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A model enabling the equilibrium conductivity and transient photoconductivity of semi-insulating 4H-SiC to
be simulated has been demonstrated. Using this model, the simulations of both equilibrium conductivity and
transient photoconductivity have been carried out. Both the simulation and experimental results have shown that
the evolution of photoconductivity in time after switching on the band-to-band generation of electron—hole pairs
is strongly affected by the properties of deep level defects. The results of transient photocurrent measurements
confirm the simulations results indicating that the Z;,, center is a very effective recombination center in semi-
-insulating 4H-SiC having detrimental effect on the transient photoconductivity.
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1. Introduction

Transient photoconductivity experiments are widely
used both for characterization of semiconductor mate-
rials and development of new electronic devices. The
phenomenon of photoconductivity comprises several pro-
cesses such as photon absorption, photogeneration and
transport of charge carriers, changes in the electronic oc-
cupancy of defect energy levels and recombination that
are closely related and dependent on the material prop-
erties [1]. So, the transient photoconductivity measure-
ments have been proved to be very useful for determina-
tion of the charge carriers lifetime as well as for studies of
defect centers properties. In particular, a powerful tool
for investigations of defects electronic properties in semi-
-insulating (SI) materials is the high-resolution photoin-
duced transient spectroscopy (HRPITS) technique [2, 3].
This method involves filling the defects levels with ex-
cess charge carriers generated by an optical pulse and ad-
vanced analyzing the photocurrent relaxation, observed
after switching the light off, as a function of temperature.

The transient photoconductivity has also been studied
by computer simulations [4-7]. These investigations are
based on the models with assumed properties of defect
centers and solutions of the rate equations for photoex-
cited charge carriers. So far, however, simple models tak-
ing into account the two charge states of gold atoms in
Si [4], the EL2 and EL3 centers in SI GaAs [5, 6] and
two-level schemes for electron and hole trapping in GaN
[7] were considered.

The purpose of this paper is to show how the defect
centers properties and concentrations in SI 4H-SiC af-
fect both the rise and the decay of photoconductivity
induced by the optical generation of electron—hole-pairs
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through band-to-band transitions. The studies are per-
formed by the simulations of photoconductivity kinetics
using a model in which six defect centers with various
properties are assumed. These are two types of shallow
donors, shallow acceptors, deep electron traps, deep hole
traps, and recombination centers.

It is worth adding that high-purity, semi-insulating
(HPSI) 4H-SiC has recently become an important ma-
terial for developing advanced photoconductive semicon-
ductor switches (PCSS) for use in high-power and high-
-temperature applications [8, 9]. A very high resistivity
of this material, greater than 107 Qcm at room tempera-
ture, is achieved by reducing the concentrations of shal-
low level impurities, such as residual nitrogen and boron,
and introducing native deep-level defects, such as silicon
vacancies at various charge states [2, 3]. However, the
properties and concentrations of the deep centers sub-
stantially affect the transient characteristics of the PCSS.
Acting as traps or recombination centers they have a
strong effect on the amplitude, rise time, and fall time
of the photocurrent pulses. This has an impact on de-
vice performance determining its speed, sensitivity, and
noise.

2. Model

We have developed a six-level model enabling both the
equilibrium conductivity and transient photoconductiv-
ity of 4H-SiC to be simulated as a function of defect cen-
ters properties and concentrations. In this model, two
energy levels are related to two types of shallow donors,
labeled as SD1 and SD2, which are attributed to nitro-
gen atoms substituting carbon atoms located in hexago-
nal (h) and cubic (k) lattice sites, respectively. The other
energy levels are related to electron traps (ET), recom-
bination centers (RC), hole traps (HT), and shallow ac-
ceptors (SA). For calculations, we have assumed that the
properties of electron traps correspond to that of the ID9
centers, which have been widely observed in bulk 4H-SiC
and were tentatively assigned to native defects [10]. As
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the recombination centers, we have assumed the Z; /5 cen-
ters, which are characteristic of 4H-SiC and presumably
related to two types of divacancies: the divacancy in-
volving the carbon vacancy in the & site and the silicon
vacancy in the k site (VA VE) as well as the divacancy
involving the carbon vacancy in the & site and the silicon
vacancy in the h site (VEVE) [10, 11]. As the hole traps
properties, we have chosen that of the ID defect centers
and the HK3 traps that were studied in 4H-SiC by elec-
tron paramagnetic resonance (EPR) [12] and deep level
transient spectroscopy [13], respectively. The shallow ac-
ceptors in our model are the boron atoms substituting the
Si atoms located either in the h or k sites in the 4H-SiC
lattice [10]. The arrangement in the 4H-SiC bandgap at
300 K of the energy levels assumed for the conductiv-
ity simulation is presented in Fig. 1 and the properties of
defect centers introducing these levels are listed in Table.

