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Abstract 

Photoexcited carrier dynamics in 10
14

 – 10
18

 cm
-3

 density range was investigated by using 

complementary optical and microwave techniques. Bulk lifetime decrease from 4 s to 460 ns with 

excitation and its increase with temperature were observed in bulk n-type 4H-SiC crystal. The latter 

data and modeling of excitation-dependent hole capture with subsequent electron capture provided 

the trap position at EV + 0.19 eV and electron (hole) lifetimes of 360 ns (100 ns), correspondingly, 

at high excitation conditions. Lifetime increase with temperature was observed due to the trap 

thermal activation and reduction of electron capture cross section. The trap origin was discussed in 

terms of silicon vacancy related and titanium point defects. Photoluminescence spectra in 24-300 K 

range revealed bound exciton luminescence and nitrogen-aluminum donor-acceptor pair band, 

which excitation dependent and time-resolved dynamics was analyzed in wide temperature range. 
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1. Introduction   

 

There has been considerable interest in characterizing the lifetimes of carriers within epitaxial 

layers of 4H-SiC [1-7] as minority carrier lifetime is a key parameter for SiC bipolar devices. 

However, wide variation in measured lifetimes stems from differences in experimental conditions, 

such as injection level, temperature, as well from impact of point and planar defects. Typically, in 

n-type 4H-SiC main recombination mechanism is attributed to deep Z1/2 traps [1,5], providing an 

increase in lifetime with excitation and temperature. Growth at high C/Si ratio leads to low Z1/2 trap 

concentration (below 10
13

 cm
–3

) [5]; in this kind crystals lifetime decreases by increasing the 

excitation intensity, pointing to recombination via other pathways. Similar effect of lifetime 

decrease with increase of nitrogen doping was observed in [7] and not correlated with low Z1/2 trap 

density. Thus, when intrinsic Z1/2 trap density is low, other recombination mechanisms may come 

into play, such as dislocations and stacking faults [8-10] demonstrating the peculiar phenomena of 

either decreasing or increasing minority-carrier lifetime depending on the stacking fault related 

energy levels [11]. Nevertheless, point defect related recombination mechanisms cannot be 

neglected [2,12]. Hence, study of defect related mechanisms requires their accurate discrimination 

from the surface recombination impact by using thick crystals, combining various measurement 

techniques, and numerical carrier transport modelling.  

Therefore, in this work we applied the microwave photoconductance decay (MPCD), free-

carrier absorption (FCA), and time-resolved photoluminescence (TRPL) techniques for 

investigation of carrier lifetime features in bulk 120 m thick 4H-SiC in wide excitation and 

temperature ranges. The MPCD technique has the best sensitivity but exhibits the saturating 

conductivity response at high excitations. The latter drawback can be corrected by calibration 

procedure of MPCD signal on excess carrier density [13]. After calibration, the MPCD transients in 

reflection and transmission become identical in wide excitation range, from 2 10
14

 to 10
18

 cm
-3

. 

TRPL also exhibits high sensitivity but needs PL decay time correction for determination of carrier 

lifetime (i.e. requires knowledge of PL intensity dependence on excess carrier density), while FCA 

[14] is applicable only at high excited carrier densities (above 5×10
15

 cm
-3

) due to relatively low 

absorption changes by excess free carriers. 

The earlier study of this type but thinner 4H-SiC crystal [13] has shown decrease of carrier 

lifetime with increase of excess carrier density at rather low excitations due to surface 

recombination. Present work focuses on lifetime measurements in a thick 120 m epilayer, where 

surface recombination has smaller impact and defect-governed bulk lifetime dependences on 
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excitation and temperature can be investigated more thoroughly. The observed unusual Shockley-

Reed-Hall (SRH) lifetime decrease with excitation (from 4 s to 0.5 s in 10
14

 – 10
18

 cm
-3

 

excitation range) and its increase with temperature (by order of magnitude) was attributed to 

shallow intrinsic silicon vacancy related hole traps at EV + 0.19 eV, which electrical activity 

depends on excited carrier density. We ascribe the observed lifetime decrease by defect-limited 

transition from minority to bipolar carrier lifetime. The lifetime temperature measurements 

confirmed this hypothesis. 

