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a  b  s  t  r  a  c  t

In  this  paper  we present  the  current  status  of  modelling  the time  evolution  of  the transient  conductiv-
ity  of  photoexcited  semi-insulating  (SI)  4H–SiC  taking  into  account  the  properties  of  defect  centres.  A
comprehensive  model  that includes  the presence  of six,  the  most  significant,  point  defects  occurring  in
SI  4H–SiC  crystals  is  presented.  The  defect  centres  are  attributed  to the  two  kinds of  nitrogen-related
shallow  donors,  a boron-related  shallow  acceptor,  deep  electron  and  hole  traps,  and  the  Z1/2 recombi-
nation  centre.  We  present  the  results  of  the  state-of-the-art  numerical  simulations  showing  how  the
photoconductivity  transients  change  in  time  and how  these  changes  are  affected  by  the  properties  of
defect  centres.  The  properties  of defect  centres  assumed  for modelling  are  compared  with  the  results
of  experimental  studies  of  deep-level  defects  in  high  purity  (HP)  SI 4H–SiC  wafers  performed  by  the
hotoconductive switch high-resolution  photoinduced  transient  spectroscopy  (HRPITS).  The  simulated  photoconductivity  tran-
sients are also compared  with  the  experimental  photocurrent  transients  for  the  HP SI  4H–SiC  wafers
with  different  deep-level  defects.  It  is  shown  that  a high-temperature  annealing  producing  the C-rich
material  enables  the  fast photocurrent  transients  to  be achieved.  The  presented  analysis  can  be  useful
for  technology  of SI 4H–SiC  high-power  photoconductive  switches  with  suitable  characteristics.

©  2017  Association  of Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Recently developed wide-band-gap semi-insulating semicon-
uctor materials like GaAs [1,2], GaN [3–5] or SiC [3,6–8] are used

n the production of new semiconductor devices. One kind of such
evices are photoconductive semiconductor switches (PCSSs). A
uperior material for its applications in electricity transfer equip-
ent requiring high voltage and high speed is 4H–SiC. Devices
ade of the material are characterized by photoconductivity rise

imes of 1–10 ns and are capable of blocking DC electric fields above
00 kV cm−1 as well as switching 20 kV at 250 A [9]. It is worth
dding that devices made of SI 4H–SiC can work at higher temper-
tures, up to ∼300 ◦C.

At present, for device manufacturing, high-purity semi-

nsulating (HPSI) 4H–SiC single crystals grown by physical vapour
eposition (PVT) or high temperature chemical vapour deposition
HTCVD) are used [10,11]. The high resistivity of this material at
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room temperature may  be in the range of 107–1011 � cm and it is
achieved by defect engineering resulting in reducing the concen-
trations of shallow donors and shallow acceptors and introducing
native deep-level defects whose concentrations are controlled by
the crystal growth conditions. The well-known deep electron trap
in 4H–SiC is the Z1/2 centre with an activation energy for electron
emission of ∼0.63 eV. The concentration of this centre is dependent
on the crystal stoichiometry and in C-rich crystals is substantially
reduced. The Z1/2 defect is an amphoteric negative-U centre having
the donor (0/+) level located closer to the conduction band min-
imum than the acceptor level (−/0) [12,13]. The experimentally
observed electron thermal emission to the conduction band occurs
from an effective acceptor level located between the two levels.
Apart from the Z1/2 centre, a number of other deep defect cen-
tres with activation energies ranging from 560 to 1530 meV  that
may  be involved in the charge compensation have been observed
in SI 4H–SiC [14]. The observed deep centres are mainly associ-
ated with carbon vacancies (VC), silicon vacancies (VSi), carbon
antisite–vacancy pairs and divacancies V V [15].
C Si

For applications in photoconductive switches it is necessary to
know how physical properties of the material, like doping and
defects parameters, affect electrical properties of the final device.
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or this purpose, a dedicated numerical simulation is very useful.
 literature review shows that significant information is present

n time evolution of the material’s photoconductivity following
ts illumination, which has been observed both experimentally
nd as computer simulations [6,9,16–19]. It has been shown that
he photoconductivity transients can be of various shapes which
re dependent on the defect centres properties [20,21]. Typically,
he simulations consist of numerical solutions to the continuation
quations, as well as equations describing processes of band-to-
and transitions of charge carriers (generation and recombination)
nd processes of exchange of the carriers between defect centres
evels and conduction and valence bands (trap occupancy models).
owever, models on which the simulations are based consider only

 small number of defect centres, and the effect of capture and emis-
ion processes, occurring with the involvement of specific defect
entres, have not been studied to explain the changes in photocon-
uctivity as a function of time. Therefore, in this paper we  fill the
ap for the photoexcited SI 4H–SiC.

