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In this study, to reveal the origin of the Z1=2 center, a lifetime killer in n-type 4H-SiC, the

concentrations of the Z1=2 center and point defects are compared in the same samples, using deep

level transient spectroscopy (DLTS) and electron paramagnetic resonance (EPR). The Z1=2

concentration in the samples is varied by irradiation with 250 keV electrons with various fluences.

The concentration of a single carbon vacancy (VC) measured by EPR under light illumination can

well be explained with the Z1=2 concentration derived from C-V and DLTS irrespective of the

doping concentration and the electron fluence, indicating that the Z1=2 center originates from a

single VC. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871076]

I. INTRODUCTION

SiC is a fascinating semiconductor that realizes high-

power, high-temperature, and high-frequency devices.

Because the Z1=2 center1–3 is a deep level known as a lifetime

killer in n-type 4H-SiC,4–6 identifying the origin of the Z1=2

center is required for controlling carrier lifetimes in SiC.

The origin of the Z1=2 center has been extensively inves-

tigated and suggested by different experimental studies to be

a defect involving a carbon vacancy (VC) because (i) this

defect can be generated by electron irradiation with energies

as low as 100 keV,7–9 which corresponds to the energy

threshold that can displace only carbon atoms in SiC, (ii) a

lower Z1=2 concentration is observed in SiC epilayers grown

under C-rich condition,10 (iii) the Z1=2 center is a thermally

stable defect1 showing no changes in concentration up to

1600 �C,8,11 indicating that the involvement of interstitials

are unlikely, and (iv) the Z1=2 center is efficiently eliminated

by Cþ implantation followed by annealing.12 The results

from these electrical characterizations, however, can provide

neither the microscopic model of Z1=2 nor direct evidence

proving that the defect is VC-related. Recently, using ab ini-
tio calculation, it has been suggested that the Z1=2 center

originates from the double acceptor (2–/0) level of VC.13

Based on the correlation between the energy position in the

bandgap of the Z1=2 center determined by deep level tran-

sient spectroscopy (DLTS) and that of VC by electron para-

magnetic resonance (EPR), the Z1=2 center was assigned to

the (2–/0) level of VC.14 Furthermore, it has been shown that

the Z1=2 center and VC defect are the dominant defects and

are responsible for carrier compensation in electron irradi-

ated SiC,15 further supporting that the Z1=2 center originates

from VC. Even by these continuous studies, however, a direct

quantitative evidence showing the origin of the Z1=2 center

has not been achieved.

In this paper, we will show that the origin of the Z1=2

center is a single VC by investigating the correlation between

the concentration of the Z1=2 center obtained by

capacitance-voltage (C-V) or DLTS and that of VC by EPR

in n-type 4H-SiC irradiated by low-energy (250 keV) elec-

trons with various electron fluences. It is noted that the direct

comparison of DLTS and EPR results is not easy due to the

following three reasons. (i) EPR measurements are suitable

for relatively high defect concentrations (over �1012 spins,

which correspond to a concentration over �1015 cm�3 if

samples are thin films). For DLTS measurements, however,

a low trap concentration NT as compared to the donor con-

centration Nd (NT < 0:2Nd) is required (typical Nd in SiC

epilayers employed for this kind of study has been

1014–1016 cm�3). (ii) By DLTS, only regions near the surface

are monitored (a trap volume density near the surface is

obtained), whereas EPR has no spatial resolution (EPR sig-

nal results from the center distributing in the whole sample

and thereby an area density of a defect is obtained). To com-

pare a trap volume density measured by DLTS with an area

density of a defect by EPR, a depth profile of the trap volume

density has to be known. (iii) The detectable defects by EPR

depend on the charge state of the defects; for VC, V�C is de-

tectable, whereas V2�
C and V0

C are EPR-inactive. Because the

VC defect has a negative-U nature,13,14,16 in n-type material

most VC defects are either in the neutral or 2– charge states

under equilibrium condition and, hence, cannot be detected

by EPR. Due to the restriction (i), in a previous study,17 elec-

tron fluences used for samples measured by DLTS were

much lower than those used for samples studied by EPR,

which prevented a direct comparison in concentration

between the Z1=2 deep level and the C vacancy.