J
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Fig. 1. Schematic energy band diagram for SI 4H-SiC
(at 300 K) illustrating the defect levels assumed for tran-
sient photoconductivity simulation.

TABLE

Defect centers properties assumed for the conductivity simulation of 4H-SiC.

Defect Activation Capture cross-section
label Defect type energy [cm?] Identification
[eV] Electrons Holes
SD1 shallow donor E;—0.050 | ~4.0x 1072° - Nc in h site [10]
SD2 shallow donor E.—0.092 | ~4.0x107% - Nc¢ in k site [10]
ET electron trap E.—0555 | ~1.2x107*° - ID9 [10]
RC | recombination center | E. —0.630 | 1.3 x 107 1.0 x 107 Z1 /2 center [10, 11]
HT hole trap E, +1.125 - ~ 3.1 x 107" | ID center [12], HK3 trap [13]
SA shallow acceptor E, +0.285 - ~ 3.1 x 107'7 | Bg; in both h and k sites [10]

The equilibrium material conductivity is defined by the
well-known formula:

o0 = q(nopn + potip), (1)
where q is the electronic charge, n and p is the equilibrium
electron and hole concentration in the conduction and va-
lence band, respectively, and p, and p, is the electron
and hole mobility, respectively. The equilibrium concen-
trations of free charge carriers are given by

no = Ncexp (Er — Eg)/(ksT)), (2)

po = Nvexp (—Er/(ksT)), 3)
where N¢ and Ny denote densities of states in the con-
duction and valence band, respectively, E, is the width
of the 4H-SiC bandgap, Er is the Fermi level energy,
kg is the Boltzmann constant, and T is the absolute
temperature. Taking into account the electron and hole
density of states effective masses: my, = 0.77my and
map, = 1.0my, respectively, we have N¢ = 3.27x 101°73/2
and Ny = 4.83x10'573/2 cm—3. The Fermi level position
in the bandgap as a function of temperature is calculated
by solving the charge neutrality equation

+ + + - _N-._N-
10—Ngp1=Ngpy—Ngp = po—Ngy —Nre—Nur,  (4)
where Ngp, and Ndp, are the concentrations of ionized

SD1 and SD2 shallow donors, Ng, is the concentration
of ionized shallow acceptors SA, NET and Ny are the
concentrations of ionized deep electron and hole traps,
ET and HT, respectively, and Ny is the concentration
of ionized deep recombination RC. Assuming that Ngp,
Nsa, Ngr, Nut, and Ngrc are the total concentrations
of shallow donors, shallow acceptors, electron traps, hole
traps and recombination centers, respectively, the con-
centrations NSJrDl, N;Dz, Ngy, NE‘T, Ny, and Nge can
be calculated using the Fermi—Dirac distribution func-

tion. The expressions based on this function may be
written as
Ni,, = Nsp/2 (5)
SPL ™ 1 + 2exp ((Ep — Eg + Esp1)/(ksT))’
Ny = Nso/2 (6)
SD2 7 1 4+ 2exp (B — Ey + Esp2)/(ksT))’
_ Nsa
Ngy = , 7
%= T Texp (Bon — )/ D)) "
: A ®)

N, =
BT 1+ 2exp (Br — Eg + Err)/(ksT))’
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Nar = 1+ Lexp (Eur — Er)/(kgT))’ )
Nro (10)

Nipq = ,

RC 1 4 Lexp (Erc — Er)/(ksT))

where ESD17 ESDQ, ESA7 EET: EHT7 and ERC are the
defect centers ionization energies.