For the first time shown is a time evolution of changes in
oncentration of charge carriers at individual defect levels which
as determined based on comprehensive model of the 4H–SiC
aterial [22]. It includes the presence of many defects, six most

ignificant, occurring in actual material, parameters of which were
btained from experimental measurements [23–26]. They involve:
wo kinds of nitrogen-related shallow donors, a boron-related shal-
ow acceptor, a deep electron trap, a deep hole trap and the Z1/2
ecombination centre. By performing numerical simulations, the
odel enables conducting studies of time parameters of photo-

onductivity transients and changes in photoconductivity alone
esulting from different degree of defect levels filling influenced
y different values of the material’s parameters. It allows also to
orrelate time changes of excess electrons and holes concentra-
ions in the conduction and valence bands, respectively, with rates
f capture of excess charge carriers by defect centres and with rates
f thermal emission of the carriers from defect levels to the bands.

The demonstrated simulator can be used not only for designing
he high-power PCSSs, but also it can represent a module of a diag-
ostic system used for the characterization of defect centres and
etermination of their concentrations [27,28].
. Defect centres and material properties

Fig. 1 shows positions of energy levels in the SI 4H–SiC band gap
ttributed to the main known defect centres that take part in the

ig. 1. Illustration of energy levels in the SI 4H–SiC band gap (at 300 K) assumed
or the numerical simulations of the photoconductivity time evolution. The labels
D1, SD2, SA, ET, HT, RC and EF mark levels of two  types of shallow donors as well
s  the levels of shallow acceptor, deep electron trap, deep hole trap, recombination
entre and the Fermi level, respectively. The arrows indicate direction of the electron
ransitions between the levels and the bands. The excess electron–hole pairs are
hoto-excited through electron transitions from the valence (VB) to conduction (CB)
and.
s Review 25 (2017) 171–180

charge compensation resulting in the material’s semi-insulating
properties [22]. Among these defect centres there are the two  kinds
of shallow donors (SD1 and SD2) attributed to nitrogen, the shal-
low acceptor (SA) attributed to boron, the deep electron trap (ET)
associated with the known ID9 centre, the deep hole trap (HT) asso-
ciated with the known HK3 centre and the recombination centre
(RC) related to the Z1/2 defect. It is worth noting that in the 4H–SiC
lattice there are two  inequivalent sites: hexagonal (h) and cubic
(k), and point defects located at different sites may have different
activation energies.

Thus, the shallow donors levels SD1 and SD2 are associated with
the nitrogen atoms substituting carbon atoms located at the h and
k lattice sites, respectively [23]. As it is shown in Fig. 1, these levels
act as the shallow electron traps. The shallow acceptor level (SA),
acting as the shallow hole trap, is formed by boron atoms substi-
tuting the Si atoms located either at the h or k lattice sites [23].
The ID9 deep electron trap (ET level) is presumably related to a
carbon vacancy (VC) [23] and the HK3 deep hole trap (HT level)
can be tentatively identified with a silicon vacancy (VSi) [24]. It
should be noted that the HK3 centre, observed by deep level tran-
sient spectroscopy (DLTS), is probably related to the same defect,
known as the ID centre, whose properties were studied by electron
paramagnetic resonance (EPR) [25]. In view of the results of our
previous studies, the Z1/2 centre is likely to be formed by the two
types of divacancies: a divacancy involving carbon vacancy at the h
site and silicon vacancy at the k site (VC

hVSi
k) as well as a divacancy

involving carbon vacancy at the k site and silicon vacancy at the h
site (VC

kVSi
h) [23,26]. The properties of defect centres introducing

these levels are listed in Table 1.

The Fermi level position in the band gap as a function of tem-
perature is calculated by solving the charge neutrality equation:

n0 − N+
SD1 − N+

SD2 − N+
ET = p0 − N−

SA − N−
RC − N−

HT (1)

where n0 and p0 are equilibrium concentrations of electrons and
holes, N+

SD1, N+
SD2 and N+

ET are the concentrations of ionized SD1, SD2
and ET donors, N–

SA, N–
HT and N–

RC are concentrations of ionized
acceptors SA, HT and RC, assuming that NSD, NSA, NET, NHT and NRC
are the total concentrations of shallow donors, shallow acceptors,
electron traps, hole traps and recombination centres, respectively.

Calculated from the neutrality Eq. (1) the Fermi level at
300 K with respect to the top of the valence band is equal to
EF = 2.536 eV. The concentration of electrons in the conduction band
is equal to n0 = 3.03 × 107 cm−3, and the holes concentration in the
valence band is approximately equal to zero. Assuming that the
mobilities of electrons and holes equal �n = 950 cm2 V−1 s−1 and
�p = 150 cm2 V−1 s−1, respectively, it was  calculated that the dark
conductivity of the material is �0 = 4.62 × 10−9 �−1 cm−1, corre-
sponding to resistivity � = 2.16 × 108 � cm.  The concentrations of
electrons occupying the energy levels in the bandgap are also calcu-
lated using the neutrality equation. The equilibrium concentration
of electrons at the levels SD1 and SD2 are nSD1 = 1.23 × 105 cm−3

and nSD2 = 6.26 × 105 cm−3, respectively, which means that these
levels are fully ionized. On the other hand, the levels SA and
HT are completely filled with electrons. The equilibrium electron
concentration at the ET level is nET = 3.73 × 1012 cm−3 and in the
recombination centres RC it is nRC = 9.63 × 1013 cm−3. So, the defect
ET is filled at room temperature in 0.7% and the degree of filling the
centres RC is 12%.