In this study, we overcame the restrictions (i)–(iii) by the

following solutions (i)–(iii), respectively. (i) n-type 4H-SiC

epilayers with relatively high doping concentrations

(1016–1018 cm�3) were irradiated by low-energy (250 keV)

electrons with various electron fluences, introducing various

concentrations of the Z1=2 center. On these samples, DLTS

and EPR measurements could be performed, allowing a direct

a)Electronic mail: kawahara@semicon.kuee.kyoto-u.ac.jp
b)Also at Photonics and Electronics Science and Engineering Center

(PESEC), Kyoto University, Kyoto, Japan.
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comparison of the results obtained from the two techniques.

(ii) Because the Z1=2 center is not uniformly distributed along

the depth in the irradiated samples (as described in Sec. III B),

we measured the Z1=2 concentration by repeating DLTS meas-

urements and mechanical polishing many times, and inte-

grated the volume concentrations over the entire depth

(resulting in the trap area density, which can be compared

with an area density of a defect measured by EPR). In addi-

tion, for EPR measurements, we used 100 lm-thick epilayers

after removal of the substrates by mechanical polishing. (iii)

By light excitation, V�C can be activated and measured by

EPR. The ratio of the VC concentration in each charge state

was consistently taken into account for comparison in concen-

tration between Z1=2 and VC.

II. EXPERIMENTS

The starting materials are 100 lm-thick n-type 4H-SiC epi-

layers. The doping concentration Nd is varied by wafers: (A)

1:8� 1016 cm�3, (B) 3:8� 1016 cm�3, (C) 1:1� 1017 cm�3,

(D) 1:6� 1017 cm�3, and (E) 1:2� 1018 cm�3. The epilayers

were irradiated by 250 keV electrons with different fluences of

1� 1015–1� 1019 cm�2. Ni/SiC Schottky structures were

formed on the samples used for C-V, I–V, and DLTS measure-

ments, while the substrates of the other set of samples used for

EPR measurements were removed by mechanical polishing.

For data sampling in all DLTS measurements, a period width

of 0.205 s and a probe frequency of 1 MHz were employed. In

DLTS measurements, the reverse bias voltage was varied in the

range from 0 V to –100 V, which corresponds to monitored

depths of about 0.1–1.4 lm in samples of the wafer B (named

B samples). EPR measurements were performed on an X-band

(�9.4 GHz) Bruker E500 spectrometer equipped with a contin-

uous He-flow cryostat, allowing the sample temperature regula-

tion in the range of 4–295 K. In photoexcitation EPR

(photo-EPR) experiments, a 200 W halogen lamp and appropri-

ate optical filters were used for excitation.

III. RESULTS

A. Deep levels in electron-irradiated samples

Figure 1 shows DLTS spectra observed in a D sample (Nd:

1:6� 1017 cm�3) irradiated with an electron fluence of

3:1� 1018 cm�2. In this sample, the ET1 (EC � 0:30 eV),8 EH1

(EC � 0:34 eV),18 Z1=2 (EC � 0:67 eV),1 EH5 (EC � 1:3 eV),18

ET4 (EC � 1:3 eV), and EH6=7 (EC � 1:5 eV)18 centers were

observed. The activation energy was derived by assuming a

temperature-independent capture cross section. Taking into

account temperature dependence of the capture cross section of

the Z1=2 level (the activation energy: 0.074 eV (Refs. 19 and

20)), the energy level of the Z1=2 center is recalculated as

EC � 0:59 eV. All these deep levels are often observed in irradi-

ated 4H-SiC except for the ET4 center, which is not easy to be

separated from the EH6=7 center because of severe overlapping.

Among these centers, the Z1=2 center showed the highest con-

centration in the irradiated samples.

