stacking faults []. Few works
also indicate that other point defects cannot be
neglected [, @]. Hence, a combination of differ-
ent techniques with a varying excitation density,
sample thickness and temperature can provide
a deeper insight into the recombination mecha-
nisms and origin of the contributing defects.
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Therefore, we applied light induced tran-
sient grating (LITG), microwave photoconduct-
ance decay (MPCD) and free carrier absorption
(FCA) techniques for study of the excitation and
temperature-dependent carrier lifetime in 35, 65
and 120 pum thick 4H-SiC layers with a low Z, ,
defect concentration. The observed lifetime de-
crease with excitation and its increase with tem-
perature were attributed to shallow hole traps at
E, + 0.19-0.24 eV, the occupation of which with
holes increases with excitation but decreases with
temperature. The precise discrimination of bulk
lifetime from surface and nonlinear recombina-
tion was performed by using a numerical simula-
tion of the excess carrier density in-depth profile
with the determined diffusion coeflicient by LITG.
The hole trap origin was ascribed to the HS1 hole
trap attributable to silicon antisite Si_ with the po-
sition at E, + 210-240 meV B, 13, [14).

2. Samples and techniques

4H-SiC samples of 35, 65 and 120 ym thickness
were produced [@] from a commercial 150 ym
thick n-type wafer (n, = (10£2) x 10" cm™ due to
nitrogen doping) grown on a heavily-doped 4H-
SiC (0001) substrate at carbon rich conditions (C/
Si = 1.2). The latter feature led to a low Z, , density
(«<5%x 102 cm™ []) in the layers.

The investigated samples were excited by
the third harmonic (355 nm) of a Nd:YAG la-
ser with 25 ps duration pulses at 10 Hz repetition
rate. Probing was performed by the first harmonic
(1064 nm) of the Nd:YAG laser. The excitation flu-
ence I, was tuned by rotating a half wave plate be-
fore a BBO Glan prism. The photoexcited carrier
density at the surface is AN* = al /hv, where « is
the temperature-dependent absorption coeflicient of
4H-SiC at 355 nm [] (here hv = 3.49 eV). The sta-
tistically averaged carrier density AN(f) = AN(zc, t)
was used (where zc was ci ved from the condition

18

instantaneous carrier lifetime excitation depend-
ences.

LITG measurements were performed to deter-
mine the excitation-dependent diffusion coeffi-
cient D. In the measurements the interference light
field is used to excite the sample []. LITG

z¢ d
J.AN(z,t)dz= IAN(Z,t)dz (1§]) for determination of
0

decay was monitored by diffraction of an optical-
ly delayed probe beam on a dynamic diffraction
grating in the sample (due to the refractive index
modulation An by free carriers, An(t) ~ AN(t)),
thus leading to an instantaneous diffraction ef-
ficiency DE(t) ~ [AN(1)]? [@]. Comparison of
LITG decay times, 7, at few different grating per-
iods A allowed determination of the carrier dif-
fusion coefficient D and their fast lifetime com-
ponent 7, as 1/t = 1/7, + 4n°D//A\* []. Periods
of 1.97 and 7.8 ym were used for diffusivity deter-
mination.

MPCD measurements were utilized for in-
vestigation of carrier lifetime excitation depend-
ences. In the MPCD measurements the sample
was mounted into the rectangular waveguide
setup and illuminated via a longitudinal slot of
2 x 4 mm size by the Nd:YAG laser beam [@].
The illuminated surface area of the sample was
1.6 x 1.6 mm. Measurements based on the FCA
technique provided carrier lifetimes at a high
excess carrier density (10'°-10'" cm™ range), at
the same excitation conditions (355 nm), and pro-
bing by the electronically delayed Nd:YAG laser
(at 1064 nm) [H]. Temperature-dependent lifetime
measurements in the 80-800 K range were per-
formed by the FCA technique in a nitrogen cooled
cryostat.

3. Results and discussion

3.1. Excitation-dependent carrier diffusivity from
LITG

At room temperature (RT) the excitation-depend-
ent kinetics of LITG diffraction efficiency (DE)
and the determined D(AN) dependence are shown
in Fig. . The decay is becoming slower with exci-
tation due to the decrease of the D value, while
the LITG signal amplitude increases quadratically
with excitation as is typical for free carrier genera-
tion. We note that D values at low excitations in
n-type 4H-SiC were determined by the Fourier
transient grating (FTG) technique [é]. It has been
observed that the D increase with excitation (at
AN < 10' c¢cm™) is due to transition from the mo-
nopolar hole to the bipolar diffusion regime [@],
afterwards it decreases due to band-gap renormal-
isation (BGR) [@] and further slightly increases
due to degeneracy [@].
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Fig. 1. The excitation-dependent DE decay (a) and diffusion coefficient (b). In (b) the upper dashed line shows
the simulation without traps and BGR, while the lower solid line includes the impact of 1.5 x 10" cm™ com-

pensating boron traps, BGR, and degeneracy effects.

