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We propose a new technique called local deep level transient spectroscopy (local-DLTS), which

utilizes scanning nonlinear dielectric microscopy to analyze oxide/semiconductor interface traps,

and validate the method by investigating thermally oxidized silicon carbide wafers. Measurements

of C-t curves demonstrate the capability of distinguishing sample-to-sample differences in the trap

density. Furthermore, the DC bias dependence of the time constant and the local-DLTS signal

intensity are investigated, and the results agree to characteristic of interface traps. In addition, the

Dit values for the examined samples are estimated from the local-DLTS signals and compared with

results obtained using the conventional high-low method. The comparison reveals that the Dit val-

ues obtained by the two methods are of the same order of magnitude. Finally, two-dimensional

(2D) distributions of local-DLTS signals are obtained, which show substantial intensity variations

resulting in random 2D patterns. The 2D distribution of the local-DLTS signal depends on the time

constant, which may be due to the coexistence of multiple types of traps with different capture

cross sections. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991739]

I. INTRODUCTION

Characterization of the interface between an oxide layer

and a semiconductor material is of great importance, since

the electrical quality of the interface, especially in terms of

interface traps, significantly affects the electrical characteris-

tics of metal-oxide-semiconductor (MOS) devices, such as

their on-resistance, threshold voltage stability, and switching

performance.1,2 Various methods exist for characterizing

interface traps using an MOS capacitor, such as the high-low

method, which looks at the difference between a high-

frequency capacitance-voltage (CV) curve and a quasi-static

CV curve,3 and deep level transient spectroscopy (DLTS),

which measures trap-induced transient capacitance

response.4,5 Although DLTS is capable of quantitatively

evaluating the interface trap density (Dit) with good energy

depth resolution, the lateral resolution of conventional DLTS

is typically larger than 100 lm. However, there have been

reports suggesting that interface traps have an inhomoge-

neous spatial distribution,6–8 which makes characterizing

interface traps with high lateral resolution quite interesting

and important. Techniques for measuring interface traps

using electron-beam9 and scanning-probe microscopes10–12

have been proposed. The electron-beam technique measures

the transient current flow after electron beam irradiation. The

spatial resolution was on the order of micrometers, as deter-

mined based on the volume of the electron-hole pair genera-

tion region.9 The scanning-probe method utilizes a scanning

capacitance microscope13 to measure the transient capaci-

tance response12 as with conventional DLTS or to measure

the stretch-out of local CV characteristics14,15 due to inter-

face traps. However, none of these studies reported two-

dimensional (2D) interface trap distributions, possibly due to

difficulties in obtaining stable measurements, which is

important for 2D imaging. Recently, the authors of this paper

proposed the utilization of super-higher-order scanning non-

linear dielectric microscopy (SHO-SNDM)16–18 to perform

DLTS-like measurements using a sharp conductive tip, a

technique we call local-DLTS.19 In the previous report,19 a

linear relationship between the local-DLTS signal and Dit

was observed and 2D distributions of the local-DLTS signals

were presented. However, we did not attempt a quantitative

discussion of the results, nor was the validity of the method

investigated in detail.

In this paper, the physical features of local-DLTS meas-

urements are investigated and compared with those of con-

ventional DLTS. The target material is silicon carbide (SiC),

which is of growing interest due to its attractive properties

for high-voltage, high-frequency, and high-temperature

power electronics applications that result from its wide band

gap.20,21 In addition, the fact that oxidation of SiC produces

a silicon dioxide (SiO2) layer makes SiC even more attrac-

tive for use in power MOS devices.20 Although SiC power

MOS field-effect-transistors (FETs) are commercially avail-

able, they still suffer from a high Dit at the SiO2/SiC inter-

face.21–23 Thus, there has been immense research effort

spanning several decades focused on methods for reducing

Dit. These efforts have led to the finding that the incorpora-

tion of elements such as nitrogen,24–27 phosphorous,28 and

boron29 into the SiO2/SiC interface by post-oxidation anneal-

ing (POA) in a suitable ambient effectively reduces Dit,

whereas POA in a hydrogen ambient under the same condi-

tions as those used in the Si process technology has almost

no effect.22 The origin of the high-density interface traps has

not been clarified yet, but possible explanations include car-

bon clusters at the interface,6,7,22 strain in the SiO2 close toa)E-mail: yasuocho@riec.tohoku.ac.jp
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the interface,22,29 and dangling bonds.22 In addition, recent