According to Eq. (1), the temperature dependence
of oq is determined by the relations of ng and pg as a func-
tion of temperature as well as through the temperature
dependences of the electron and hole mobility. To calcu-
late the Fermi level energy and the values of ng and pq
at various temperatures within the range of 200-600 K
we have taken into account the temperature changes of
the bandgap width given by the following relation [14]:
3.3 x 107272
Trixir <V (11)
The values of 1, and 1, at various temperatures within
the range of 200-600 K are calculated using the rela-
tions [15]:

fin = 1n (300 K) x (T/300)%" (12)
1o = 11p(300 K) x (T/300), (13)
in which p©,(300 K) and p,(300 K) are equal to

950 cm?/(Vs) and 125 c¢cm?/(Vs), respectively, 6, =
—24 and §, = —2.1.

By = 3.625 —

The transient photoconductivity induced by the gen-
eration of electron—hole pairs by the flux of photons with
the energy of hv > E, is given by

o(t) = qn(t)pn + p(t)up) (14)
where n(t) and p(t) are the concentrations of the excess
electrons and holes, respectively. These concentrations
may be determined by solving a set of the rate equations
taking into account the electronic transitions between the
defect levels and the conduction and valence bands

dn(t)

3 = esp1nsp1(t) — n(t)csp1 [Nsp/2 — nspi (t)]

+ espangp2(t) — n(t)cspe [Nsp/2 — ngpa(t)]

— erc, nre(t) + n(t)ere, [Nre — nre(t)]

—egrner(t) + n(t)cer [NeT — ner(t)]

M0 (13)
dp(t)
dt

+ ent [Nut — nur(t)] — p(t)cro, nre(t)

= erc, [Nrc — nre(t)] — p(t)ere, nro(t)

+ ent [Nat — nar(t)] — p(t)carnar(t)

+ esa [Nsa — nga(t)] — p(t)csansa(t)

_ )

+G, (16)
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d”%tl(t) = —esp1nspi(t)
+n(t)espr [Nsp/2 — nspi ()] (17)
dn%f(t) = —espanspa(t)
+ n(t)espz [Nsp /2 — nspa(t)] (18)
dn%(t) = —egrnpr(t) + n(t)cer [Ner — ner(t)],
(19)
dn;;i;;(t) = —erc, nre(t) + n(t)ere, [Nre — nre(t))]
+ erc, [Vrc — nre(t)] — p(t)cre, nre(t), (20)
D) — ey Naer = e (8] — plO)ewema (1), (21)
dn%(ﬂ = esa [Nsa — nsa(t)] — p(t)esansa(t). (22)

In these equations G denotes the generation rate of
electron-hole pairs, espi, esp2, egr, and erc, denote
the thermal emission rates of electrons for the shallow
donors of type 1, shallow donors of type 2, electron
traps and recombination centers, respectively, and egrc,,,
enT, and ega are the thermal emission rates of holes for
the recombination centers, hole traps, and shallow ac-
ceptors, respectively. On the other hand, cspi, cspo,
cgr and crc, denote the electron capture coefficients for
the shallow donors of type 1, shallow donors of type 2,
electron traps and recombination centers, respectively,
and crc,, cur and csa are the hole capture coefficients
for the recombination centers, hole traps and shallow ac-
ceptors, respectively.

The thermal emission rates are calculated from the
well-known Arrhenius equation taking into account the
activation energies and capture cross-sections given in
Table. In these calculations, the coefficients v, and -y,
dependent on the effective masses of electrons and holes
are equal to 2.5 x 102! and 3.26 x 10%! cm=2 s~! K2, re-
spectively. The capture coeflicients are defined as the
products of the capture cross-section and the average
thermal velocity of electron or hole. To calculate these
coefficients for the assumed defect centers we have used
the capture cross-sections given in Table and the relations
vp, = 7.685 x 10°7%% and v, = 6.744 x 10°T%5 c¢m/s for
the temperature dependences of average thermal veloci-
ties for electron and hole, respectively. The lifetime for
electrons or holes is calculated from the formula [1]:

1

NCRURCn,pU7L,p .
The set of rate Egs. (15)—(22) is numerically solved by
means of the calculation procedures using the Runge—
Kutta—Fehlberg method.