3. Rate equations
The phenomena associated with the emission and capture of
excess electrons and holes by defect centres after switching on the
photoexcitation of electron–hole pairs are modelled with the set
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Table  1
Defect centres properties assumed for the kinetic simulation of 4H–SiC.

Defect label Defect type Capture cross-section (cm2) Activation energy (eV) Concentration(cm−3) Identification

Electrons Holes

SD1 Shallow donor ∼4.0 × 10−20 – Ec − 0.050 5 × 1015 NC in h site [23]
SD2 Shallow donor ∼4.0 × 10−19 – Ec − 0.092 5 × 1015 NC in k site [23]
ET Electron trap ∼1.2 × 10−15 – Ec − 0.555 5 × 1014 ID9 [23]
RC Recombination centre 1.3 × 10−14 1.0 × 10−14 Ec − 0.630 8 × 1014 Z1/2 centre [23,26]
HT Hole trap – ∼3.1 × 10−14 Ev + 1.125 7 × 1014 ID centre [25],  HK3 trap [24]
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where �n and �p are capture cross-sections for electrons and holes,
respectively, and v and v are the mean thermal velocities of elec-
SA Shallow acceptor – ∼3.1 × 10−17 E

f differential-type rate equations The rates of changes in the elec-
ron and hole concentrations on the levels of the defect centres are
escribed by equations from (2) to (7). The rate of change in the
xcess electron concentration in the conduction band and the rate
f change in the excess hole concentration in the valence band are
escribed by Eqs. (8) and (9), respectively.

dn1(t)
dt

= n(t)cSD1

(
NSD

2
−  n1(t)

)
︸ ︷︷  ︸

capture

− eSD1n1(t)︸  ︷︷  ︸
emission

(2)

dn2(t)
dt

= n(t)cSD2

(
NSD

2
−  n2(t)

)
︸ ︷︷  ︸

capture

− eSD2n2(t)︸  ︷︷  ︸
emission

(3)

dn3(t)
dt

= n(t)cET(NET − n3(t))︸  ︷︷  ︸
capture

− eETn3(t)︸  ︷︷  ︸
emission

(4)

dn4(t)
dt

= n(t)cRCn (NRC − n4(t))︸  ︷︷  ︸
n capture

− eRCn n4(t)︸  ︷︷  ︸
n emission

− p(t)cRCp n4(t)︸  ︷︷  ︸
p capture

+eRCp (NRC − n4(t))︸  ︷︷  ︸
p emission

(5)

dp1(t)
dt

= eSAp1(t)︸  ︷︷  ︸
emission

− p(t)cSA(NSA − p1(t))︸ ︷︷  ︸
capture

(6)

dp2(t)
dt

= eHTp2(t)︸  ︷︷  ︸
emission

− p(t)cHT(NHT − p2(t))︸  ︷︷  ︸
capture

(7)

dn(t)
dt

= eSD1n1(t) − n(t)cSD1

(
NSD

2
−  n1(t)

)
︸ ︷︷  ︸

1

+ eSD2n2(t) − n(t)cSD2

(
︸ ︷︷  

2

+ eETn3(t) − n(t)cET (NET − n3(t))︸  ︷︷  ︸
3

+ eRCn n4(t) − n(t)cRCn (NRC − n4(︸  ︷︷  

4

dp(t)
dt

= eSAp1(t) − p(t)cSA(NSA − p1(t))︸  ︷︷  ︸
1

+ eHTp2(t) − p(t)cHT(NHT − p︸  ︷︷  

2

+eRCp p3(t) − p(t)cRCp (NRC − p3(t))︸  ︷︷  ︸
3

− p(t)
�p︸︷︷︸
4

+ G

It is worth noting that Eq. (8), which determine the rate of the
xcess electron concentration change in the conduction band, takes
nto account the thermal emission rate e and the capture coeffi-
ient c of electrons associated with the shallow donor levels SD1
nd SD2 (components labelled as 1 and 2, respectively). The pro-

esses of electrons exchange between conduction band and the ET
nd RC levels are described by the components labelled as 3 and
, respectively, and process of direct band-to-band recombination
85 9.7 × 1015 BSi in both h and k sites [23]

−  n2(t)
)
︸

n(t)
�n︸︷︷︸
5

+ G
(8)

(9)

is described by the component labelled as 5 and the electron–hole
pairs generation rate is represented by G.

Eq. (9), in turn, describes the rate of the excess hole concentra-
tion change in the valence band and it depends on the exchange
rates of holes between the valence band and the centres SA, HT, RC
(components labelled as 1, 2 and 3, respectively). Additionally, the
concentration of holes in the valence band depends on the recombi-
nation process (component labelled as 4) and on the electron–hole
pairs generation rate G.