B. Depth profiles of Z1=2 center after electron
irradiation

By DLTS and C-V measurements, the Z1=2 concentra-

tion in the irradiated samples was investigated. Note that af-

ter electron irradiation the Z1=2 center does not uniformly

distribute along the depth of the epilayers. Figure 2(a) shows

depth profiles of the Z1=2 center in lightly doped epilayers

(Nd: 1:6� 1015 cm�3, initial Z1=2 concentration:

1:7� 1013 cm�3) after irradiation with 250 keV electrons

with relatively low fluences (3� 1015–2� 1016 cm�2). The

distribution of the Z1=2 center can be roughly fitted by the

following equation:

NTðxÞ ¼ N0 þ Nsurf expð�3:8� 104x2Þ; (1)

where x signifies the distance from the surface (cm), Nsurf the

Z1=2 concentration at the surface, and N0 the initial Z1=2 con-

centration before electron irradiation. The Nsurf values in the

irradiated samples are easily measured by DLTS. Figure 2(b)

shows the dependence of Nsurf on irradiated electron fluence

FIG. 1. DLTS spectra observed in a D sample (Nd : 1:6� 1017 cm�3) irradi-

ated with an electron fluence of 3:1� 1018 cm�2.

FIG. 2. (a) Depth profiles of the Z1=2

center in lightly doped 4H-SiC epilayers

(Nd: 1:6� 1015 cm�3, initial Z1=2 con-

centration: 1:7� 1013 cm�3) after irradi-

ation with 250 keV electrons with

various fluences (circles: 2� 1016 cm�2,

triangles: 1� 1016 cm�2, and squares:

3� 1015 cm�2). Each dashed line indi-

cates a fitting curve following Eq. (1).

(b) Dependence of the Z1=2 concentration

near the surface region measured by

DLTS on the irradiated electron fluence

(electron energy: 200 keV or 250 keV).
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(electron energy: 200 keV or 250 keV), which is in propor-

tion to the electron fluence in the wide range. The propor-

tional coefficients between the Z1=2 concentration and

electron fluence are 4:5� 10�2 cm�1 for 200 keV electrons

and 3:5� 10�2 cm�1 for 250 keV electrons, which does not

conflict with a previous report9 (the slight difference may be

due to a difference of the monitored depth).

The depth profiles of Z1=2 center can also be estimated

by the thickness of a compensated region (CR). When the

electron fluence is very high, a semi-insulating region was

formed due to compensation, which resulted in an almost

bias-independent capacitance in C-V measurements. The CR

is formed where the Z1=2 concentration exceeds Nd and the

deep center can capture almost all electrons from the N shal-

low donors. Figure 3 shows the dependence of the CR thick-

ness (dCR) on the electron fluence, which was derived from

the equation: dCR¼ �/C (�: dielectric constant, C: capaci-

tance per unit area obtained from C-V measurements).

Because the CR region is formed where the trap concentra-

tion exceeds the doping concentration, electron irradiation

with higher fluence or lower doping concentration leads to

thicker dCR. When NTðdCRÞ ¼ Nd is applied to Eq. (1), the

Nsurf value in each sample can be obtained from each dCR

(derived from C-V results). Figure 4 shows the Nsurf values

of A–C samples obtained from DLTS measurements and

from C-V measurements. The plots from C-V measurements

are roughly on a line independent of the donor concentration,

suggesting that the depth profiles of the Z1=2 center estimated

from C-V results are valid. The slight difference between the

DLTS results and the C-V results may be attributed to the

overestimation of Nsurf values in Eq. (1). In this study, the

Z1=2 depth profiles derived from C-V results (profiles

obtained from dCR determined by the points where NT¼Nd)

are employed for the comparison in concentration between

Z1=2 and VC.

C. Charge states of VC in darkness and under
illumination

In the bandgap of 4H-SiC, VC can be in several charge

states such as V2�
C ; V�C ; V0

C; VþC , or V2þ
C (Refs. 13, and

21–23), among which V2�
C ; V�C , and V0

C are expected to be

present in n-type materials. Because V2�
C and V0

C have the

electron spin S¼ 0 and cannot be detected by EPR, the V�C
concentration in the irradiated samples was investigated.

Figure 5 shows EPR spectra for a C sample irradiated with a

fluence of 4.5� 1018 cm�2 measured at 100 K in darkness or

under illumination with light of photon energies ’1.6 eV. In

all samples having a CR, two signals, showing g values

(B k c) of 2.00475 and 2.00398, were dominant. From the

obtained g tensor and the Si hyperfine (hf) tensors, the spec-

tra were identified to be V�C signals at the cubic site (V�C ðkÞ)
and at the hexagonal site (V�C ðhÞ).