studies revealed the existence of a high density of interface

traps very close to the conduction band edge. To further

improve the quality of SiO2/SiC interfaces, deeper insight

into the nature of interface traps is indispensable. In addition,

there are some reports that indicate inhomogeneity in the

SiO2/SiC interface quality. Afanas�ev et al. reported the

observation of hydrogen-fluoride (HF)-resistive regions tens

of nanometers across in atomic force microscope images

after removing the thermally grown oxide layer by HF etch-

ing, and these were attributed to carbon clusters.22 More

recently, the authors of this paper reported that lateral varia-

tions in the electrical properties at SiO2/SiC interfaces mea-

sured using a scanning nonlinear dielectric microscope are

positively correlated with Dit. Thus, characterization of such

distributions of interface traps at SiO2/SiC interfaces is of

great interest.

II. PRINCIPLE OF LOCAL-DLTS

In local-DLTS measurements, a conductive sharp tip

contacts the surface of an insulator layer (e.g., SiO2) on a

semiconductor material (e.g., SiC), forming a tiny MOS

capacitor between the tip and the sample whose capacitance

Cs is modulated by an applied voltage. The voltage V applied

to the sample is alternated between binary values Va and Vb

with a frequency of fp. The duration for which V¼Vb is tpw,

which results in rectangular-shaped pulse waveform, as illus-

trated in Fig. 1(a). The voltage-induced capacitance variation

DCsðtÞ is measured through modulation of the oscillating fre-

quency of a free-running GHz-range LC oscillator (SNDM

probe). In the present study, the sample is an n-type 4H-SiC

wafer with a thermally oxidized surface. Figure 1(a) shows a

schematic diagram illustrating the local-DLTS method.

Letting L and C denote the built-in inductance and built-in

capacitance of the SNDM probe, respectively, f0 is given by

f0 ¼ 1=2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LðCþ CsÞ

p
. The frequency variation Df ðtÞ when

Cs changes by DCsðtÞ (�Cs), caused by the modulation

in depletion layer thickness under the tip, can be approxi-

mated as16

Df ðtÞ � �f0

1

2

DCsðtÞ
Cþ Cs

: (1)

Thus, DCsðtÞ is converted to a proportional voltage signal by

the frequency demodulator. When the voltage pulse is

applied with a frequency fp, DCsðtÞ can be expressed as a

Fourier expansion as follows:16,18

DCsðtÞ ¼
X1

n¼1

ðan cos nxptþ bn sin nxptÞ; (2)

where xp ¼ 2pfp, and an and bn are the amplitudes of the n-

th order Fourier cosine and sine components, respectively.

Each n-th order Fourier component is measured using a

lock-in amplifier with the corresponding n-th harmonic refer-

ence signal. The expected waveform for CsðtÞ is illustrated

in Fig. 1(b). We assume that the SiO2/SiC interface under

the tip is in a depleted state before voltage pulse application,

and denote Cs in this time range as Cs0. When the sample

voltage changes from Va to Vb at t¼�tpw, carriers accumu-

late at the SiO2/SiC interface under the tip, which causes an

abrupt increase in capacitance DCM. During the period

�tpw < t < 0, traps below the Fermi level are filled with

electrons; thus, the voltage pulse applied during this period

is called a filling pulse. When the sample bias is returned to

Va, the SiO2/SiC interface under the tip is in a more depleted

state than before the filling pulse application because the

trapped carriers extend the depletion layer under the tip,

which causes Cs to be less than Cs0. The traps with energy

just “above the Fermi level” gradually emit carriers, result-

ing in a slow increase in Cs because the decrease in trapped

charge reduces the thickness of the depletion layer. The tran-

sient capacitance change CtrðtÞ after removal of the voltage

pulse is expressed as the integral of a decaying exponential

with a continuously varying time constant s which is a func-

tion of energy depth because the interface trap distribution is

continuous within the band gap. In this paper, to make the

data analysis easier, the continuous time constant is typified

by discrete Nt values of sk(k¼ 1, 2,…, Nt), which leads to

the following expression for CtrðtÞ based on the Shockley-

Read-Hall statistics5,19,30,31

CtrðtÞ ¼
XNt

k¼1

cðskÞ exp �t=skð Þ; (3)