For the time dependent electron concentrations on the levels
of defect centres SD1, SD2, ET designations n1(t), n2(t) and n3(t),
respectively, were introduced. Similarly, the time dependent hole
concentrations on the levels of defect centres SA and HT were des-
ignated by p1(t) and p2(t), respectively, and the time dependent
electron concentration on the recombination level RC is given by
n4(t). The time dependent hole concentration p3(t) on the recom-
bination centre level included in Eq. (9) is determined by the
difference between the concentration of the recombination centres
NRC and the electron concentration n4(t). The rate in the change of
the electron concentration n4(t) is described by Eq. (5) that includes
the processes of the thermal emission of electrons to the conduc-
tion band and their capture from this band as well as the processes
of the thermal emission of holes to the valence band and their cap-
ture from this band. All the processes of the capture and the thermal
emission and of charge carriers from the defect centres assumed in
equations from (2) to (9) are marked in Fig. 1. The parameter that
specifies the rate of electrons and holes recombination processes,
i.e. lifetime, can be expressed as [29]:

�n = 1
NRC�nvn

, (10)

�p = 1
NRC�pvp

, (11)
n p

trons and holes, respectively, depending on their effective masses
and the temperature, respectively. The rates of electrons and holes
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ig. 2. Time evolution of the SI 4H–SiC photoconductivity simulated for T = 300 K a
odel  for SI 4H–SiC defect structure. (a) The linear scale for the time axis. (b) The lo

apture for a given defect centre are characterized by the capture
oefficients cn and cp, respectively, given by:

n = �nvn, (12)

p = �pvp, (13)

here �n and �p are capture cross-sections for electrons and holes,
espectively. The thermal emission rates of electrons en or holes ep

rom a defect centre to the conduction or valence band, respec-
ively, are described by the expressions:

n = �n�nT2 exp
(−Ean

kBT

)
, (14)

p = �p�pT2 exp
(−Eap

kBT

)
, (15)

here T is the absolute temperature, Ean is the activation energy
elative to the bottom of the conduction band for electrons emission
rom a defect centre, Eap is the activation energy for holes emission
elative to the top of the valence band from a defect centre, and kB is
he Boltzmann constant. The coefficients �n and �p are dependent
n the electron and hole effective masses and are equal 2.5 × 1021

nd 3.26 × 1021 cm−2 s−1 K−2, respectively.
In the simulation process, the set of Eqs. (2)–(9) is numer-

cally solved with MATLAB software using variable time step
unge–Kutta–Fehlberg method.

. Time evolution of SI 4H–SiC photoconductivity

The time dependent photoconductivity �(t) for semi-insulating

aterials can be described using the time dependent excess

lectron concentration in the conduction band n(t) and the time
ependent excess hole concentration in the valence band p(t):

(t) = q[�nn(t) + �pp(t)], (16)

ig. 3. Time evolution of the excess electron concentration in the conduction band of 

 = 3.31 × 1020 cm−3 s−1 using the proposed model for SI 4H–SiC defect structure. (a) The 

ine  depicts the changes of the excess electron concentration in time obtained from the
lectron recombination rate characterized by the lifetime �n.
 generation rate of electron–hole pairs G = 3.31 × 1020 cm−3s−1 using the proposed
mic scale for the time axis.

where q is the elementary charge, and �n and �p are the electrons
and holes mobilities, respectively.

Using the proposed model for the defect structure of SI 4H–SiC,
the time evolution of the photoconductivity �(t) was  simulated
for switching on the photoexcitation with the generation rate of
electron–hole pairs G = 3.31 × 1020 cm−3 s−1 and T = 300 K. The tran-
sient photoconductivity waveforms are presented in Fig. 2 using the
two time scales: the linear one (Fig. 2(a)) and the logarithmic one
(Fig. 2(b)). The waveforms showing the photoconductivity evolu-
tion in the logarithmic scale are particularly useful for analysing the
rise in the conductivity occurring after the very short time from
switching on the photoexcitation. This is of great importance for
using SI 4H–SiC in high-speed switching systems.

It can be seen from Fig. 2(a) that after 10 �s the photocon-
ductivity transient saturates and the conductivity value stabilizes
at �(10 �s) = 2.94 × 10−4 �−1 cm−1. For this steady condition, the
calculated quasi-Fermi levels for electrons and holes are equal to
EFn = 2.82 eV and EFp = 0.42 eV with respect to the top of the valence
band. The logarithmic scale on the time axis (Fig. 2(b)) reveals in the
photoconductivity waveform the presence of two processes. The
first one is fast and occurs during the first 20 ns from the moment
of switching on the photoexcitation. The second one is much slower
and it is visible in the range from 1 to 10 �s after switching on the
photoexcitation.

The changes in time of the excess electron concentration
in the conduction band are presented in Fig. 3. The wave-
forms represent the solutions of Eq. (8). The equilibrium electron
concentration in the conduction band before photoexcitation is
n(0) = 3.03 × 107 cm−3. At the steady state seen at t = 10 �s from
the start of the photoexcitation, the excess electron concentration
is n = 1.61 × 1012 cm−3. For comparison, the dotted lines depict a

waveform corresponding to the simple model based only on the
difference between the generation and recombination rates of elec-
trons characterized by the electron lifetime �n = 7.22 × 10−9 s. The
excess electron concentration in accordance with the simple model

SI 4H–SiC simulated for T = 300 K and the generation rate of electron–hole pairs
linear scale for the time axis. (b) The logarithmic scale for the time axis. The dotted

 simple model based only on a difference between the generation rate G and the
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Fig. 4. Time evolution of the excess hole concentration in the valence band of SI 4H–SiC simulated for T = 300 K and the generation rate of electron–hole pairs
G  = 3.31 × 1020 cm−3 s−1 using the proposed model for SI 4H–SiC defect structure. (a) The linear scale for the time axis. (b) The logarithmic scale for the time axis. The
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otted  line depicts the changes of the excess hole concentration in time obtained f
ole  recombination rate characterized by the lifetime �p.

s the product of G�n and after the time t = 10 �s it is equal to
 = 2.39 × 1012 cm−3. Thus, the excess electron concentration in the
onduction band calculated when the proposed model is used is
ignificantly different from that of obtained for the simple model.
n other words, the time dependence of the excess electron concen-
ration is strongly affected by the properties and concentrations of
efect centres in SI 4H–SiC.