(23)

Tn,p =

3. Simulations results

Simulations of both the equilibrium conductivity and
transient photoconductivity of SI 4H-SiC were performed
using MATLAB software tools enabling the nonlinear
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and rate equations to be solved. The equilibrium elec-
tron concentrations on the defects levels were used as the
starting conditions for solving the rate equations. The
simulated changes of the material equilibrium conductiv-
ity as a function of temperature for the assumed concen-
trations of SD, SA, ET, RC, and HT that are equal to
1x10%,9.7x10'5, 5 x 10, 8 x 10'* and 7 x 10" em—3,
respectively, are presented in Fig. 2. The values of con-
ductivity at temperatures 300, 350, and 400 K shown in
Fig. 2 correspond to the values of resistivity of 2.17 x 108,
7.80 x 10%, and 6.62 x 10° Qcm, respectively, and the
Fermi level positions with respect of the conduction band
minimum (E. — Ef) are 0.695, 0.715, and 0.720 €V, re-
spectively. In other words, for the given concentrations
of defect centers, the material is semi-insulating and the
Fermi level shifts towards the midgap with increase of
the temperature. The decrease in the resistivity is due
to increase of the free electron concentration in the con-
duction band that at temperatures 300, 350, and 400 K
is equal t0 3.03 x 107, 1.22 x 10% and 1.98 x 10'° cm 3, re-
spectively. The rise in the electron concentration in the
conduction band results from the decrease in the elec-
tronic occupancy of the Z; /5 recombination centers.

10—5 T T v T T T T -
— Ngp = 1.0x10'% cm® e
£ | Nep=0.7x10"0 em™ u ]
S 10° NSA— 5.0x10"% em™
‘C} ET™° X cm
_ 14 -3
— NRC =8.0x10 "cm
2 7 _ 1 3 o 4
E 10 NHT—7.0x10 cm
©
3
c -85 4
8 10 -
250 300 350 400 450
Temperature [K]
Fig. 2. Simulated temperature dependence of SI

4H-SiC dark conductivity for the properties and con-
centrations of defect centers listed in Table.

The effect of temperature on transient photoconductiv-
ity of SI 4H-SiC is presented in Fig. 3. The curves show
the evolution of the material photoconductivity in time
after switching on at ¢t = 0 the band-to-band generation
of electron-hole pairs with a rate G = 3.31 x 10?2 cm 3 /s
as well as after switching off the generation excess charge
carriers at t = 10 us. The photoconductivity decay after
termination of the generation lasts 10 us, so the duration
time of the whole transients is 20 ps. The simulation
results indicate that both the rise and decay of photo-
conductivity are dependent on the temperature. The
rise curves can be divided into three parts: the first
part lasting up to ~ 1 x 1078 s, the second part last-
ing from ~ 1 x 1078 s to ~ 1 x 10™7 s, and the third,
almost steady state part, lasting from ~ 2 x 1077 s to
~ 1x107° s. The first part is controlled by the lifetimes
of electrons and holes that at 300 K are ~ 7.2 x 1079 s
to ~ 1.1 x 1078 s, respectively, and slightly decrease with
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increase of the temperature. The second part is also influ-
enced by the capture of charge carriers on the deep levels
of electron traps, hole traps and recombination centers.
The electron capture coefficients for the electron traps
and recombination centers at 300 K are ~ 1.6 x 1078
and 1.7 x 1077 ¢m?®/s. The hole capture coefficients for
the hole traps and recombination centers at 300 K are
~ 3.6 x 1077 and ~ 1.2 x 1077 cm?®/s, respectively. It
is worth adding that the capture coefficients slightly in-
crease with increase of the temperature. The third part
of the photoconductivity rise is affected both by capture
and thermal emission of charge carriers from the defect
levels. The most influential is the thermal emission of
electrons from the shallow donors and the thermal emis-
sion of holes from the shallow acceptors. For the shallow
donors of SD1 and SD2, the electron emission rates at the
temperatures of 300, 350, and 400 K are: 1.3 x 10 and
2.6 x 106571, 2.3 x 105 and 5.8 x 10° 57!, and 3.74 x 106
and 1.1 x 107 s™!, respectively. For the shallow accep-
tors, the hole emission rates at these temperatures are
1.5 x 10%, 9.7 x 10°, and 4.1 x 10% s7!, respectively.