FIG. 1. Principle of local-DLTS. (a) A free-running LC oscillator with a

conductive sharp tip (SNDM probe) is used to measure capacitance variation

under the tip, induced by a voltage pulse of duration tpw applied between the

tip and the sample. (b) Ideal capacitance response curve to the voltage pulse.
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where sk and cðskÞ are the time constant and magnitude of

the corresponding exponential transient, respectively. The

term cðskÞ is proportional to Dit, whose energy depth is

related to the time constant sk. Letting cðskÞ and DCM take

appropriate values, one can calculate a set of Fourier coeffi-

cients. By comparing the calculated and measured Fourier

coefficients an and bn, the most appropriate cðskÞ and DCM

can be determined. In this paper, cðsÞ=DCM is defined as the

local-DLTS signal SðsÞ, and a plot of SðsÞ vs. s is defined as

the local-DLTS spectrum. Analysis under the parallel plate

approximation and the depletion approximation leads to the

following simple linear relationship between SðsÞ and Dit at

energy level E, which is related to the time constant s

SðsÞ ¼ qtoxkBTlnrs

eoxVp

a DitðEÞ; (4)

where eox, tox, Vp, q, kB, T, rs, and a are the dielectric con-

stant of SiO2, the SiO2 layer thickness, the magnitude of the

filling pulse (Va � Vb), the elementary charge, the

Boltzmann constant, the absolute temperature, the ratio of

adjacent time constants, and the occupancy ratio of traps at

the end of the filling pulse, respectively. E and s are related

by the following equation:32

E ¼ Ec � kBTln ðrcvthNcsÞ; (5)

where Ec, rc, vth, and Nc are the energy of the conduction

band minimum, the capture cross section of the traps, the

electron thermal velocity, and the effective density of states

in the conduction band.

III. SAMPLE PREPARATION

Two groups of samples were prepared. The first group

consisted of four silicon (Si)-face (i.e., {0001}) n-type 4 H-

SiC 4� off-axis wafers, which were thermally oxidized at

1200 �C for 100 min to form a 45-nm-thick oxide layer. One

as-oxidized sample was labeled #S-45–1, and the other three

wafers were subjected to POA in nitric oxide (NO) at differ-

ent temperatures and for different durations as follows:

1250 �C for 10 min (#S-45–2), 1150 �C for 60 min (#S-45-3),

and 1250 �C for 60 min (#S-45-4). The Dit values for these

samples were measured using the conventional high-low

method by fabricating MOS capacitors. The measured Dit

values are plotted in Fig. 2 as a function of Eit � Ec � E,

which is the energy depth of traps measured from the con-

duction band minimum. The Dit for #S-45-1 (without POA)

was the highest and that for #S-45-4 (POA conducted at the

highest temperature and for the longest duration) was the

lowest, which is consistent with previous reports from other

groups.25,27

The other group of samples consisted of one Si-face

sample and one carbon (C)-face sample. The surface of the

C-face sample, labeled #C-70, was thermally oxidized in a

N2O ambient, resulting in the formation of a 68.6-nm-thick

thermal oxide layer. The surface of the Si-face sample,

labeled #S-70, was thermally oxidized by dry oxidation,

resulting in the formation of a 75.6-nm-thick oxide layer.

Sample #S-70 was subjected to POA in an NO ambient at

1200 �C for 240 min. Conventional constant capacitance

(CC) DLTS33 was conducted, and the results are shown in

Fig. 3 as a plot of Dit vs. energy depth Eit. The horizontal

axis of the raw CC-DLTS spectrum is temperature, which

can be converted to Eit as follows. A CC-DLTS spectrum is

equivalent to a plot of the magnitude of a capacitance tran-

sient with a certain time constant s as a function of tempera-

ture T. Substitution of Eit � Ec � E into Eq. (5) leads to the

following relationship among Eit, s, and T

Eit ¼ kBTln ðrcvthNcsÞ: (6)

In Fig. 3, the solid and dashed lines show the results for #S-

70 and #C-70, respectively. In the calculation of Eit from the

CC-DLTS results, a constant capture cross section of 10�16

cm2 was assumed. These samples each exhibited distinctive

features in the energy distribution of Dit, while they shared a

common feature that Dit was larger at shallow energy depths

(small Eit values) than that at deeper energy depths (larger

Eit values). In the range of Eit < 0:35 eV, Dit for #C-70

increased much more rapidly than for #S-70 with decreasing

Eit (i.e., the energy level ended up close to the conduction

FIG. 2. Dit for samples #S-45-1-#S-45-4 as a function of trap energy depth

from the conduction band minimum measured by the conventional high-low

method.

FIG. 3. Conventional CC-DLTS measurement of Dit as a function of Eit.
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band) although the Dit values for each sample in the range of

Eit > 0:35 eV were similar.