14,24 Under illumination,

the V�C ðhÞ signal clearly increased and the V�C ðkÞ signal

appeared, which can be explained by negative-U nature of

VC.13,14 In equilibrium for n-type SiC, V�C prefers capturing

another electron to relax to the lower-lying 2– state which is

EPR inactive. Illumination excites an electron from the 2–

state to the conduction band, activating the single negative

charge state and, hence, leading to the appearance and

increase of the V�C signal.

Figure 6 shows the schematic diagram for the electron

transitions between the VC levels (V
2�=0
C level (When the

Fermi level is located above/below this level, V2�
C =V0

C is en-

ergetically favorable. However, note that this level corre-

sponds to the VC transitions between V2�
C and V�C .) and V

�=0
C

level) and the conduction band EC. The ratio of the VC

FIG. 3. Dependence of the CR thickness (dCR) in the A–C samples (circles:

A samples, triangles: B samples, and squares: C samples) derived from C-V
results on the irradiated electron fluence.

FIG. 4. Z1=2 concentration near the surface (Nsurf) of the A–C samples

obtained from DLTS measurements and C-V results with Eq. (1).

FIG. 5. EPR spectra for the C sample irradiated with a fluence of 4:5
�1018 cm�2 measured at 100 K in darkness or under illumination with light

of photon energies ’1.6 eV.
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concentration in each charge state (½V2�
C � : ½V�C � : ½V0

C�)
should be determined by the electron capture (c) and emis-

sion (e) rate

c ¼ rvthn; (2)

e ¼ rvthNCexp �EC � ET

kT

� �
þ aAðDElightÞ; (3)

where r denotes the electron capture cross section, vth the

thermal velocity of electrons, n the carrier concentration

(electrons in the conduction band), a the probability of the

electron being excited by photons. In Eq. (3), the first term

corresponds to thermal emission of electrons from a trap

located at ET to the conduction band edge, whereas the sec-

ond term corresponds to electron emission by photoexcita-

tion. A is a function of DElight ¼ Elight � ðEC � ET þ EFCÞ
(A¼ 0 when DElight � 0), where EFC signifies the

Franck-Condon shift and Elight the photon energy. When the

occupancy ratio of a trap is given as f, the relation of f, c, and

e in the steady state is described as

f

1� f
¼ c

e
: (4)

When Eqs. (2)–(4) are applied for all traps located in the

bandgap of the samples (e.g., V
2�=0
C ðhÞ; V

2�=0
C ðkÞ; V

�=0
C ðhÞ;

V
�=0
C ðkÞ), the accurate occupancy ratio of the traps can be

achieved. Even without solving all the equations, most behav-

iors of V�C signals during EPR measurements can qualitatively

be explained as follows. No V�C signals could be observed in

heavily doped E samples (Nd ¼ 1:2 �1018 cm�3). In the

region where the doping concentration exceeds the trap con-

centration, the carrier concentration n is much higher than that

in CR. Therefore, the electron capture rate c was high (from

Eq. (2)), and there are enough carriers to transform almost all

VC to V2�
C . In other words, when there exists a high density of

electrons in the conduction band, VC immediately captures

electrons and becomes V2�
C even under illumination. In CR, in

contrast, a large part of the total concentration of VC can be in

the negative charge state V�C under illumination because elec-

tron capture rate of V�C is small.

D. Concentration comparison between Z1=2 and VC

In this section, the V�C area density ½V�C �A measured by

EPR in the A–C samples irradiated with various electron flu-

ences is compared with the “maximum Z�1=2 area density

½Z�1=2�MAX” derived from DLTS and C-V results. As men-

tioned in Sec. III B, the depth profiles of the Z1=2 center can

be estimated from the DLTS and C-V results. Using the depth

profile of the Z1=2 center, ½Z�1=2�MAX can be estimated as the

area shown as “½Z�1=2�MAX” in Fig. 7. Figure 7 shows the sche-

matic diagram of the depth profiles of the Z1=2 concentration

obtained by DLTS ([Z1=2]DLTS) and the real concentration of

the Z1=2 center ([Z1=2]) in the sample irradiated with a high

electron fluence. Here, note that the Z1=2 concentration meas-

ured by DLTS is twice higher than the real Z1=2 concentration

because the Z1=2 center captures two electrons. The thickness

of a CR (dCR) can be defined by the depth at the cross point of

the donor concentration Nd and [Z1=2]DLTS. Almost all VC

located out of CR should be V2�
C because in this region a high

density of electrons exists in the conduction band, leading to

the high electron-capture rate of VC (from Eq. (2)). Within the

CR, in contrast, [Z�1=2] is limited by [Z1=2] and Nd because an

electron is needed for Z1=2 to become Z�1=2.