_ 003f 4
‘_'E ‘ 300 K
50.025- » 4
i ; 350 K
= 0.02 g 4
z \ 400 K
> |
£ 0,015} T 1
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107° 10° 10° 10"
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Fig. 3. Effect of temperature on transient photocon-

ductivity of ST 4H-SiC for the properties and concentra-
tions of defect centers listed in Table. The generation
rate of electron-hole pairs is 3.31 x 10?2 cm~®/s. The
inset shows the relaxation after switching off the gener-
ation of excess charge carriers.

At around 9 us (Fig. 3), just before switching off the
generation of electron—hole pairs, the photoconductiv-
ity reaches a steady state. At the generation rate of
3.31 x 10?2 cm~3/s, the steady-state electron and hole
concentrations at 300 K are 1.66 x 10, and 2.45 x
10'* ecm™3, respectively, and for these concentrations
the quasi-Fermi levels for electrons and holes are lo-
cated at around E. — 0.30 eV and F, + 0.30, respec-
tively. The higher concentration of excess holes than
that of excess electrons results from the longer lifetime of
holes (7, = 1.1 x 1078 s) compared to that of electrons
(1, = 7.2x107? 5). According to the model, the electron
and hole lifetimes slightly decrease with temperature, for
their temperature changes (Eq. (23)) are controlled by
the temperature dependences of the average thermal ve-
locities. Thus, the steady-state electron and hole con-
centrations also slightly decrease with temperature and
at 400 K they are 1.44 x 10'* and 2.13 x 10™ cm3,
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respectively. Therefore, the significant decrease in the
steady-state photoconductivity with temperature seen in
Fig. 3 results from substantial diminishing of the electron
and hole mobilities with increasing temperature. Accord-
ing to the model, these mobilities at the temperatures of
300, 350, and 400 K are 950 and 125 cm?/(Vs), 656 and
90 ¢cm?/(V's), and 476 and 68 cm?/(V's).

The photoconductivity relaxation waveforms after
switching off the generation of electron—hole pairs (Fig. 3)
consist of two parts. The first dominating part is very
fast and is due to the recombination of excess electrons
and holes controlled by their lifetimes. The second part,
which is shown in the inset, is much slower and related to
the thermal emission of electrons from the electron traps
and recombination centers. The effect of temperature on
the decay rate of the waveforms presented in the inset is
clearly material seen.
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Fig. 4. Simulated dark conductivity of SI 4H-SiC ver-
sus the Z 5 center concentration.

In Fig. 4 we demonstrate the effect of the Z, center
concentration on the equilibrium conductivity of 4H-SiC.
The substantial decrease in the conductivity with in-
crease of the Z; /o center concentration from 1 x 10" to
5.0 x 10™® cm ™3 is observed. In other words the material
becomes more semi-insulating as a result of the Fermi
level shift towards the middle of the bandgap from 0.635
to 0.745 eV with respect to the conduction band mini-
mum. The rise in the material resistivity corresponding
to this shift is from 1.9 x 107 to 1.5 x 10? Qcm.

The effect of the Z; /5 center concentration on the tran-
sient photoconductivity of SI 4H-SiC at 300 K is demon-
strated in Fig. 5. It is seen that the increase in the Z; /o
center concentration results in the substantial drop of
the steady state photoconductivity. This effect was ex-
pected as in our model the Z;/, center is the recombi-
nation center and its concentration directly determines
the electron and hole lifetimes and the steady state con-
centrations of the excess charge carriers. For the Z; /o
center concentrations given in Fig. 5, namely 1.0 x 10,
8.0 x 10", and 5.0 x 10'® cm™32, the electron lifetimes
are 5.8 x 1078, 7.2 x 1079, and 1.1 x 1079 s, respectively,
and the hole lifetimes are equal to 8.6 x 1078, 1.1 x 1078,
and 1.7 x 1079 s, respectively. The steady state excess
electron concentrations are 1.6 x 10, 1.7 x 104, and
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Fig. 5. Effect of the Z; /5 center concentration on tran-
sient photoconductivity of SI 4H-SiC. The generation
rate of electron-hole pairs is 3.31 x 10?2 ¢cm™?/s. The
inset shows the relaxation after switching off the gener-
ation of excess charge carriers.