IV. LOCAL-DLTS MEASUREMENT RESULTS AND
DISCUSSION

A. Capacitance-time curve measurement

To confirm that our system is able to measure the tran-

sient response, which is sample dependent, samples #S-45-1

and #S-45-4 were analyzed and their capacitance-time (C–t)
curves were compared. A commercially available metal-

coated tip with a tip radius of 150 nm (SD-R150-T3L450BP,

Nanosensors) was attached to an SNDM probe with an oscil-

lating frequency of 4 GHz. Voltage pulses with Va¼ 0 V,

Vb¼�1.5 V, tpw¼ 499 ns, and fp¼ 100.2 kHz were applied

between the sample and the tip using a WF1974 (NF

Corporation) function generator. For convenience, in the fol-

lowing discussions, the difference between Va and Vb

(defined as Vp � Va � Vb) is referred to as the amplitude of

the filling pulse, and Va is referred to as the DC bias VDC.

Thus, in the present experiment, Vp ¼ 1:5 V and VDC ¼ 0 V.

The radio frequency signal from the SNDM probe was input

to an ADD1206B (Addnics) frequency demodulator, which

converted a frequency change into a voltage signal. Then,

the Fourier coefficients of the 1st to 18th harmonics were

measured using an HF2LI (Zurich Instruments) lock-in

amplifier. This was carried out as separate measurements of

the 1st to 6th, 7th to 12th, and 13th to 18th harmonics

because the HF2LI is only able to simultaneously measure

up to six harmonic components. The tip-sample contact force

was maintained with an SPI3800N (Hitachi High-Tech

Science) scanning probe microscope controller using the

optical lever method. Figures 4(a) and 4(b) show the results

for samples #S-45-1 and #S-45-4, respectively. The dashed

lines are C–t curves (raw data curves) obtained by substitut-

ing the measured Fourier coefficients up to n¼ 18 into Eq.

(2). The acquired Fourier coefficients were analyzed, and

then the local-DLTS spectra cðskÞ=DCM were obtained with

sk set to 0.1, 0.3, 1, 3, and 10 ls. The solid-line plots in Figs.

4(a) and 4(b) are fits to the raw C–t curves obtained with the

analyzed parameters. The fits are in good agreement with the

raw data, which demonstrates that the calculated local-DLTS

spectra successfully reproduced the experimental results.

The large discrepancy between the raw data and the fits at

around t¼ 0 is attributed to the fact that the maximum har-

monic number was limited to 18. Comparing the peak values

of the C–t curves at t¼ 0 obtained for #S-45-1 [Fig. 4(a)]

and #S-45-4 [Fig. 4(b)] that for sample #S-45-1 is much

smaller than that for sample #S-45-4. This is because sample

#S-45-1 has a much higher density of interface traps than

sample #S-45-4, as shown in Fig. 2, which prevents changes

in the surface potential. On the other hand, a comparison of

the capacitance transient response following the abrupt

capacitance decrease at around t¼ 0.25 ls in Figs. 4(a) and

4(b) reveals that the transient response for sample #S-45-1

was larger than that for #S-45-4, despite having a smaller

capacitance response. This is because the much higher Dit

for #S-45-1 than for #S-45-4 resulted in a much larger popu-

lation of trapped electrons at the SiO2/SiC interface during

application of the filling pulses, which are gradually released

from the traps. These results show that the capability of

local-DLTS to measure differences in capacitance response

originates from sample-dependent differences in Dit.

In the local-DLTS method, the moving tip stays on one

pixel for 1 s, which is much longer than tpw of 499 ns.

Therefore, there is no moving tip problem. Moreover, as we

use a 4 GHz probe, we can detect very fast traps with a time

constant of, at worst, 2.5 ns at room temperature. When we

measure much shallower (much faster at room temperature)

traps, low temperature measurements can be performed with

our local-DLTS system to reduce the time constant of the

shallow traps. Therefore, in principle, we can detect much

faster traps at SiO2/SiC interfaces.