 

2. Sample and techniques 

A commercial 150 m thick n-type 4H-SiC wafer grown on heavily-doped 4H-SiC (0001) substrate 

was utilized. The substrate was removed by mechanical polishing and the subsequent chemical 

mechanical polishing [15]. In this way, sample of d = 120 m thickness was prepared. Electron 

density in the sample was n0 = (10 ± 2)×10
14

 cm
-3

 and compensating aluminum concentration was 

(3.5 ± 0.5)×10
14

 cm
-3

 as determined by SIMS. Growth was performed at carbon rich conditions 

(C/Si  1.2) providing low Z1/2 density, estimated below 5×10
12

 cm
-3

 [16]. 

Sample excitation was performed by the third harmonic (355 nm) of Nd:YAG laser with 

25 ps pulses. Excitation fluence I0 was tuned in a wide range by rotation of a half wave plate 

positioned before Glan prism. The photogenerated carrier density near the sample surface can be 

estimated by relation N* = I0/h , where = 200 cm
-1

 is the absorption of 4H-SiC at 355 nm [17] 

(here h  = 3.49 eV is the pump quantum energy and I0 is the excitation fluence in the sample (in 

mJ/cm
2
)). For further analysis of instantaneous carrier lifetime dependence on excitation at different 

delay times, the statistically averaged carrier density N(zc,t) was used, which is derived from 

condition 
d

zc

zc

dztzNdztzN ),(),(
0

 [18]. 

The sample for MPCD measurements was mounted into the rectangular waveguide setup 

and illuminated via longitudinal slot of 2 x 4 mm size by the Nd:YAG laser beam (for setup details, 

see [13]). For all given below measurements the illuminated surface area of the sample was of 1.6 x 

1.6 mm
2
. Complementary measurements by FCA technique provided carrier lifetimes at high excess 

carrier density (in 10
16 

– 10
18

 cm
-3

 range), using the same excitation conditions (355 nm) and the 

first laser harmonics (1064 nm) for probing of FCA decay [3]. The differential transmittivity of the 

sample (DT), caused by FCA, increased linearly with excitation in 0.05 -5 mJ/cm
2
 excitation range 

(with 0.97 slope), thus enabling simple determination of carrier lifetime, R. Temperature 

measurements of carrier lifetime in 80 – 800 K range were also performed by FCA technique. 
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PL spectra and decay kinetics were measured for analysis of defect impact on 

recombination. For excitation, the tunable wavelength pulses from Orpheus (Light Conversion) 

optical parametric amplifier (OPA) were used. The OPA was pumped by ~160 fs pulses of 

PHAROS (Light Conversion) laser, operating at 10 kHz repetition rate. Excitation-dependent TRPL 

measurements were carried out using 355 nm pump wavelength. Gaussian spot diameter was 305 

m at 1/e width thus minimizing impact of carrier in-plane diffusion. PL emission spectra were 

measured in back-scattering geometry using a Hamamatsu streak camera and an Acton 

monochromator [19]. Temperature dependent (24-290 K) PL spectra were measured using a 

Nanofinder HE confocal spectrometer (LOTIS TII, Belarus-Japan [20]). Spectral resolution was 

equal to 0.1 nm. Spectral calibration was done using a built-in gas-discharge lamp providing an 

accuracy better than 0.1 nm. 355 nm DPSS CW laser was used as an excitation source. The samples 

were excited with spot diameter of about 2 m. However, due to carrier diffusion the spot diameter 

is greatly increased up to a value of diffusion length LD = (D R)
1/2

 = 10–20 m (estimated using the 

determined values of lifetime ~400 ns and D ~4–10 cm
2
/s [21]). Therefore, average excited carrier 

density will be N = (355)P0 R/(8LD
2
h ) = (355)P0/(8Dh ), where absorption coefficient (355 

nm) = 100–200 cm
-1

 [21]. Thus used P0 = 4 mW excitation power will provide average carrier 

density of ~4×10
16

 cm
-3

. 