2.6 x 10'3 cm 3, respectively, and the excess hole concen-
trations are 2.4 x 10, 2.5 x 10, and 3.8 x 10'3 cm ™3, re-
spectively. The inset in Fig. 5 shows the end parts of the
relaxation waveforms after switching of the generation of
electron-hole pairs. At the low Z;/, center concentra-
tion the thermal emission from defect centers is very well
seen. At the middle concentration of this center we can
observe only the fastest part of the relaxation waveform
related to thermal emission and at the high Z; /5 center
concentration the waveform related to thermal emission
is not resolved in the photoconductivity decay.
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§ 0.015 Z,,0836%) ]
§ 0.01- ‘\z1 (0.63eV) ]
°
& 0.005}- 4

5 ; ; -
10" 10° 10° 107 10° 10° 10*
Time [s]
Fig. 6. Comparison of simulated transient photocon-

ductivity at 400 K for SI 4H-SiC with different prop-
erties of recombination centers. The generation rate of
electron-hole pairs is 3.31 x 10?2 cm™3/s. The inset
shows the relaxation after switching off the generation
of excess charge carriers.

Figure 6 illustrates the 4H-SiC photoconductivity time
evolution in the case of recombination centers with dif-
ferent properties. It is seen that the Z, /, center is signif-
icantly more efficient recombination center than an ac-
ceptor center with the activation energy of E. —0.75 eV,
electron capture cross-section of 2.4 x 10~!* cm? and hole
capture cross-section of 1.0 x 107'® ¢cm?. Compared to
the Z;,, center parameters given in Table, the 0.75 eV
recombination center is characterized by the deeper acti-
vation energy for thermal emission of electrons, approxi-
mately twice higher electron capture cross-section and by
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the order of magnitude lower hole capture cross-section.
The concentrations of the Z;,, center and the 0.75 eV
center are the same and equal to 8.0 x 10'* cm™3. In
view of recent results, the Z;/, center can be removed
by a heat treatment at the temperature ~ 1600°C [16].
It is very likely that the annihilation of the Z;/, center
is accompanied by the deformation of the 0.75 eV center
[2, 16, 17].

For the material with the 0.75 eV recombination cen-
ter the lifetimes of excess electrons and holes are equal
t0 3.9 x 1072 and 1.1 x 10~7 s. These data indicate that
the hole lifetime is by more than one order of magnitude
longer compared to the electron lifetime. So, the rise
part of the photoconductivity transient for the 4H-SiC
with the 0.75 eV recombination center (Fig. 6) depicts
the changes with time of the hole concentration. At the
steady state, the concentrations of excess electrons and
holes are 9.0 x 10'2 and 2.5 x 10'® cm ™3, respectively.
The inset in Fig. 6 illustrates different relaxation wave-
forms for the material with the Z; /5 center and that with
the 0.75 eV recombination center. It is clearly seen that
the photoconductivity relaxation related to the thermal
emission of charge carriers from defect levels for the ma-
terial with the 0.75 eV recombination center is strongly
enhanced.

4. Experimental results

The simulated photoconductivity transients have been
compared with experimental photocurrent transients
recorded at 400 K for a sample of high purity,
semi-insulating 4H-SiC before and after annealing at
~ 1670°C.

T
Sl 4H-SiC, T=400 K, Sample A b

Photocurrent [x108 A]
o o o s o
£ 88 .83 35

o
[N}

o

Time [s]

Fig. 7. Experimental photocurrent transient at 400 K
for a sample of SI 4H-SiC not subjected to heat treat-
ment. The Z,,5 center concentration in the sample is

~ 7 x 10 cm 3.