B. Verification of local-DLTS as a method for interface
trap measurement

1. Comparison between local-DLTS and conventional
CC-DLTS results

To compare the signal origin for local-DLTS and con-

ventional CC-DLTS, local-DLTS measurements were con-

ducted for samples #S-70 and #C-70 at various temperatures

ranging from room temperature to near 80 �C in order to

extend the analyzable energy range. The bias conditions

were as follows: #S-70, Vp¼ 5.0 V, and VDC¼ 3.0 V; #C-70,

Vp¼ 5.0 V and VDC¼�1.5 V. These DC biases were

selected so that the application of the filling pulse induced

alternating accumulation and depletion at the SiO2/SiC inter-

face. Figure 5 shows local-DLTS signal vs. Eit measured at

FIG. 4. Capacitance response curves as functions of time obtained from (a)

Sample #S-45-1 and (b) Sample #S-45-4.
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various temperatures for #S-70 and #C-70. The curves were

calculated using the time constant and assuming a constant

capture cross section of 10�16 cm2. It can be seen from the

figure that the local-DLTS signals decreased with increasing

temperature for both samples, which is consistent with the

trend that Dit decreases with Eit. In addition, in the range of

Eit < 0:33 eV, #C-70 exhibited a steeper increase in the

local-DLTS signal with decreasing Eit compared to #S-70,

which is consistent with the CC-DLTS results. Considering

these results, both conventional CC-DLTS and the proposed

local-DLTS method can be used to measure identical traps.

In addition, the measured noise level for the conventional

CC-DLTS method is typically 0.03 pF. The area of the MOS

capacitor used for the conventional CC-DLTS method is about

1 mm2. Thus, the sensitivity of the conventional DLTS method

per unit area is about 3� 10�8F/m2. On the other hand, the

sensitivity (noise level) per unit area of local-DLTS analysis

using a sharp tip is 10�22F/1� 10�14m2¼1� 10�8 F/m2.

Therefore, when we detect the same Dit using both methods,

the signal-to-noise ratio of the measured capacitance transient

for the local-DLTS analysis using a sharp tip is almost the

same as that for the conventional CC-DLTS method.

2. DC bias dependence of local-DLTS spectra

Samples #S-45-1-#S-45-3 were analyzed for Va ranging

from�3.0 V toþ3.0 V and a constant filling pulse amplitude

(Vp ¼ Vb � Va) of�1.5 V. The pulse duration and the fre-

quency were the same as those used in the C–t measure-

ments. Areas of 1.5 lm � 1.5 lm were scanned with a

resolution of 30� 30 pixels. To investigate the effect of the

DC bias on the local-DLTS spectra, the spectra were aver-

aged over the scanned area for each sample, and the results

are presented in Fig. 6. The average local-DLTS signal

changed drastically with DC bias. The DC bias dependence

of the local-DLTS spectra was investigated as follows,

focusing on the time constant and the magnitude.

It can be seen that the time constant corresponding to

the maximum of the local-DLTS signal varies with the DC

bias, e.g., the local-DLTS signal for�3.0 V has a maximum

at 0.3 ls, while the local-DLTS signal forþ1.5 V has a

maximum at 3 ls. This means that negative sample biases

result in signals with short time constants. In order to investi-

gate this trend more carefully, the center of time constant sgc

was defined as

log sgc ¼

X

k

ck log sk

X

k

log sk

(7)

and plotted as a function of the DC bias. Figure 7 shows a

series of sgc values calculated as a function of DC bias from

the local-DLTS spectra for sample #S-45-1, and the same

analysis was performed for samples #S-45-2 and #S-45-3.

For all the samples, sgc increased with increasing DC bias,

which can be understood as electron emission from the inter-

face states. As can be seen in Fig. 7, the Fermi level at the

interface is closer to the conduction band edge for negative

biases than for positive biases, resulting in a lower barrier

height for a trapped electron to escape to the SiC side. As a

result, negative biases shorten the time constant of the capac-

itance transient, similar to the following phenomenon

observed in conventional DLTS as applied to MOS capaci-

tors: a larger filling pulse voltage shortens the time constant

since traps close to the conduction band are filled.

FIG. 5. Local-DLTS spectra for samples #S-70 and #C-70 at various

temperatures.

FIG. 6. Local-DLTS spectra for sample #S-45-1 with DC biases

from�3.0 V toþ3.0 V. The local-DLTS signal was averaged over an area of

1.5 lm� 1.5 lm with a resolution of 30� 30 pixels.

FIG. 7. Center of time constant as a function of DC bias. The band structures

in the inset illustrate the energy level structure under positive bias and nega-

tive bias.
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3. DC bias dependence of local-DLTS signal

Local-DLTS signals for time constants of 0.3 ls and 3

ls are plotted as a function of DC bias in Figs. 8(a) and 8(b),

respectively. In Fig. 8(a), the local-DLTS signal (s¼ 0.3 ls)

for sample #S-45–1 monotonically increases as the polarity

of the DC bias changes from positive to negative. In contrast,

the local-DLTS signals (s¼ 0.3 ls) for samples #S-45-2 and

#S-45-3 have a local maximum at VDC¼�1.5 V. In Fig.