The changes in time of the excess hole concentration in the
alence band, determined by the solution of Eq. (9), are presented
n Fig. 4. The equilibrium hole concentration in the valence band
efore the photoexcitation is very close to zero. At the steady state
een at t = 10 �s from the start of the photoexcitation, the excess
ole concentration is p = 2.44 × 1012 cm−3. Thus, at t = 10 �s the
xcess hole concentration in the valence band is about two times
arger than the excess electron concentration in the conduction
and. It is worth noting that the in our model the lifetime of holes

s 1.07 × 10−8 s and it is significantly longer than that of electrons
qual to 7.22 × 10−9 s. The waveform marked with the dotted line
epict the results of computations for a simple model, similarly to
he changes in the excess electron concentration in the conduction
and. The excess hole concentration, as determined by using the
imple model, is the product of G�p and at the time of t = 10 �s is
qual to p = 3.54 × 1012 cm−3. It should be added that the excess
lectron concentration in the conduction band has the greater
mpact on the photoconductivity than the excess hole concentra-
ion in the valence band. This is due to the fact that the mobility of
lectrons in SI 4H–SiC is 6.33 times greater than that of holes.
ig. 5. The time dependences of the rates of changes in the excess electron concentratio
D1  (a) and SD2 (b) shallow defect centres. The effects of the thermal emission of electro
re  demonstrated.
e simple model based only on a difference between the generation rate G and the

5. Effect of defect centres on the excess electron
concentration in the conduction band

Fig. 5 presents the time evolution of the rate of change in
the excess electron concentrations related to shallow donor cen-
tres SD1 (Fig. 5(a)) and SD2 (Fig. 5(b)) as a result of illumination.
Presented waveforms are solutions to Eqs. (2) and (3) and show
separately the process of thermal emission of electrons from the
defect centres to the conduction band and the process of electrons
capture by the defect centres from the conduction band, as well
as the resultant behaviour. The exchange of electrons between the
conduction band and the defect centres acts differently for the ther-
mal  emission and for the capture process. It can be seen, that for
both defect centres the first process to appear is the capture process,
which after a time of about 10 ns reaches the equilibrium state tem-
porally. Next, after a time of about 100 ns the influence of thermal
emission of electrons from the defect centres and further increase in
the rate of capture can be seen. Eventually, after several microsec-
onds the capture and thermal emission processes reach the same
rate level (mutual balance).

Fig. 6 presents the time evolution of concentrations of electrons
trapped in the shallow donor centres SD1 and SD2. They correspond
to the waveforms shown in Fig. 5. Again, after a time of t = 10 �s the
processes of capture and thermal emission of electrons are in a
balance and the changes in electrons concentration reach a steady
state. After applying the photoexcitation, electron concentration on
the level SD1 at the time of t = 10 �s is equal to 3.28 × 109 cm−3 and
on the level SD2 it is equal to 1.66 × 1010 cm−3. It can be seen that
the illumination resulted in a minimum filling of traps SD1 and SD2,

by even less than 0.001%.

Presented in Fig. 7 are the exchange rates of charge carriers at
level ET and in recombination centres RC. The rate of electrons

ns resulting from the exchange of electrons between the conduction band and the
ns to the conduction band and the capture of electrons from the conduction band
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Fig. 6. Time evolution of the concentration of electrons captured by the shallow donor centres SD1 (a) and SD2 (b) as a result of photoexcited electron–hole pairs generation.

Fig. 7. The time dependences of the rates of changes in the excess electron concentrations resulting from the exchange of electrons between the conduction band and the
ET  trap (a) and recombination centre RC (b). The effects of the thermal emission of electrons to the conduction band and the capture of electrons from the conduction band
are  demonstrated.

F n trap ET (a) and the recombination centre RC (b) as a result of photoexcited electron–hole
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Fig. 9. The contribution of the individual defect centres SD1, SD2, ET, RC (lines 1,
2,  3, and 4, respectively) and the electron recombination rate n/�n (line 5) to the
time  evolution of the rate of changes in the excess electron concentration in the
conduction band (line 6). The dotted line marked “diff”, fitting very well to the line
6,  has been obtained by numerically differentiating the electrons concentration in
ig. 8. Time evolution of the concentration of electrons captured by the deep electro
airs  generation.

xchange between the conduction band and the recombination
entres is described by the first two components of Eq. (5). Pre-
ented waveforms show only a process of electrons capture from
he conduction band. The process of thermal emission of electrons
s negligibly small.