 

3. Experimental results and discussion 

3.1. Microwave photoconductance and free carrier absorption decays  

In Fig. 1, the experimental kinetics of MPCD and FCA decay are shown. The measurements in 

wide excitation range reveal the fast and slow decay components, varying from 1 s to 0.25 s and 

from 4.5 s to 2.3 s, respectively. The previously reported a single exponential FCA decay in 160 

m-thick 4H-SiC (at 351 nm excitation) provided bulk lifetime of 800 ns in 10
17 

– 5×10
17

 cm
-3

 

range, while the faster FCA component emerged only at excitations above 10
18

 cm
-3

 due to impact 

of nonlinear carrier recombination [3]. Similar measurements in 160 m thick n-type 4H-SiC 

epilayer with carrier concentration in the mid-10
14

 cm
−3

 range [1] revealed injection-dependent 

increase of carrier lifetimes, in accordance with transition from minority to bipolar recombination 

regime through Z1/2 traps. Therefore, the feature of decreasing with excitation bulk carrier lifetime 

at rather low injection levels is different from the reported cases and needs deeper analysis. Thus we 

carried out PL measurements to unveil presence of defects and their impact on recombination 

dynamics.  
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Fig. 1. Carrier density dependent decays measured by MPCD (a) and FCA (b) methods. Lines are 

linear fits in semilog scale. Fitted lifetime values R are given on the plots. 

 

 

3.2. Excitation dependent PL spectra and decays 

The excitation-dependent PL spectra and time-resolved PL decays provided information about 

origin of radiative recombination mechanisms and presence of traps in the sample. The PL spectra 

at room temperature show two main PL bands, B1 and B2, centered at 3.19 eV and 2.96 eV, 

respectively (Figs. 2 and 3). Here, the B1 band corresponds to free carrier bandgap emission [8], 

while the B2 band points out to defect related emission being untypical for low C/Si ratio [2,23].  

The temperature dependent PL spectra (Fig. 2) show six distinguishable features. Here BX, 

1PB, 2PB correspond to bound exciton peaks, free exciton one- and two-phonon bands, respectively 

[24,25]. Nitrogen to hole trap donor-acceptor pair (DAP) emission at 1PB, 2PB corresponds to one 

and two phonon bands, respectively. At higher temperatures, 1PB and 2PB correspond to free 

carrier one- and two- phonon bands. BX ZPL phonon line observed at 3.25 eV corresponds to 

excitonic bandgap of EGX = 3.27 eV [24]. Using exciton binding energy in 4H-SiC of ~20 meV 

[26], bandgap of 3.29 eV can be determined. Taking into account that our sample is grown at C rich 

conditions, nitrogen is dominantly positioned at hexagonal and cubic sites with activation energies 
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Eh = 61.4 meV, Ec = 125.5 meV [5,25,27,28]. Nitrogen at hexagonal site is dominant in DAP 

luminescence [29]. The photon energy corresponding to infinitely separated donor and acceptor 

(with zero Coulomb interaction) was estimated from the low-energy cut-off of the broad DAP peak, 

by using relation EDAP = EG – ED – EA [30], to be  EDAP = 3.02 eV, latter provides the hole trap 

activation energy of 200 ± 20 meV. Note, spectra shapes did not change with excitation in 1.2- 4 

mW range, while the lateral and in-depth PL scans showed intensity variations only by few times 

(thus, indicating that DAP is not related to surface or structural defects). 

At T > 24 K bound exciton peaks are strongly quenched, whereas that of free carriers one- 

and two-phonon peaks are strongly enhanced jointly with DAP as free carriers concentration 

increases due to exciton ionization [21]. DAP band weakly changes on temperature, indicating that 

traps are not activated considerably. Nevertheless, the band-to-band and DAP 1PB peak differences 

remain similar as at low temperatures, providing ED + EA = 245 meV, leading to similar value of 

hole trap energy, 185 ± 20 meV. Enlargement of bound exciton luminescence region (Fig. 2b) 

shows presence of peaks at 382.1 nm (3.2448 eV), 381.7 nm (3.2482 eV), and 381.5 nm (3.2499 

eV), which correspond to nitrogen on cubic site, aluminum on hexagonal site, and aluminum on 

cubic site, respectively [25]. This indicates that aluminum should be active in the defect B2 band 

luminescence. Indeed, Al activation energy of 200 meV [25,31] well coincides with the determined 

one. 