8(b), the local-DLTS signals (s¼ 3 ls) for all three samples

have a local maximum at VDC¼ 0 V. The local-DLTS signal

versus VDC behavior described above can be reasonably

understood by assuming that the local-DLTS signals origi-

nate from interface traps. The energy level of traps that con-

tribute to the capacitance transient response must be between

two Fermi levels, that when the sample bias is VDC and that

during filling pulse application. This energy range is illus-

trated in the band structure drawn in Fig. 8(b). The trap level

that corresponds to the time constant of interest is indicated

by an arrow. As illustrated by the band structure in Fig. 8(b),

around VDC¼ 0 V, the trap level that corresponds to the time

constant of interest is within the detectable energy range, in

which the traps are occupied by electrons when the pulse

voltage is applied. This situation yields the maximum local-

DLTS signal at a certain DC bias. In contrast, the trap level

of interest is outside the upper or lower limit of detectable

energy range for positive or negative VDC, respectively,

which yields a lower local-DLTS signal. Consequently, we

can expect that the maximum local-DLTS signal most

strongly reflects the interface trap density.

C. Quantitative estimation of Dit from local-DLTS
results

Now we discuss the quantitative conversion of local-

DLTS signal SðsÞ to Dit. We let DLDLTS
it denote the Dit value

obtained using local-DLTS in order to explicitly distinguish

it from that obtained using other methods. Replacing Dit

with DLDLTS
it in Eq. (4) and assuming a unity trap occupancy

ratio (a ¼ 1) yields the following function for converting

SðsÞ to DLDLTS
it

DLDLTS
it ðEitðsÞÞ ¼

eoxVp

qtoxkBTlnrs
SðsÞ: (8)

The value of Eit corresponding to time constant s is deter-

mined using Eq. (6). The maximum local-DLTS signal SðsÞ
was converted to DLDLTS

it using Eq. (8). Figures 9(a) and 9(b)

FIG. 8. Local-DLTS signal at a time constant of (a) 0.3 ls and (b) 3 ls as a

function of DC bias.

FIG. 9. Comparisons between Dit obtained using the conventional high-low

method (DHL
it ) and local-DLTS (DLDLTS

it ). (a) Relationship between DHL
it for

Eit¼ 0.24 eV and DLDLTS
it for s¼ 0.3 ls. (b) Relationship between DHL

it for

Eit¼ 0.30 eV and DLDLTS
it for s¼ 3 ls. The dotted lines in (a) and (b) corre-

spond to DHL
it ¼ DLDLTS

it .
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compare Dit obtained using the high-low method, denoted

DHL
it , with DLDLTS

it . Figure 9(a) shows a comparison of

DLDLTS
it for s ¼ 0.3 ls with DHL

it for Eit¼ 0.24 eV, which

was determined by substituting T¼ 300 K, rc¼ 10�16 cm2,

vth¼1.9� 107 cm/s, Nc¼ 1.9� 1019 cm�2,34 and s¼ 0.3 ls

into Eq. (6). Similarly, Fig. 9(b) shows a comparison of

DLDLTS
it for s ¼ 3 ls with DHL

it for Eit¼ 0.30 eV. The results

obtained using the two methods are of the same order of

magnitude, which indicates that local-DLTS indeed mea-

sures Dit, although DLDLTS
it is consistently greater than DHL

it .

This may be due to discrepancies between the parallel plate

model and an actual tip-sample structure, or the assumption

of a constant capture cross-section of 10�16 cm2 might be

incorrect, which would result in an inaccurate estimation of

Eit from s.

D. Two-dimensional images of local-DLTS

In Subsec. IV B we verified that local-DLTS is sensitive

to interface traps. In particular, the maximum local-DLTS

signals among those at a certain time constant s* most likely

reflect Dit at the energy depth to which s* corresponds. In

this section, we will discuss two-dimensional (2D) images of

local-DLTS signals.

1. 2D distributions of maximum local-DLTS signals

For each pixel, the relationship between the local-DLTS

signal and VDC was examined to determine the maximum

local-DLTS signal for s ¼ 0.3 ls and 3 ls. Then, the maxi-

mum local-DLTS signals were mapped two-dimensionally

as shown in Figs. 10(a)–10(f). Figures 10(a) and 10(b) show

a 2D distribution of maximum local-DLTS signals for

s¼ 0.3 ls and 3 ls, respectively, obtained for sample

#S-45-1. The corresponding results for samples #S-45-2 and

#S-45-3 are presented in Figs. 10(c) and 10(d) and in Figs.