Electron-hole plasma is spatially inhomogene-
ous. Bipolar carrier diffusion is governed by the am-
bipolar diffusion coefficient [R5] due to the internal
electric field between electrons and holes

ny + 2AN

Dyo(AN)= (n, + AN)/ Dy, +(AN)/ D, (1)

where D_ ir D, are electron and hole diffusion co-
efficients, respectively. The diffusion coefficients
D are related to carrier mobilities y via the Ein-
stein’s relationship [@]: D = ukT/e. For 4H-SiC
D, = 2.7 cm’/s for holes and D, = 26 cm*/s for elec-
trons (g, = 105 cm?/(V-s), = 1000 cm/(V-s) [pd]).
The value n, = 10" cm™ was used in the fit, present-
ed in Fig. b) by the dashed line. It strongly devi-
ates from the experimental data, thus pointing out
to many body interactions at high excitations.

For a better comparison with the experiment,
an analytical approximation to D (AN, T) was per-
formed, taking into account the contributions of
band-gap renormalization and plasma degenera-
cy [@], which can either reduce or enhance the dif-
fusivity [@]:

D (T, AN) = D_(AN, T) 2)

x [(1 +a(T) AN/10')*3 - b(T) (AN/10")*?].

Here D,((T) is the low-injection, the phonon-
limited [@] diffusion coefficient, and the two terms
in brackets represent plasma degeneracy and BGR,

respectively. The D, a and b are fitting parameters.
D, was used the same as in [@]. The values of
the parameters at RT were determined with 10%
precision: a = 0.14, b =0.52. The a and b coefficients
were fitted with temperatureasa oc T**and b oc T
(in degenerate plasma the density of states increas-
es with temperature as 7", while carriers with in-
creased thermal energy kT can more easily over-
come the bandgap modulation due to BGR [@]).
The low excitation value of diffusivity is not affect-
ed by many-body effects, thus should coincide with
a bipolar one. However, in that case the observed
lower D value can be explained by fast carrier trap-
ping to boron hole traps (negatively charged before
excitation). According to the methodology given
in (4], D, ., = D, (AN-AN, ___)/AN, their density
of 1.5 x 10" cm™ was evaluated (see Fig. (b), full
fit at AN < 10*® cm™). The determined D(T, AN)
dependence will be used in carrier density profile
simulations in Section 3.4.

3.2. Excitation-dependent MPCD carrier lifetime

The excitation-dependent MPCD Kkinetics in
the 65 ym thick sample are shown in Fig. @(a). They
become faster with excitation due to trap charg-
ing. The lifetime values determined in the respec-
tive intervals At and At, are shown in Fig. P(b).
The clearly observed lifetime reduction indicates
transition from a monopolar to a bipolar recom-
bination case. Such dependence is untypical of SiC
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Fig. 2. (a) The time dependences of excess carrier density evaluated from the MPCD transients in the 65 ym
4H-SiC sample. Solid lines are the linear fit of the plots measured in small time intervals for different time
delays, At, and At,, as indicated in the graph. (b) The excitation-dependent effective carrier lifetime in the sta-

bilised carrier profile decay for 35 (1), 65 (2) and 120 (3) ym samples. Dotted lines indicate the Z

defect

1/2

impact, dash-dotted ones show the stabilized surface lifetime, dashed lines represent the Auger impact and
short-dashed ones show the Shockley-Read-Hall lifetime. The fits at delay time At, (full plot symbols) and At,
(open plot symbols) for the 35 yum sample are 250 and 450 ns, for the 65 ym sample they are 250 and 2000 ns,

and for the 120 ym sample the fits are 250 and 4500 ns.

with a high concentration of vacancies, where life-
time decrease with excitation was observed [EI].
Therefore the samples should contain other traps,
the origin of which is unknown and needs further
investigation.

Electronic traps are well known in 4H-SiC,
thus we assume that hole traps are responsible for
the observed recombination features. The model
for the case when the defect concentration is much
lower than the nonequilibrium carrier density, i.e.
AN_ ~AN, ~AN, the Shockley-Read-Hall lifetime
formula for hole traps (HT) can be derived [@];

7, = (1,(n,+ AN) + 7 (p,, + AN)) / (n,+ AN). (3)

Here 7,=1/(Nyo,v, )ty =1/(N;oyv, v, =

\8/mkT/m; and v, =8/mkT /m," are the elec-

tron and hole lifetimes and thermal velocities; o
and o, are the capture cross sections for electrons
and holes, and 7, is the equilibrium electron con-
centration. p = N, exp ((E - E,)/kT) is the hole
concentration in the valence band when the Fer-
mi level is equal to E..