Fig. 8(a) shows a time evolution of concentration of electrons
rapped in the ET trap following the illumination. The waveform
as obtained by solving Eq. (4). In the analyzed case, the illumina-

ion increases the concentration of electrons in the trap to a value of
a. 1.1 × 1014 cm−3, which means that the trap is filled by only 22%.
uch higher occupation of the ET defects compared to the occu-

ation of the shallow donors SD1 and SD2 is caused by almost 4
rders of magnitude smaller the coefficient of thermal emission of
lectrons from the electron trap defect centres into the conduction
and and ca. 5 orders of magnitude greater the coefficient of elec-
rons capture from the conduction band. The coefficients are equal
o 126 s−1 for the thermal emission and to 1.57 × 10−8 cm3 s−1 for
he capture process.
The time evolution of concentration of electrons trapped in the
ecombination centre RC during the generation of electron–hole
airs is presented in Fig. 8(b). The waveform was obtained by
olving Eq. (5). In the analyzed case, illumination increases the
the  conduction band shown in Fig. 3.
concentration of electrons in the trap to a value of 4.46 × 1014 cm−3,
which means that the trap is filled by over 50%.
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Fig. 10. The time dependences of the rates of changes in the excess hole concentrations resulting from the exchange of holes between the valence band and the shallow
acceptor SA (a) and deep hole trap HT (b) centres. The effects of the thermal emission of holes to the valence band and the capture of holes from the valence band are
demonstrated.
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ig. 11. Time evolution of the concentration of holes captured by the shallow accep
eneration.

Fig. 9 shows the contribution of the individual defect centres
D1, SD2, ET, RC and the electron recombination rate n/�n to the
ime evolution of the rate of changes in the excess electron con-
entration in the conduction band. The individual waveforms show
he rate of exchange of charge carriers between the conduction
and and the respective defect centre. Waveforms labelled as 1,
, 3 and 4 correspond to processes associated with the centres
D1, SD2, ET and RC, respectively, and the waveform labelled as

 corresponds to the process of band-to-band recombination. The
aveform labelled as 6 shows the rate of change in electron concen-

ration in the conduction band as described by Eq. (8), wherein the
aveforms’ numeration correspond to the components’ numera-

ion in the equation. The label “diff” marks the waveform which was
btained by numerically differentiating the excess electron concen-
ration waveform shown in Fig. 3. The calculation was  performed
o validate the solution of kinetics equations. One can notice a strict
ccordance of the waveform and the solution labelled as 6.

As can be seen, the processes of exchange of charge carriers
etween the conduction band and the recombination centre (line
) and the processes of the band-to-band recombination (line 5)
ave the greatest influence on the rate of change of electrons con-
entration in the conduction band.

. Effect of defect centres on the excess hole concentration
n the valence band

The time evolution of the rate change in the excess hole con-
entrations related to shallow acceptor trap SA was presented in
ig. 10(a). At the beginning the rate is affected by a process of car-

iers capture by the centre. At a time of a few microseconds the
ate of holes capture increases and the process of thermal emission
f holes exchange from the shallow acceptor to the valence band
akes place.
 (a) and deep acceptor HT (b) traps as a result of photoexcited electron–hole pairs

The rate of exchange of charge carriers between the hole trap HT
and the valence band (Fig. 10(b)) depends on a process of carriers
capture by this centre from the valence band. The processes of
thermal emission of charge carriers from the defect centre to the
valence band can be omitted.

The resultant change in concentration of holes in the shallow
acceptor trap SA described by Eq. (6) is presented in Fig. 11(a).
The hole concentration at the steady state at a time of t = 10 �s,
under the influence of illumination, increased to ∼3.9 × 1013 cm−3.
Similarly, Fig. 11(b) presents the increase in the concentration of
holes in the hole trap HT obtained by solving Eq. (7). In this case,
the illumination increases the concentration of holes to a value of
6.99 × 1014 cm−3, which means that the trap is filled by 99%. Much
higher occupation of the HT defect compared to the occupation of
the shallow acceptor trap SA is caused by 11 orders of magnitude
smaller the coefficient of the thermal emission of electrons from the
hole trap defect centres into the valence band and by ca. 3 orders
of magnitude greater the coefficient of the holes capture from the
valence band. The coefficient of thermal emission of holes from the
defect centre HT is equal to ∼1 × 10−6 s−1, whereas the coefficient
of holes capture is equal to ∼4 × 10−7 cm3 s−1.

The process of holes exchange between the recombination cen-
tre RC and the valence band described by the last two components
of Eq. (5) is presented in Fig. 12. As can be seen, only the process of
holes capture from the valence band occurs, whilst the process of
thermal emission of holes is negligibly small.

Fig. 13 shows the contribution of the individual defect centres
SA, HT, RC, and the hole recombination rate p/�p to the time evolu-
tion of the rate of changes in the excess hole concentration in the
valence band. The individual waveforms show the rate of exchange

of charge carriers between the valence band and the respective
defect centre. Waveforms labelled as 1, 2 and 3 correspond to pro-
cesses associated with the centres SA, HT and RC, respectively, and
the waveform labelled as 4 corresponds to the process of band-to-
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Fig. 12. The time dependency of the rate of change in the excess hole concentration
resulting from the exchange of holes between the valence band and the recombina-
tion centre RC. The effects of the thermal emission of holes to the valence band and
the capture of holes from the valence band are demonstrated.