 

 

2.8 2.9 3.0 3.1 3.2

10
3

10
4

10
5

BXFX 1PB

FX 2PB

DAP 2PB

 24 K

 50 K

 100 K

 150 K

 290 K

Energy (eV)

P
L
 I

n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

DAP 1PB

(a)

  

3.245 3.250

10
3

10
4

10
5

Energy (eV)(b)

1

2

3

 

Fig. 2. (a) Temperature dependent PL spectra, recorded at 355 nm and 4 mW excitation. (b) Bound 

exciton peaks: 1 – nitrogen on cubic site, 2 – aluminum on hexagonal site, 3 – aluminum on cubic 

site.  
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Nearly quadratic increase of B1-band intensity IPL with excitation, IPL ~ B N
1.92

, was 

observed (Fig. 3b) due to dominant free carrier recombination at bandgap IPL ~ B N
2
 [32] as exciton 

binding energy is low in SiC (~20 meV [26]). Therefore, R = 2 PL relation should hold for carrier 

lifetime determination, where PL is the PL lifetime. The observed spectrally-integrated PL decay 

times in B1 band (within 3.06–3.31 eV, Fig. 4a) are thus twice shorter than those of FCA and 

MPCD decays (compare Fig. 1 and Fig. 4a). Moreover, the DAP PL emission kinetics in B2 band 

(integrated in 2.80–3.00 eV interval, Fig. 4b) has the delayed intensity peak due to the filling of 

aluminum traps. 
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Fig. 3. (a) Time integrated (in 5 s window) excitation dependent PL spectra at 300 K. Two PL 

bands peaked at 3.19 eV (389 nm) and 2.96 eV (419 nm) were observed. (b) Excitation 

dependences of the bands TRPL decay (see Fig. 4) peak intensities. Line for B1 indicates linear fit, 

while curve for B2 is numerical fit (see details in the text). In (a) blue curve depicts band edge 

emission in low C/Si ratio 4H-SiC [23], while red one shows decomposed DAP impact. (c) PL trace 

in streak camera.  

 

 

The excitation dependence of defect band B2 intensity can be calculated as PL ~ N
0
Al

0
. 

Here N
0
 is the neutral nitrogen density, while Al

0
 is the density of photo-neutralized aluminum traps 

with EAl activation energy. Assuming that recombination is slow as compared to capture, the 

capture dynamics to the aluminum and nitrogen impurities can be described by equation [33]: 
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kTENNvNNnNg
dt

dN

kTENNvAlNpAlg
dt

dAl

NCCNetheNCNe

AlVVAlhthhAlVTh

/exp,

,/exp,

0

0

0
0

.                     (1) 

 

Here NV = 2.5×10
19

 cm
-3

 and NC = 1.9×10
19

 cm
-3

 are the density of states in the valence and 

conduction band, n and p are the concentrations of free electrons and holes, Al
-
 = NAl – Al

0
, N

0 
= NN 

– N
+
, where NAl  is the total density of aluminum traps consisting of neutral Al

0
 and ionized ones Al

-
 

=~ 3.5×10
14

 cm
-3

 (by nitrogen compensation), NN  = 1.4×10
15

 cm
-3

 is the nitrogen density, 

consisting of neutral N
0 

and ionized N
+
 state. Aluminum and nitrogen activation energies of ET = 

200 meV and EN = 60 meV were used, respectively. Solution of Eq. (1) at quasi-equilibrium 

conditions (assuming that electron capture is faster than recombination) for photo-neutralized 

aluminum traps is Al
0
 = (N

* 
+ NAl + N)/2 – [(N

* 
+ NAl + N)

2
/4 – ( N)·NAl]

1/2
 + n0Al

-
/PVAl, N

*
 = 

NVT/gh and for filled nitrogen as N
0
 = NN/(1+NCN/[ge(n0+ N)]). ge = 2 and gh = 4 are typical 

degeneracy factors for conduction and valence bands, respectively [34,35]. The relations at low 

excitations provide weakly filled Al traps of Al
0
 = 0.013×Al

-
 and low concentration of neutral 

nitrogen N
0
 = 2.8×10

12
 cm

-3
. Therefore, at low excitations the impurities are weakly neutralized and 

provide low PL signal, while with increase of excitation they are saturated with holes and electrons, 

when quasi-Fermi levels pass the Al and N trap levels. The fit according PL ~ N
0
Al

0
 relation is 

provided in Fig. 3b and well describes obtained results. Notable is that aluminum concentration is 

much lower than N
*
, thus the fit cannot provide its concentration.  