Under high injection conditions for deep
traps, Eq. (3) can be simplified to 7, = 7, + T,
while for the minority carriers a simple form as
T, =T, + T.p, /1, can be obtained.

The hole lifetime of 100 ns and the electron
lifetime of 350 ns were determined using Eq. (3)
in the thick layers, while for the thinner layer
twice shorter lifetime values were fitted (see fits
in Fig. @(b)). The fitted hole trap energies are 210,
210 and 190 meV in 35, 65 and 120 ym samples,
respectively. A low excitation lifetime is larger by
p,/n, ratio, therefore the hole lifetime in the thick-
est sample equals 350 ns x 16 = 5.7 us at low ex-
citations. The shorter lifetime in the thinner layer
will be checked by temperature measurements
(Section 3.3). Herein we used hole trap lifetime
discrimination from other lifetimes by the equa-
tion 1/, = /7, + /7, + /7, +1/7,, , where
the stablhsed surface hfetlme ‘r was calculated
from carrier density profiles (see Section 3.4),
1/7,  is the Z, , defect limited lifetime calculated
accordlng to models in [EI] and 7, is the Auger
lifetime calculated according to equations in de-

tail described in [@].

3.3. Temperature-dependent FCA carrier lifetime

The transients of the FCA signal measured at 300 K
are shown in Fig. E(a) They are nonexponential
and slower in thicker layers. It was observed that
in thick samples decays at short delays are almost
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Fig. 3. FCA decays at 300 K measured for different sample thicknesses (a) and temperature-dependent lifetimes
at 10" cm™ excess carrier density (b). In (b) solid lines are the total lifetime, dashed lines show the surface life-

time, and dotted ones are the bulk lifetime.

identical indicating that they are related mainly
to bulk traps. Temperature lifetime measurements
(Fig. E(b)) were performed at 10'¢ cm™ carrier
density (as to minimize Z, , defect and Auger re-
combination impacts, see Fig. (b)) to verify hole
trap activation energies and discriminate electron
and hole lifetimes. All samples exhibited similar
temperature dependences, pointing to a similar
trap origin.

The fit of lifetime with temperature was per-
formed by Eq. (3). It provided the tempera-
ture-dependent electron and hole lifetimes of
7,=340% (T/300K)**nsand 7, =100 x (T/300K)"**ns
in 65 and 120 ym layers and twice shorter values
in the thinnest one. The fitted hole trap activa-
tion energies were 220, 240 and 190+20 meV in
35, 65 and 120 ym samples, respectively. The lat-
ter values are very close to those determined from
lifetime excitation dependences (see Fig. H(b)).
The hole lifetime decreased with temperature
with a —0.5 slope which was explained by the hole
capture to the neutral trap (o, = const. [@]) thus
creating the N_* state, while the electron lifetime
increase with temperature with a 1.5 slope was ex-
plained by the electron capture to the positively
charged hole trap state N.* (0, ~ T?, Coulombic
trap [@]). The trap origin can be attributed to
the HS1 silicon antisite Si_ trap at the position
E, + 210-240 meV [, B]. The twice lower life-
time, observed in the 35 ym sample, may indi-

cate that defect density may increase with sample
thickness decrease (our samples were thinned by
polishing from the backside). Also the increase of
trap energy with thickness may indicate a slight
modification of the trap position on inequiva-
lent hexagonal or cubic lattice sites. The effect is
known to provide slightly different native defect
energies in hexagonal 4H-SiC [EI]. Excitation
from the backside in the thickest sample revealed
the same lifetime value, as the carrier lifetime is
integrated over the whole sample thickness.

3.4. Carrier density profile simulations

Straightforward determination of lifetime is pos-
sible when the carrier density in-depth profile is
stabilized, i.e. from decay tails of the measured
kinetics (the normalized stabilized carrier density
in-depth profile and the corresponding stabilized
surface lifetime are unchanged with time [H]).
Therefore, the lifetime was extracted from decay
tails in the used excitation and temperature rang-
es, as presented in Sections 3.2 and 3.3.

