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The conduction mechanisms and trapping effects at SiO2/4H-SiC interfaces in metal-oxide-

semiconductor field effect transistors (MOSFETs) were studied by Fowler-Nordheim (FN) tunnel-

ling and frequency dependent conductance measurements. In particular, the analysis of both MOS

capacitors and MOSFETs fabricated on the same wafer revealed an anomalous FN behavior on

p-type implanted SiC/SiO2 interfaces. The observed FN instability upon subsequent voltage sweeps

was correlated to the charge-discharge of hole trap states close the valence band edge of 4H-SiC.

The charge-discharge of these traps also explained the recoverable threshold voltage instability

observed in lateral MOSFETs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898009]

Owing to its physical properties, silicon carbide (4H-SiC)

is a first choice material for the next generation of efficient

power electronic devices.1,2 Although metal-oxide-semicon-

ductor field effect transistors (4H-SiC MOSFETs) with excel-

lent performances have been demonstrated,3 the inversion

channel mobility (lFE) and the threshold voltage (Vth) are con-

tinuously debated. The low mobility values are typically

ascribed to electron trapping at interface states (Dit) near the

conduction band and Coulomb scattering by the trapped

charges.4–7 On the other hand, charge trapping at SiO2/SiC

interfaces is in turn indicated as a possible reason for Vth insta-

bilities occurring under prolonged application of a gate

bias.8–11 In this context, Singh and Hefner12 argued that the

MOSFET reliability is essentially limited by the smaller band

offset between SiC and SiO2 (2.7 eV) as compared to silicon

(3.2 eV), leading to higher tunnelling currents which can

enhance electron trapping and oxide degradation. Furthermore,

they pointed out that trap states at SiO2/SiC interface not only

affect the channel mobility but also influence the barrier height

for Fowler-Nordheim (FN) tunnelling.12

In this letter, conduction mechanisms and trapping

effects at SiO2/4H-SiC interfaces in MOSFETs were studied

by FN tunnelling and frequency dependent conductance

measurements, with special attention to the p-type Al-

implanted 4H-SiC regions of the devices.

n-MOS capacitors were fabricated using nitrogen doped

4H-SiC epitaxial layers with a doping concentration of

1016 cm�3. Lateral n-channel MOSFETs were fabricated on

the same wafer using P- and Al-implantations to create the n-
type source-drain and the p-type body regions, respectively.

The doping level of the p-type body region was about

1017 cm�3.13 The p-type MOS capacitors were also fabricated

in the Al-implanted body region. Nickel silicide was used for

Ohmic contacts, both for n-type and p-type regions.14 A

40 nm-thick deposited SiO2 layer, subjected to an annealing in

N2O at 1150 �C for 4 h, was used as gate dielectric.13

The capacitance voltage (C-V) and current voltage (I-V)

characteristics of the devices were measured in a Karl-Suss

probe station, using an Agilent B1500A parameter analyzer.

Figs. 1(a) and 1(b) report representative I-V characteris-

tics acquired on the epitaxial n-MOS and on Al-implanted

p-MOS capacitors. Fig. 1(a) shows three I-V characteristics

collected consecutively on a n-MOS device. As can be seen,

the curves show a typical FN behaviour and are almost per-

fectly overlapped in the three I-V measurements, thus being

an indication of a stable electrical behavior. Fig. 1(b) shows

three I-V characteristics collected consecutively on a p-MOS

device. In this case, it can be noticed that during the first I-V

measurement, a significant current increase is observed

above a gate bias of VG¼� 20 V. On the other hand, during

the subsequent I-V, this current rise becomes steeper and

occurs at a more negative gate bias (VG¼� 30 V). No fur-

ther instability of the I-V curves is observed during the third

measurement. Hence, the behavior of p-MOS indicates an

instability in the FN conduction of the holes through the in-

sulator layer.

To quantify this effect, the I-V characteristics were ana-

lyzed using the FN formalism
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where J is the current density, Eox is the electric field across

the oxide, m and mox are the free and effective electron

(hole) masses, respectively, and q is the electron (hole)

charge, h is the Plank constant, and UB is the tunnelling bar-

rier height for electrons (holes). By the fits in the linear

region of the “FN plots” ln(J/Eox
2) vs 1/Eox (not reported

here), it was possible to determine the values of UB for both

electrons and holes.15

While in n-type MOS capacitors an electron tunnelling

barrier height of UEC

B ðexp Þ ¼ 2:79 eV was determined, i.e.,

only slightly larger than the theoretical value of 2.7 eV, in

p-MOS capacitors, the valence band hole barrier height

increased during the subsequent I-V measurements, from

UEV
B ðexp Þ ¼ 1:2 eV (in the first I-V) up to UEV

B ðexp Þ ¼
3:1 eV (when the FN I-V characteristics became stable). This

latter is approaching the theoretical one of UEV
B ðthÞ ¼ 2:9 eV.
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The C-V characteristics of the same devices collected

from accumulation to inversion and backward are shown in

Figs. 1(c) and 1(d). It is worth noting that the n-MOS C-V

curves (Fig. 1(c)) show a flat-band voltage VFB¼�0.4 V,

that is, close to the theoretical value of �0.7 V (dashed line).