It is known that Al impurities can reduce carrier lifetime [36] with (NAl/5×10
18

 cm
-3

)
1.2

×20 

ns relation. For our sample with Al density of (3.5 ± 0.5)×1014 cm-3 the relationship would provide 3 

ms lifetime. For moderately Al doped 4×10
18

 cm
-3

 sample, when Al is mostly in neutral form (this 

Al
0
 state can capture electrons providing Al related recombination process), lifetime is reduced by 

20 ns [36], thus extrapolating to our Al concentration, we obtain Al related lifetime of 230 s, 

which still strongly exceeds observed one. Moreover, lifetime of 2.6 ms, observed in 2×10
17

 cm
-3

 

Al-doped SiC by MPCD [37] decreased with temperature increase due to Al activation to 120 s 

(note, that such large and reducing with temperature values can be due to Al
0
 activation in 

compensated samples [38]), which is opposite to our observations, indicating that temperature 

dependence of lifetime in our sample is governed by other kind of nonradiative defects which will 

be discussed in the next section. 
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Fig. 4. TRPL decays for B1 (a) and B2 (b) PL bands measured in large temporal window, straight 

lines are exponential fits, while rising curves in (b) are numerical fits providing defect filling and 

emptying times; inset in (b) shows the initial parts of five upper curves measured in small temporal 

window. Note that response function (dashed curve) is much faster than the PL build-up time.  

 

 

3.3. Excitation and temperature dependences of recombination lifetimes 

The dependences of lifetime on excitations in different time intervals of DT or MPCD decay (Fig. 

5) have shown gradually decreasing with excitation carrier lifetime. The latter effect is more 

pronounced at short delay times which is a consequence of density-dependent surface 

recombination rate S( N). The latter effect was found more pronounced in a thin layer, as described 

in detail in [13]. The spatio-temporal carrier distribution after photoexcitation was calculated using 

a balance equation (2) [39]. This procedure allowed calculation of the excess carrier in-depth profile 

N(z,t) in the epitaxial layer using standard boundary conditions [40] and taking into account 

carrier recombination in the bulk (by SRH lifetime SRH) and at the surface (total lifetime is 

descibed as 1/ tot = 1/ S + 1/ bulk), as well as temperature and injection dependent ambipolar 

diffusion coefficient D(T, N) in SiC [21,41]:  

 

),(),(
,

),(),(
,

),( 3

2

2

tzGtzNNC
NT

tzN

z

tzN
NTD

t

tzN
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.           (2)  
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Here G(z,t) = [ I0/h
 
]×exp(– z) is the carrier generation rate [3], where T) 

dependence was taken from [17]. The solution of Eq. (2) is determined by applying standard 

boundary conditions:  
z

tdN

NS

ND
tdN

,/0

)(

)(
,/0  where S( N) is the fitted surface 

recombination rate on layer surfaces [3]. The dependence of surface recombination rate on carrier 

density was determined by fitting tot in 30–130 ns delay intervals in the layer similarly as in [13], 

leading to Sinit and consequently S( N) = 140×(1+2 N/n0)
1/2

 cm/s , being 3 times lower than in a 

thin layer [13] due to better surface polishing conditions. In present work lower S and larger d favor 

to more precise determination of bulk lifetime.  

The determined S value provided S at different excitations and thus bulk lifetime 

depencence on excitation was extracted; the latter was governed by SRH lifetime (as impact of 

nonlinear recombination [21] is rather weak at low excitations). It was found, that bulk lifetime 

decreased from 4 s to 460 ns with excitation (Fig. 5, solid line), while the stabilised surface 

recombination time Sstab = d/2S + (d/ )
2
/D [42] was found much longer (in range of 46 s to 6 s). 

Therefore, bulk carrier lifetime value in stabilised conditions after 3 s (in 4300-4500 ns range, see 

Fig. 6) is presumably governed by SRH recombination. The modeling has shown that impact of 

Auger recombination (with coefficient of C( N) = 5×10
-31 

+ 7×10
-13

/ N cm
6
/s [21]) is negligible in  

excitation range up to N <   10
17

 cm
-3

, but above this density induces fast lifetime reduction (see 

kink in Fig. 5 and the dashed line). 
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N
2
. Experimental points are scattered due to lifetime determination errors. Long-dashed, short-

dashed, dotted and dash-dotted lines show Auger, SRH, Z1/2 -related and stabilized surface 

lifetimes, respectively.   