Below, we present the details on calculation of
the spatial redistribution of carriers, governed by
the carrier density and temperature-dependent dif-
fusion and recombination. Using the balance equa-
tion (4) [@], we calculated the evolution of the ex-
cess carrier in-depth profile AN(z, t) in the epitaxial
layer at standard boundary conditions [@, @]:
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OAN(z,1) O’AN(z,1) AN(z,1)
o D(F. %) oz’ Tsru(T)
—C(T,AN)AN(z,1)* + G(z,1). (4)

Here D (T, AN) and C(T, AN) are the temperature
and injection dependent diffusion and the Au-
ger recombination coefficient, respectively [@];
G(z, t) =[al fit)/hv] x exp(-az) is the carrier gen-
eration rate by the laser pulse f(f) [E]. The solution

of Eq. (4) is performed with the standard bound-
AMmmpiDmmaM@mﬁ

0z
where S(AN, T) is the surface recombination veloc-

ity on front and back surfaces [@]. The dependence
of the surface recombination velocity on the car-
rier density was determined by fitting the relation
S(AN) =130 x (1 +2AN/n_)"? cm/s, its theoretical de-
scription is provided in [R2. The determined S value
was extracted from the initial parts of the MPCD and
FCA decay with the relation FCA(t) = o, f * AN(z,t)
x dz [@], where o, is the free carrier absorption
cross section. The stabilized surface recombina-
tion time was verified (with 10% error) by the equa-
tion 7, = d/2S + (d/mD [} B3l where S(T) ~
exp (-¢,/kT) and ¢, = ~260 meV [[1§] is the surface
defect capture barrier. Note that the normalized stabi-
lized carrier density in-depth profile and lifetime are
unchanged with time if § and D are constant on AN.
An example of simulated profiles is shown in
Fig. @: in the thinner layer, the profile stabilization

ary conditions:
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takes place in the few hundred nanosecond range,
while in the thick ones it is in the microsecond
range. The stabilized surface recombination time

T, €Xcitation and temperature dependences are

depicted in Figs. Pl(b) and B(b).
4. Conclusions

The light induced transient grating technique was
applied for determination of the carrier diffusivity
excitation dependence. The fitting of the measu-
red excitation dependence exhibited monopolar
and bipolar carrier transport regimes and the im-
pact of many body effects studied in terms of bipo-
lar plasma. The excitation-dependent lifetime was
extracted from the MPCD transients in the 35,
65 and 120 ym thick 4H-SiC samples. The de-
crease of the carrier lifetime with the excitation
provided hole trap energies in the 190-210 meV
range. The hole lifetime was 100 ns at 300 K in
the thick layers, while that for the electrons was
350 ns. Increasing the FCA lifetime with tempera-
ture provided almost similar trap energies of 190-
240 meV. The determined hole trap was attributed
to the HS1 silicon antisite hole trap. The hole life-
time decrease with temperature with a —0.5 slope
was explained by the hole capture to the trap neu-
tral state, while the electron lifetime increase with
temperature with a 1.5 slope is due to the electron
capture to the positively charged traps.
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Fig. 4. Evolution of the spatial distribution of carrier density, calculated for thin (a) and thick (b) layers. Results
are given for I,=5.6m]/ cm?, & = 200 cm™ and room temperature.
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Santrauka

Darbe tiriama kravininky dinamika jy tankio
10*-10" cm™ ir temperatiiros 80-800 K intervaluose
fotosuzadintuose n-tipo 4H-SiC sluoksniuose, 35, 65
ir 120 ym storio, legiruotuose 10" cm™ tankio azoto
priemai$omis bei turin¢iuose mazg Z , defekty tankj.
Sviesa indukuoty dinaminiy gardeliy, mikrobangy fo-
tolaidumo bei laisvyjy kravininky sugerties metodikos
buvo pritaikytos kravininky rekombinacijos ir difuzi-
jos vyksmy tyrimams, naudojant suzadinimui pikose-
kundinio Nd:YAG lazerio impulsus, esant 355 nm ban-
gos ilgiui. Kravininky difuzijos koeficiento didéjimas,
nustatytas intensyvinant zadinimg, buvo paaiskintas
pernasos mechanizmy kaita, monopolio transporto

virsmu bipoliu. Stipraus Zadinimo atveju gautas di-
fuzijos koeficiento sumazéjimas buvo priskirtas dau-
giadalelei sgveikai bipoléje plazmoje: energijos juosty
renormalizacijai ir i$sigimimui. Be to, intensyvinant
zadinimg, buvo nustatyta, kad trumpéja kravininky
gyvavimo trukmé (nuo keliy mikrosekundziy iki $imty
nanosekundziy). Trumpéjimas buvo paaiskintas skyliy
gaudykliy (lygmuo ties E, + 0.19-0.24 eV) jtaka bei
bipolés pernasos mechanizmy fotosuzadintame 4H-
SiC kaita. Atlikti temperatiriniai laisvyjy kravininky
sugerties tyrimai patvirtino masy modeliniuose skai-
¢iavimuose panaudotg gaudykliy aktyvacijos energijos
verte bei leido nustatyti elektrony ir skyliy gyvavimo
trukmiy temperatirines priklausomybes.