Figure 8(a) shows ½V�C �A as a function of the electron

fluence in the A–C samples measured by EPR under illumi-

nation with light of photon energies ’1.6 eV. Higher

electron fluence leads to higher ½V�C �A. Fig. 8(b) shows

½V�C �A measured by EPR as a function of ½Z�1=2�MAX estimated

from DLTS and C-V results (determined from the depth

profiles of the Z1=2 center). All the plotted data show

½V�C �A ’ ½Z�1=2�MAX irrespective of the doping concentration

and the electron fluence, indicating that the VC and Z1=2 vol-

ume densities have a one-to-one correspondence. Here,

½V�C �A is 30%–40% lower than ½Z�1=2�MAX because not all VC

is in the single-negative charge state even under illumination

due to a high electron-capture rate of V�C . The charge states

of the VC defects are further discussed in Sec. IV. From this

quantitative correlation in concentration, it is strongly sug-

gested that the origin of the Z1=2 center is the single VC.

IV. DISCUSSION

The ratio of [VC] in each charge state

(½V2�
C � : ½V�C � : ½V0

C�) is further discussed because it is a key

point of the concentration comparison between Z1=2 and VC.

We focused on the three particular behaviors of the V�C sig-

nals for the A–C samples.

FIG. 6. Schematic diagram for the electron transitions between the VC levels

(V
2�=0
C and V

�=0
C ) and the conduction band.

FIG. 7. Schematic diagram of the depth profiles of the Z1=2 center obtained

by DLTS ([Z1=2]DLTS) and real Z1=2 center ([Z1=2]) in the sample irradiated

with a high electron fluence. The area shown as “½Z�1=2�MAX” denotes the

maximum Z�1=2 area density.
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(i) The carrier concentration (the electron concentration in

the conduction band) in CR is very low even under illu-

mination. This is shown from EPR measurements of

the A–C samples performed either in darkness or under

illumination with high values of the quality factor Q,

which are only attainable in samples having very low

conductivity. In addition, at temperatures lower than

200 K, the V�C signal intensity was almost unchanged

after turning off the light. This indicates that (a) there

were few electrons in the conduction band even under

illumination due to large cross section for capturing an

electron to the neutral charge state and the higher con-

centration of VC compared to that of the carrier concen-

tration, and (b) few electrons were captured to the

negative charge state after turning off the light due to

the energy barrier for the transition. In fact, the Z1=2

center has a large capture cross section for Z
�=0

1=2
(over

1� 10�14 cm2 compared to �20� 10�19 cm2 for

Z
2�=0

1=2
at 100 K) with an energy barrier for the transition

“Z�1=2 to Z2�
1=2” of 0.065–0.080 eV.19,20

(ii) The electron excitation probability by photons a (Eq.

(3)) was nearly unity under the illumination condition

(there exist sufficient photons to interact with elec-

trons). The intensity of the V�C signal was almost con-

stant when the power of excitation light was changed

in the range over an order of magnitude, indicating

that the excitation probability was saturated.

(iii) The electron emission rate by light excitation is much

higher than that by thermal excitation (the first term of

Eq. (3) is negligible) under the illumination at

100–200 K. Figure 9 shows the temperature depend-

ence of [VC]A in the A sample irradiated with a fluence

of 4.5� 1018 cm�2 in darkness and under illumination.