 

 For analysis of bulk( N) dependence, leading to lifetime decrease with excitation at N > 

10
14

 cm
-3

 (Fig. 1), the SRH recombination model [43] on traps was applied. We assumed that the 

hole traps govern the recombination process in the studied n-type sample. The shallow traps are 

assumed positively charged by capturing hole and after that electron capture occurs. Below, the 

model based calculations are given for the case when the initially filled trap concentration NT
+
 is 

much lower than the carrier density, i.e. N + n0 > NT
+

. The latter condition was verified by NT
+ 

calculations (see values above using Eqs. (1) as an outcome of faster trap thermal emptying than 

filling as N
*
 >> NT). Thus, the SRH lifetime in our n-type 4H-SiC layer can be expressed as follows 

[43]: 

 

NnNNNNn VTeCThSRH 00 / .         (3)   

 

Here, e and h are electron and hole lifetimes, n0 is the equilibrium electron concentration 

due to shallow nitrogen donors, kTEENN CTCCT /exp  is the electron concentration in 

conduction band when Fermi level is equal to defect level ET, kTEENN TVVVT /exp  is 

the hole concentration in the valence band when Fermi level is equal to ET. NCT in latter would be 

negligibly small and thus was disregarded. Here, 
etheTe vN/1 , 

hthhTh vN/1 , 

*
//8 edeth
mkTv , and 

*
//8 hdhth
mkTv  are electron and hole lifetimes and thermal 

velocities, respectively; e and h are electron and hole capture cross sections to the trap, with NT 

density, respectively. Solid lines in Fig. 5 indicate tot fits (1/ tot = 1/ SRH( N,T) + 1/ Sstab( N,T) + 

1/ Z1/2( N,T)  for upper curve and 1/ tot = 1/ SRH( N,T) + 1/ Sinit( N,T) + 1/ Z1/2( N,T) for lower 

curve. Therein Sstab( N,T) and Sinit( N) are stabilised and initial surface lifetimes as determined by 

numerical simulation by Eqs. (2) in 4 s and 30-130 ns intervals, respectively. The Z1/2( N,T) is 

Z1/2 defect recombination lifetime, calculated according model described in [1]. Using 4H-SiC med = 

0.37 m0, mhd = 1.0 m0, the thermal velocities vth e = 1.4×10
7
 cm/s and vth h= 0.8×10

7
 cm/s were 

calculated. The high injection lifetime at 300 K is 460 ns. Using NC(T) = 1.9×10
19

 (T/300)
3/2

 cm
-3

 , 

NV(T) = 2.5×10
19

 (T/300)
3/2

 cm
-3

 [44], n0 = 10
15

 cm
-3

, and Eq. (3), we determine in Fig. 5 NVT/n0 = 
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16, which leads to ET = 190 meV, and finally h = 100 ns and e = 360 ns. At low excitations traps 

are filled only partially with NT
+
/NT

0
 =

 
n0/NVT = 0.06 factor, thus electron recombination is slowed 

down to 16×360 ns = 5.8 s. Decrease of lifetime with excitation is due to increase of trap filling 

with holes and thus faster electron capture to them. 

In Fig. 6, experimental data of lifetime temperature dependence (obtained from slow FCA 

decay tails at N ~ 10
16

 cm
-3

 and almost stabilized profile conditions) are compared with carrier-

capture times by the shallow defect. Assuming h ~ T
0
 is temperature independent (neutral trap 

[45], similarly as for Z1/2 [1]), while the electron lifetime increases with temperature, e ~ T 
-2

 