10(e) and 10(f), respectively. All the 2D distributions exhibit

a random pattern with feature sizes of a few 100 nm. The

highest and lowest values in Fig. 10 (and also in Fig. 12) dif-

fer by only about a factor of 2–3. One may expect at least a

factor of 10 difference between “clean” areas and the

“carbon clusters,” which have been pointed out to be a major

problem for 4 H-SiC/SiO2 interfaces. The random patterns in

the image also have dimensions of more than 100 nm and

may be caused by lateral averaging of the signal due to the

slightly large tip radius (150 nm) used in this study. Figure

11 shows the typical topography of the sample surface, in

which stripe patterns (indicated by arrows), which are con-

sidered to reflect step bunching,35,36 are observed. In con-

trast, such patterns are not observed in Figs. 10(a)–10(f),

which means that the observed random patterns in Figs.

10(a)–10(f) are not artifacts of the surface topography. There

is also concern that the observed patterns are dominated by

the oxide thickness distribution and not by the interface trap

density distribution. In Fig. 10(a), the standard deviation of

the local-DLTS signals around the average value of 0.13 is

0.01 (i.e., 68%). However, the root mean square roughness

of the surface topography of the samples was about 0.2 nm,

which is less than 1% of the nominal oxide thickness of

45 nm. Considering that none of the features of the wafer

surface topography measured by AFM differed substantially

between the non-oxidized and oxidized wafers, the oxide

layer thickness is much more uniform than the sample rough-

ness. Therefore, we cannot attribute variations in the local-

DLTS signal to variations in the oxide thickness. In addition,

a comparison of the surface topography of the non-oxidized

and oxidized samples measured by AFM confirmed that the

oxidation did not change any features of the surface topogra-

phy. In addition, comparison between Figs. 10(a) and 10(b)

reveals that the distributions of the local-DLTS signal for

different time constants exhibit different 2D patterns. Before

discussing the physical origin of this, it is worth noting that

the observed time constant dependent local-DLTS image

FIG. 10. 2D images of DLDLTS
it obtained from maximum local-DLTS signal.

Images (a), (c), and (e) correspond to s¼ 0.3 ls, while (b), (d), and (f) corre-

spond to s¼ 3 ls. Images (a) and (b), (c) and (d), and (e) and (f) were

acquired from the same area of sample #S-45-1, #S-45-2, and #S-45-3,

respectively.

FIG. 11. Typical topography of measured samples. The sample surface has a

stripe-shaped pattern with a period of around 150 nm, as indicated by the

arrows below the image.
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eliminates the possibility that the patterns in the local-DLTS

images are dominated by the oxide layer thickness distribu-

tion. If the local-DLTS signal distribution is dominated by

the oxide layer thickness distribution, the local-DLTS signal

distribution should not have any time constant dependence.

The following are two possible explanations for the observed

time constant dependence: (1) The spatial distribution of

interface traps depends on the energy depth of the traps since

the time constant is strongly related to the energy depth via

Eq. (6). The physical origins of interface traps in SiO2/SiC

are thought to be carbon clusters, strain at the interface, or

SiO2 defects close to the interface. It is natural that interface

traps of different physical origin have different spatial distri-

butions. (2) Both interface traps and bulk traps contribute to

local-DLTS signals. Assuming that the spatial distributions

of interface traps and bulk traps are different, the signal dis-

tribution should vary depending on the contribution of each

type of trap, which can vary with the time constant. For

example, “for local-DLTS signals with short time constants,

the DC bias is negative,” which means that interface traps

dominate the local-DLTS signal. In contrast, for signals with

long time constants, the DC bias is zero or positive, which

comparatively enhances the contribution of bulk traps to the

local-DLTS signal. However, the bulk trap density calcu-

lated from the local-DLTS signal is at least 1014 cm�3, which

seems too high considering that bulk traps after oxidation

have been reported as Z1/2 and EH6/7 centers with a density

of less than 1011 cm�3.37 Therefore, it is reasonable to con-

sider interface traps as the primary origin of the local-DLTS

signal.

2. DC bias and time constant dependence
of local-DLTS images

Distributions of local-DLTS signals for a time constant

of 0.3 ls and 3 ls at various VDCs are shown in Figs.