These photocurrent transients are shown in Fig. 7 and
Fig. 8, respectively. The heat treatment of the sample
with a resistivity of ~ 10® Qcm was carried out in an epi-
taxial reactor for 1 h. The measurements of photocurrent
transients were performed using an experimental sys-
tem dedicated to studies of defect levels by the HRPITS
method [2]. The transient were amplified by means of a
Keithley 428 fast picoammeter and then digitized with a
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Sl 4H-SIC, T=400 K, Sample B

Photocurrent [x1078 A]
NG e
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Fig. 8. Experimental photocurrent transient at 400 K
for a sample of SI 4H-SiC after heat treatment at
~ 1670°C. Instead of the Z; 5 center, centers with the
activation energies of 750 meV and 830 meV are present
in this sample. The concentrations of these centers are
A~ 5 x 10'% cin™? and ~ 3 x 10'* cin~3, respectively.

12-bit amplitude resolution and a 1 ps time resolution.
To improve the signal to noise ratio, the digital data were
averaged taking 500 waveforms. The excess charge car-
riers were generated in the region between two coplanar
Au/Cr ohmic contacts by UV pulses with the wavelength
of 375 nm (photon energy 3.31 eV) emitted by a semicon-
ductor laser. The length of excitation pulses was 5 ms
and the repetition period was 500 ms. The photon flux,
controlled by the laser bias, was ~ 2.8 x 1017 cm™2 s~ L.
The voltage between two coplanar contacts was 20 V.

The photocurrent transient measured for the non an-
nealed sample of SI 4H-SiC (Fig. 7) is mainly affected
by the Z;,, center detected in this sample by the
HRPITS technique. The activation energy of this center
is ~ 630 meV and its concentration is ~ 7 x 10 cm~3.
Although we have different values on the time axis, the
shape of the waveform in Fig. 7 is very similar to the
simulated waveform shown in Fig. 6 that was calculated
at the assumption that the 7,5 center acts as a recom-
bination center and its concentration is 8 x 10** ¢cm~3.
It is worth adding that in the non annealed material an
electron trap with the activation energy of 560 meV cor-
responding to the ET trap assumed for the simulation
has also been revealed and its concentration was found
to be ~ 1 x 10 em™3.

After the annealing, the Z; 5 center disappeared. So,
the photocurrent transient shown in Fig. 8 is influenced
by other deep defect centers that were formed as a result
of defect reactions during the heat treatment. According
to the HRPITS results, the activation energies of these
centers are 750 meV and 830 meV. Similarly as in Fig. 6,
the shape of this transient is different than that for the
material containing the Z;,5 center. In particular, the
height of the photocurrent pulse at the moment of switch-
ing off the optical excitation is several times lower in the
case of the presence of the Z; /5 center (Fig. 7) than that
in the case of presence of the 750 meV and 830 meV defect
centers (Fig. 8). The same feature is observed from the
simulated transient photoconductivity results presented
in Fig. 6. Thus, both the simulated and experimental
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results indicate that the Z;,, center is the main defect
center in 4H-SiC that has a detrimental effect for the
material transient photoconductivity.

5. Conclusions

A model enabling the equilibrium conductivity and
transient photoconductivity of ST 4H-SiC to be simulated
has been demonstrated. The model is based on solving
the charge neutrality equation and a set of differential
rate equations for the assumed parameters and concen-
trations of defect centers such as shallow donors, shallow
acceptors, deep electron traps, deep hole traps, and re-
combination centers. Using this model, the simulations
of both equilibrium conductivity and transient photocon-
ductivity have been carried out. It is shown that the
evolution of photoconductivity in time after switching
on the band-to-band generation of electron—hole pairs is
strongly affected by the recombination rate of the excess
electrons and holes, as well as by the rate of capture of
excess charge carriers from the conduction and valence
band by deep level defects and the thermal emission of
the carriers to the bands from defect levels. The results of
transient photoconductivity simulations have been com-
pared with the experimental photocurrent transients for
a sample of high purity, semi-insulating 4H-SiC before
and after annealing at ~ 1670 °C. The results of transient
photocurrent measurements confirm the simulations re-
sults indicating that the 7/, center is a very effective
recombination center in SI 4H-SiC having detrimental
effect on the transient photoconductivity.
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