(Coulombic trap [45]), we fitted the temperature dependence as shown by solid line in Fig. 6a. The 

dotted line indicates simulated by Eq. (3) bulk lifetime bulk, while the dashed lines – the surface 

lifetime Sstab, calculated using the determined S value of 640 cm/s (at 10
16

 cm
-3

, 300 K and taking 

S(T) ~ exp(– B/kT), where B = ~260 meV [40] is the surface defect capture barrier). Also electron 

and hole lifetime temperature dependences are indicated by thin dashed lines. Deviation of the fit 

from data at T > 400 K could be due to partially unstabilized carrier profile (absorption coefficient 

strongly increases with temperature increase [17] while D(T) decreases [21], thus carrier density 

profile stabilization time is much longer as Sstab = d/2S + (d/ )
2
/D). Overall in the fit we used the 

same ET = 190 meV trap and corresponding electron and hole lifetimes e = 360×(T/300)
3/2

 ns and 

h = 100×(T/300)
-1/2

 ns, respectively; and temperature dependent NVT.  
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Fig. 6. Carrier lifetime temperature dependence at N ~10
16

 cm
-3

 >> NT
+
, n0 (a) and density 

dependent defect decay fitting parameters as determined from TRPL (b). Lines are numeric fits (see 

descriptions in the text). 
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Fig. 6b presents PL rise-times, r, and fall-times, f (i.e. defect filling and emptying times), 

as follows from fitting the TRPL kinetics (see Fig. 4b). The fall-time varies with excitation in the 

same interval as carrier lifetime in Fig. 4b; however, it has larger values than PL, which indicates 

for hole accumulation in Al
-
 states. The fall-time of PL signal is described using instantaneous 

lifetime fit fall = –x/(dx/dt), where x = NT
+
( N)×N

0
( N) ~ PLB2 ~ N

1.5
 of band 2 and fall = R/1.5. 

The latter fit is provided by the upper curve in Fig. 6b. However, DAP band B2 PL intensity is 

almost quadratic at low excitation (see Fig. 3b) which appears due to slow ionized aluminum filling 

with excited holes at low excitations, as their density partially decreases due to surface 

recombination and causes deviation from the numeric fit at low N. The B2 exhibited saturation 

attributable to saturation of nitrogen and aluminum traps at high excitation, as PL ~ N
0
Al

0
 (see latter 

fit in Fig. 3b, calculated by Eq. (1)). 

The band B2 rise-time (defect filling time) is shortening with excitation and showing 

saturation at the highest carrier densities. The rise-time fit of defect band can be obtained by 

equation PL(t) = Nt2(1 – (1– Nt1/Nt2)×exp(–t/ r))×exp(–t/ f), where indices 1 and 2 correspond to 

the initial and final concentrations of filled nitrogen traps derived by Eqs. (1). The fits provided in 

Fig. 4b were convoluted with response functions of 40 ns and 3 ns at FWHM in 5 s and 200 ns 

windows, respectively. It was observed that rise-time decreases with excited carrier density as at 

higher carrier density defect filling is faster, and is provided by relation 
ether vnN 0/1 . 

Fitting of it in Fig. 6b provides e = 3.5×10
-16

 cm
2
 for electron capture to N

+
 center. For nitrogen 

electron capture cross section is 1.6×10
-13

 and 4×10
-15

 for 140 and 90 meV species, respectively 

[46]. Taking into consideration lower cross section for 90 meV nitrogen species (our species are 

shallower (60 meV), thus can have lower cross section), the latter can be responsible for our 

risetime. Aluminum capture cross section for holes is much larger (0.3 – 4.5)×10
-12 

cm
2
 [46]. In 

literature boron provides hole capture cross section of (1.8 – 10)×10
-14 

cm
2
 and ~300 meV 

activation energy [41], thus it would not explain the observed slow risetime and DAP spectra. 

Equation (3) predicts longer lifetime for less doped sample. This tendency of minority 

carrier lifetime decrease in 1400-400 ns range with n0 increase from 10
15

 to 10
16

 cm
-3

 has been 

observed in [7] in 4H-SiC with low Z1/2 concentration, ~2×10
12

 cm
-3

. It is notable, that lifetime 

decrease by order of magnitude with excitation increase in our studied bulk sample is in strong 

contrast with lifetime increase with excitation in bulk 4H-SiC, reported by [1]. In the latter samples, 

typical Z1/2 defects with Ea ~ 0.6 eV were dominant with ~10
13

 cm
-3

 concentration. Thus we show 

that other defects dominate excitation dependent recombination rate in our studied sample. Our 
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approach provides 4.5 s minority carrier lifetime for 10
15

 cm
-3

 equilibrium electron density. In 

comparison, few times longer lifetime (~13 s) has been  observed in low doped 5-7×10
14

 cm
-3

 

samples with lower Z1/2 densities (< 10
12

 cm
-3

) [47], and even longer liftime (of ~ 48 s) in 235 m 

thick sample with 10
14

 cm
-3

 doping [5]. In such cases, Z1/2 are eliminated, but the impurity defects 

as titanium and other hole traps can govern the process of recombination. 