By light excitation, ½V�C �A increased by about two

orders of magnitude and did not depend on the mea-

surement temperature, suggesting that thermal excita-

tion of electrons is negligible under illumination. ½V�C �V
in darkness can be estimated using the equations

fð�=0Þ ¼
½V�C �

½V0
C� þ ½V�C �

¼ 1

1þ exp
ETð�=0Þ�EF

kT

� � ; (5)

fð2�=0Þ ¼
½V2�

C �
½V�C � þ ½V2�

C �
¼ 1

1þ exp
ETð2�=0Þ�EF

kT

� � ; (6)

under the binding condition, ½VC� ¼ ½V2�
C � þ ½V�C �

þ½V0
C� and Nd ¼ nþ 2½V2�

C � þ ½V�C �, where ETð�=0Þ
and ETð2�=0Þ signify the energy levels of V

�=0
C and

V
2�=0
C , respectively. Equations (5) and (6) suggest that

the occupancy ratio of traps in darkness can be

described by the Fermi-Dirac distribution function. As

parameters, EC � ETð�=0Þ and EC � ETð2�=0Þ of 0.52

and 0.72 eV for h-site, 0.45 and 0.76 eV for k-site,19 Nd

of 1.8� 1016 cm�3, and ½VC�V of 3� 1016 cm�3 were

assumed, where ½VC�V does not influence on the calcu-

lated results very much if the value sufficiently exceeds

the half of Nd. The calculated ½V�C �Að¼ ½V�C � � dCR) is

shown in Fig. 9 as a dashed line (½V�C ðhÞ�A) and a solid

line (½V�C ðkÞ�A). The calculated ½V�C �A depends on the

sites (h or k) and increases with the temperature due to

the temperature dependence of the Fermi-Dirac distri-

bution function. ½V�C ðhÞ�A and ½V�C ðkÞ�A were individu-

ally calculated for simplicity (all levels have to be

solved together for an accurate calculation). At low

temperatures (�100 K), the experimental ½V�C �A in

darkness is close to the calculated ½V�C ðhÞ�A, whereas

the V�C ðkÞ signal can hardly be detected and the calcu-

lated ½V�C ðkÞ�A is small. This is expected since the

energy distance between the (2–/0) and (–/0) level of

FIG. 8. (a) V�C area density ½V�C �A as a

function of the electron fluence in the

A–C samples. (b) ½V�C �A as a function

of ½Z�1=2�MAX. ½V�C �A was measured by

photo-EPR, whereas ½Z�1=2�MAX was

estimated from the depth profiles of

the Z1=2 volume density obtained by

DLTS and C-V measurements.

FIG. 9. Temperature dependence of V�C area density ½V�C �A in the A sample

irradiated with the fluence of 4:5� 1018 cm�2 in darkness (circles) and

under illumination (squares). The lines indicate ½V�C �A for h- or k-site in

darkness (under equilibrium condition) estimated using Eqs. (5) and (6).
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VC is smaller for the h-site (�0.72–0.52¼ 0.2 eV) and

larger for the k-site (�0.76–0.45¼ 0.31 eV). In dark-

ness, the population of V�C , which is determined by

thermal distribution between the (2–/0) and (–/0) lev-

els, should be small at low temperatures in particular

for the k-site. Thus, the concentration measured in

darkness at low temperatures is close to the ½V�C ðhÞ�A,

which is a small part of the total concentration of VC

(mainly in the 2– charge state).

V. CONCLUSION

The concentration of the VC defect in n-type 4H-SiC epi-

layers irradiated with 250 keV electrons measured by EPR

was quantitatively compared with that of the Z1=2 center

measured by C-V and DLTS in the same sample sets. The

Z1=2 center and VC defect are the dominant defects responsi-

ble for the carrier compensation observed in the irradiated

samples. After the electron irradiation, the Z1=2 center did not

uniformly distribute along the depth, which could be repro-

duced by an equation with a parameter: the Z1=2 concentration

near the surface Nsurf or the compensated region thickness

dCR. The Z1=2 depth profiles estimated from the Nsurf meas-

ured by DLTS agreed with those from the dCR measured by

C-V irrespective of the doping concentration and the electron

fluence. With the depth profiles of the Z1=2 center, maximum

Z�1=2 area densities ½Z�1=2�MAX were estimated and compared

with the V�C area densities ½V�C �A measured by EPR.

½Z�1=2�MAX estimated from DLTS and C-V agrees well with

½V�C �A measured by EPR irrespective of the doping concentra-

tion and the electron fluence (in 13 samples). Based on this

direct quantitative comparison, it is concluded that the Z1=2

center is related to the (2–/0) level of the single C vacancy.
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