Fig. 13. The contribution of the individual defect centres SA, HT, RC (lines 1, 2 and
3,  respectively) and the hole recombination rate p/�p (line 4) to the time evolution
of the rate of changes in the excess hole concentration in the valence band (line 5).
The dotted line marked “diff”, fitting very well to the line 5, has been obtained by
numerically differentiating the holes concentration in the valence band shown in
F
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ig. 4.

and recombination. The waveform labelled as 5 shows the rate
f change in hole concentration in the valence band as described
y Eq. (9), wherein the waveforms’ numeration correspond to the
omponents’ numeration in the equation. The label “diff” marks the
aveform which was obtained by numerically differentiating the

xcess hole concentration waveform shown in Fig. 4. The calcula-
ion was performed to validate the solution of kinetics equations.
ne can notice a strict accordance of the waveform and the solution

abelled as 5.
As can be seen, in the first 100 picoseconds from start of illumi-

ation the rate of change in the hole concentration in the valence
and is equal to the rate of electron–hole pairs generation G. After
hat time, the processes of carriers exchange associated with the
entre HT and with the direct band-to-band recombination, takes
lace. After a few microseconds additional process of exchange –
rom the recombination centre RC – is visible. At the same time, an
ncrease in the rate of direct band-to-band carriers exchange and

 decrease in the rate of carriers exchange between the HT centre
nd the valence band, can be seen. At a time of t = 10 �s the latter
rops down to zero.

. Comparison with experimental results

The time evolution of the SI 4H–SiC photoconductivity can be
bserved experimentally by measurements of the photocurrent

ulses generated by UV excitation pulses. To show the importance
f the performed simulations on understanding the effect of deep-
evel defects on the rise of the photocurrent pulse after switching
n the UV excitation, we present the results of measurements made
s Review 25 (2017) 171–180

on two  SI 4H–SiC wafers, labelled as wafers A and B, having a dif-
ferent defect structure. The both wafers were prepared from an
undoped SI 4H–SiC single crystal with a resistivity at room tem-
perature of ∼108 � cm.  The wafers were cut out perpendicularly
to the c axis (〈0001〉 direction) with the surface polished on the
both sides according to the requirements for epitaxial substrates.
The wafers’ thickness was ∼400 �m.  The properties and concentra-
tions of deep-level defects were studied in the near surface region of
the wafers using the high-resolution photoinduced transient spec-
troscopy (HRPITS) [14]. The studies were made on the C-face side
of the wafers. The wafer A was  a typical substrate wafer, while the
wafer B was  subjected to the heat treatment at ∼1670 ◦C performed
in a CVD reactor using the conditions preceding the growth of the
epitaxial graphene.

For the HRPITS measurements, arrays of two  co-planar ohmic
contacts with dimensions of 2.5 × 2.5 mm2 were evaporated on the
front surface (C-face) of the both wafers. The contacts were made of
a 20-nm layer of Cr and a 300-nm layer of Au annealed at 500 ◦C. The
width of the gap between the co-planar contacts was 0.7 mm.  The
samples with dimensions of 4 × 9 mm2 were mounted in a vacuum
chamber enabling the photocurrent transients to be measured at
the temperature range of 320–630 K. The photocurrent transients
were generated by a semiconductor laser emitting the UV radiation
beam with the wavelength of 375 nm (3.31 eV). The measurements
of the transients were made at a photon flux of ∼2.8 × 1017 cm−2 s−1

at the stabilized temperature rising from 320 to 630 K with an
increment of 5 K. The duration time of the UV excitation pulses
was 1 or 5 ms  and the repetition period was  500 ms. The voltage
applied between the co-planar electrodes was  20 V. The proper-
ties and concentrations of deep-level defects were derived from
the digitally recorded photocurrent relaxation waveforms using
the two-dimensional numerical analysis with the implementation
of the correlation procedure and the inverse Laplace transform
algorithm [14,30,31]. This algorithm, implemented in the CONTIN
program, allowed distinguishing the defect centres located in two
inequivalent lattice sites (hexagonal h and cubic k). The results of
HRPITS measurements showing the defect structure of the A and B
wafers of HP SI 4H–SiC are presented in Fig. 14.