12(a)–12(h). Figure 12(a) is a local-DLTS image for s¼ 0.3

ls and VDC¼þ1.5 V. Random bright and dark patterns with

feature sizes of a few hundred nanometers are observed in all

of the local-DLTS images regardless of the values of s or

VDC. This finding means that interface traps have inhomoge-

neous spatial distributions. Careful investigation of local-

DLTS images at constant s reveals common patterns for all

or some of the VDC values investigated. Examples of these

patterns include: (1) The areas marked by the dashed and

dotted ovals in the images for s¼ 0.3 ls [Figs. 12(a), 12(c),

12(e), and 12(g)] are bright. (2) The areas marked by the

dashed oval in the images for s¼ 0.3 ls are dark, except for

in Fig. 12(a). (3) The areas marked by the dashed and dotted

ovals in the images for s¼ 3 ls [Figs. 12(b), 12(d), 12(f),

and 12(h)] contain bright and dark regions in the upper and

lower halves, respectively, for all VDC. (4) The areas marked

by the dashed oval in the images for s¼ 3 ls are bright,

except for Fig. 12(b). Despite these common patterns, the

correlation coefficients among the local-DLTS images are

as low as 0.1, which means that the 2D distribution of

the local-DLTS signal varies with s or VDC. Similar trends

were observed in the local-DLTS results for samples #S-45-2

and #S-45-3, while the correlation coefficients among the

local-DLTS images at constant s are larger than those for #S-

45-1. The fact that the 2D distribution depends on VDC indi-

cates that the physical origin of the imaged traps changes

with VDC. In other words, VDC can be utilized to probe/distin-

guish the physical origin of traps. Since the distribution of

local-DLTS signals at constant s depends on VDC, there must

be traps with different capture cross-sections. Previous

reports suggest that the interface traps at SiO2/SiC interfaces

have a variety of physical origins,22 which is consistent with

our results.

V. CONCLUSION

We have proposed a new technique called local-DLTS,

which employs SNDM to analyze oxide/semiconductor

interface traps. The utility of the method was demonstrated

by investigating thermally oxidized SiC wafers. Similar to

conventional DLTS, the proposed method measures capaci-

tance transients generated in response to an applied pulse

voltage. The measured C–t curves demonstrated the capabil-

ity of distinguishing sample-to-sample differences in the trap

density. In order to confirm that local-DLTS measures traps,

as with conventional DLTS, the local-DLTS results were

compared with those for conventional CC-DLTS. The results

for the two methods were in good agreement, which shows

that local-DLTS and conventional CC-DLTS probe the same

physical quantities. Furthermore, the DC bias dependence of

the time constant and the local-DLTS signal intensity was

investigated, which agreed to the feature of interface trap. In

addition, the Dit values for the examined samples were esti-

mated using the local-DLTS results and were compared with

FIG. 12. Local-DLTS images for various DC biases (VDC) and time con-

stants (s) acquired for sample #S-45-1. All images were acquired from the

same area of the sample and have random bright and dark patterns that

depend on the values of VDC and s.
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those estimated using the conventional high-low method.

The Dit values estimated using both methods were of the

same order of magnitude, which demonstrates that the pro-

posed method is as sensitive to interface traps as conven-

tional DLTS. Finally, 2D distributions of the local-DLTS

signals were obtained, which showed substantial deviations

in intensity that manifested as random 2D patterns with fea-

ture sizes of a few hundred nanometers. This implies that

interface traps are inhomogeneously distributed at SiO2/SiC

interfaces. In addition, the 2D distributions depended on the

time constant even though the feature sizes did not change,

which may be due to the coexistence of multiple types of

traps with different capture cross sections. These results

show that local-DLTS is capable of measuring interface traps

with high lateral resolution and is promising for acquiring

microscopic lateral distributions with separated time con-

stants. Lateral distributions of traps are expected to provide a

wealth of information for identifying the physical origin of

traps. However, further investigation is required for more

accurate and detailed discussions. For example, when perfect

SiO2/Si interfaces, for which the Dit values are about two

orders of magnitude lower, become available, we will mea-

sure such interfaces as a reference for the local-DLTS

method. Although the possibility of quantitative evaluations

was shown, some important parameters for measuring traps

such as the filling pulse duration and the filling pulse ampli-

tude have yet to be optimized. In addition to the DC bias

employed in this study to understand the DC bias depen-

dence of the 2D local-DLTS images according to the corre-

sponding time constant, it will be interesting to compare the

2D distributions of maximum local-DLTS signals as a func-

tion of, for example, temperature, filling pulse duration, fill-

ing pulse amplitude, and light-pulsed minority carrier

injection in future investigations.
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