Recently, Ti doped 5×10
14

 cm
-3

 and N codoped 5×10
18 

cm
-3

 4H-SiC provided minority 

carrier lifetime of 10 ns at RT [48]. According to equation (3), the high n-type doping gives 

conditions when Ti would be filled with electrons and lifetime would be limited by minority hole 

capture to Ti
-
. Electron and hole lifetime relations e = 360×(T/300)

-1/2
 ns and h = 100×(T/300)

3/2
 

ns can be obtained using instead of hole an 170 meV electron trap in Eq. (3). Ten times shorter hole 

lifetime at RT in our sample would provide 5×10
13

 cm
-3

 concentration of Ti, and electron and hole 

capture cross sections of e = 4×10
-15

 cm
2 

and h = 2.5×10
-14

 cm
2
 at RT according 

etheTe vN/1
 
and 

hthhTh vN/1
 
relations, respectively. In literature similar e = 3×10

-15
 

cm
2
 and activation energy 160 meV for Ti on cubic site were reported [12,49]. The Ti concentration 

for high quality 4H-SiC grown in C rich conditions is known to be in (2-11)×10
13

 cm
-3

 range [12]). 

However, Ti concentration of (0.5-5)×10
12

 cm
-3

 is typical for the herein studied 4H-SiC, grown by 

chemical vapor deposition [50]. In case Ti would dominate luminescence, an additional 90 meV 

hole trap above valence band with low capture cross section should be present in PL spectra in 

order to explain slow risetime of DAP band. 

The determined unknown shallow trap can be more plausibly ascribed to silicon vacancy 

defects as samples grown at carbon rich conditions lack in silicon atoms. The silicon vacancy VSi 

(0/-) at EC – 930-985 meV [51] has low anneal temperature of ~800˚C thus its formation during 

growth is questionable. However, in the presence of small amounts of intrinsic impurities as boron 

and nitrogen complexes of the silicon vacancies VSi are possible with them forming hole traps (+/0 

charge states): with boron BCVSi at EV + 190 meV, with nitrogen NSiVSi at EV + 500 meV [52]. 

Moreover, HS1 trap with large 2×10
-14

 cm
2
 hole cross section attributed to silicon antisite SiC with 

position at EV + 210-240 meV activation energy was determined [2,12,53]. Latter would provide 

6×10
13

 cm
-3

 trap density in our sample, and 3.5×10
-15

 cm
2
 its electron cross section. In comparison, 

boron hole capture cross section is similarly large 2×10
-14

-10
-13

 cm
2
 [46] and typical boron 

concentrations for herein studied samples are (1-5)×10
13

 cm
-3

 [50], indicating BCVSi trap is very 

plausible. Moreover, recently boron doping was used to reduce lifetime down to 30 ns [54]. Further 

investigations are needed for determining titanium impact and the shallow hole trap origin and its 

passivation route needed for 4H-SiC lifetime enhancement at high excitations. 
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4. Conclusions 

We conclude that combination of microwave photoconductivity, temperature- and time-resolved 

photoluminescence, and free carrier absorption techniques allowed to gain deeper insight into 

recombination pathways in 4H-SiC with low Z1/2 defect density. The unusual bulk lifetime decrease 

with excitation from 4 s to 460 ns, observed in bulk 4H-SiC crystal, was explained due to 

dominant impact of plausibly silicon vacancy related shallow hole traps at EV + 0.19 eV.  Surface 

and nonlinear recombination impacts were verified to be much weaker. Modeling of excitation 

dependent electron and hole capture by these traps provided electron (hole) lifetimes of 360 ns (100 

ns) at 300 K, correspondingly. The increase of lifetime with temperature was modeled with the 

same 190 meV intrinsic trap, which governs electron lifetime increase with temperature due to its 

thermal activation and capture cross section reduction for electrons. Much lower shallow (~60 

meV) nitrogen impurity capture cross section for electrons of 3.5×10
-16

 cm
2
 was determined from 

420 nm nitrogen-aluminum DAP band photoluminescence risetime becoming shorter with 

excitation. 
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