The results shown in Fig. 14 indicate that defect structure of real
SI 4H–SiC crystals is more complex than that assumed for the mod-
elling. This is because the point defects of the same chemical nature
are located in the h and k lattice sides and have slightly different
activation energies. In the material not subjected to the heat treat-
ment (wafer A), we have detected 10 deep traps with activation
energies ranging from 555 to 1455 meV. These traps are labelled
as: TP1 (555 meV), TP2 (580 meV), TP3 (600 meV), TP4 (615 meV),
TT3 (905 meV), TT4 (935 meV), TT5 (1030 meV), TT6 (1125 meV),
TP5 (1415 meV), TP6 (1455 meV) and are tentatively attributed
to ID9 centre, VC – related D centre, Z1 centre (VC

kVSi
h), Z2 cen-

tre (VC
hVSi

k), VSi
h (3–/2–), VSi

k (3–/2–), VSi
h (2–/–), VSi

k (2–/–),
VSi

h (–/0), VSi
k (–/0), respectively [32,33]. In the annealed material

(wafer B), there are 8 deep traps with activation energies rang-
ing from 750 to 1180 meV. The detected traps are labelled as:
TT1 (750 meV), TT2 (825 meV), TT3 (905 meV), TT4 (935 meV), TT5
(1030 meV), TT6 (1125 meV), TT8 (1145 meV), TT7 (1180 meV) and
are tentatively identified with the following point defects: VC

hCSi
h

(2–/–), VC
kCSi

k (2–/–), VSi
h (3–/2–), VSi

k (3–/2–), VSi
h (2–/–), VSi

k

(2–/–), VC
hCSi

h (–/0), VC
kCSi

k (–/0), respectively [32,33].
The properties and concentrations of deep-level defects illus-

trated in Fig. 14 evidently show that the high-temperature
annealing results in the significant changes in the HP SI 4H–SiC
defect structure. It leads to disappearing of centres related to car-

bon vacancies (TP1 and TP2) as well as to annealing out the Z1 and
Z2 centres formed by divacancies VCVSi. On the other hand, the
centres attributed to silicon vacancies (TT3, TT4, TT5 and TT6) are
observed in the annealed material with the concentrations sub-
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Fig. 14. Concentrations of defect centres detected in a HP SI 4H–SiC wafers: not
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Fig. 15. Comparison of the time evolution of the photocurrent pulses generated by
the UV excitation in the A (black curve) and B (red curve) wafers of HP SI 4H–SiC
with different properties and concentrations of deep-level defects. The changes in
ubjected to the heat treatment at 1670 ◦C (wafer A) (a), and subjected to the heat
reatment at 1670 ◦C (wafer B) (b). The activation energies of the centres are given
n the horizontal axis.

tantially higher than that in the material not subjected to the
eat treatment. Moreover, the complexes involving carbon anti-
ites, observed as the TT1, TT2, TT7 and TT8 deep traps, are formed.
ll these experimental facts allow us to conclude that during the
eat treatment at 1670 ◦C the material becomes strongly C-rich due
o the Si sublimation process. In other words, the changes in the
H–SiC stoichiometry involve the transformations of point defects
bserved as the deep traps.

Fig. 15 shows the comparison of the photocurrent transients
ecorded at T = 320 K for the A and B HP SI 4H–SiC wafers having
eep-level defects with different properties. The transients were

nduced by the UV excitation with a photon energy of 3.31 eV and
 flux of 1.6 × 1017 s−1 cm−2. For the both kinds of wafers, the time
volution of the photocurrent pulses is clearly seen. In view of the
odelling results, either the photocurrent rise or the photocurrent

ecay in the wafer A is predominantly affected by the involvement
f the Z1 and Z2 centres in the capture of excess charge carriers
r their thermal emission, respectively. For the annealed material
wafer B), without the Z1 and Z2 centres, both the rise and decay of
he photocurrent transient are much faster.

The photocurrent pulse is also significantly higher compared to

hat in the A wafer not subjected to the annealing. This fact means
hat the Z1 and Z2 centres act as recombination centres decreasing
he lifetime of excess charge carriers. The presented experimental
esults are of a great importance for technology of photoconductive
the  defect structure of the as-grown material (wafer A) were induced by annealing
in  a CVD reactor at 1670 ◦C.

switches based on the SI 4H–SiC. They indicate that for achieving
the fast photocurrent pulses in this material it is necessary to sub-
stantially diminish the Z1 and Z2 centres concentrations. In other
words, it is useful to make the SI 4H–SiC strongly C-rich and this
can be done by the proper conditions of the heat-treatment.

8. Conclusions

This paper presents a method for modelling the physical pro-
cesses involving the excess charge carriers capture and emission in
semiconductor materials, particularly in SI 4H–SiC single crystals.
It was noticed that previously used models were limited to only
a small number of defect centres, what resulted in partial under-
standing of photoconductivity processes. The model presented in
this paper considers the main defect centres currently known to
occur in the semi-insulating 4H–SiC single crystals. Based on this
model, the simulations allow to visualize the time evolution of
the excess charge carriers concentrations in the conduction and
valence bands at the presence of deep-level defects in the mate-
rial as well as the kinetics of the capture and emission of excess
charge carriers induced by defect centres. Particularly, the simu-
lations have shown that the predominant effect on the transient
photoconductivity has the Z1/2 centre. This result is also confirmed
experimentally by comparing the photocurrent transients gener-
ated by the UV excitation pulses in the HP SI 4H–SiC wafers with
different deep-level defects. It is demonstrated that the photocur-
rent pulse is significantly faster and higher in the wafer subjected to
a high-temperature annealing producing the strongly C-rich mate-
rial free of the Z1/2 centres. The presented results, obtained either
by simulations or experimentally, are of importance for technology
of photoconductive switches made of SI 4H–SiC single crystals.
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