This difference can be attributed to an amount of negative

effective charges in the insulator of Nef f ¼ ðDVFBCoxÞ=
q � 2� 1011cm�2. This value is comparable to that of state

of the art 4H-SiC MOS-based devices.16 The presence of a

negative effective charge in the insulator increases the elec-

trons tunnelling barrier height, as it was indeed deduced by

the FN analysis. On another hand, the p-MOS C-V curves

(Fig. 1(d)) show a flat-band voltage value of VFB¼�10 V,

i.e., significantly shifted towards negative values with

respect to the theoretical value of �2.2 V (dashed line).

Since both capacitors were fabricated on the same wafer,

i.e., with the same interface preparation and post-deposition-

annealing of the SiO2 layer, the large negative shift of VFB in

the p-MOS cannot be ascribed to a positive effective charge

in the oxide, as the same shift would have been expected

also in the n-MOS. More likely, it can be argued that the

presence of deep states, located in the lower portion of the

gap and acting as hole traps in the p-type Al-implanted mate-

rial, can be responsible for such a large negative shift. In

fact, a similar behaviour has been already reported for p-type

4H-SiC epitaxial layers and attributed to the presence holes

that are trapped at deep states (hole traps) and behave like

positive fixed charge.17,18

To get more insights on the previous results, the C-V

curves of the p-type material were collected also on lateral

MOSFETs operating in a configuration often regarded as

“gate-controlled-diode” (GCD).17 In this operation mode,

the source, drain, and body electrodes of the MOSFET are

grounded, while the gate electrode becomes the anode of the

GCD. In fact, due to the low minority carrier generation rate

in wide band gap 4H-SiC at room temperature, a conven-

tional p-MOS capacitor is typically driven into deep

depletion. Thus, deep states are not in equilibrium with the

dc bias sweep and, therefore, cannot be detected during

the measurement using a conventional p-MOS capacitor. On

the other hand, in a GCD (inset in Fig. 2), the nþ-p source-

body (SB) junction of the lateral MOSFET can be used as an

external source of minority carriers (electrons), allowing

detection of hole traps even at room temperature.17

In the cyclic C-V measurements collected on the gate-

controlled diode reported in Fig. 2, the bias was swept from

accumulation to inversion and backward. As can be seen, the

C-V curves acquired in this configuration show again a large

negative flatband shift from the theoretical value, similar to

that observed in the case of the conventional p-MOS capacitor

(Fig. 1(d)). Also in this case, this large negative shift cannot

be attributed to fixed charges in the oxide. However, in this

case, the inversion-to-accumulation curve does not overlap

the accumulation-to-inversion one, consistent with charge

trapping/detrapping effects. The shape of the C-V curves can

be explained by the hole trapping mechanism (charge-dis-

charge of the states) as follows. In the sweep from accumula-

tion-to-inversion, a “deep-depletion hook” is visible between

VG¼� 3 V (point “A”) and VG¼þ 2.5 V (point “B”), and

can be attributed to the presence of such hole traps. The

semiconductor surface reaches strong inversion at point

VG¼� 3 V (point “A”). However, at this gate bias, the SB

junction keeps the SiC-SiO2 interface adjacent to the nþ island

in equilibrium. This implies that an extra gate bias (more

positive) is required to get the SB junction barrier region

inverted. As a consequence, the capacitance decreases below

the inversion value reaching the minimum capacitance

between the points A and B in Fig. 2. At this point, the elec-

trons can flow into the region beneath the whole gate area.

Under this condition, discharging of hole traps occurs, i.e., the

trapped holes are neutralized by the provided minority carriers

(electrons).

On the other hand, the sweep from inversion-to-accumu-

lation reveals a “ledge” in the C-V curve (point “C”). In par-

ticular, when the bias approaches point “C,” the bands begin

to unbend towards the flatband condition. Then, holes can be

again captured in the deep states, and these states change

FIG. 2. Cyclic C-V curves acquired on the “gate-controlled diode” (see

inset) in lateral MOSFETs.

FIG. 1. Fowler-Nordheim I-V characteristics of the epitaxial n-MOS (a) and

of Al-implanted p-MOS (b). C-V curves collected on epitaxial n-MOS (c)

and on Al-implanted p-MOS (d).
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their condition from neutral to positive (charging).

Consequently, a large flatband voltage shift (typical of the

conventional p-MOS) is again observed (point “D”).

This behavior cannot be observed in the conventional p-
MOS capacitor (Fig. 1(d)), due to the lack of minority carrier

generation. However, a similar trend has been already

observed in p-MOS capacitors using photo-generation as a

source of minority carriers.19

The amount of hole traps could be estimated from the

shift between the C-V curves during the charging-discharging,

i.e., namely the shift (DVC�D) at the ledge between the point

“C” (on the inversion-to-accumulation curve) and the point

“D” on the accumulation-to-inversion C-V curve at the same

capacitance value: Nit � ðDVC�DCoxÞ=q, where Cox is the ca-

pacitance per unit area in accumulation. In our case, it has

been found Nit ¼ 2:9� 1012cm�2.

The correlation between the FN instability observed in

p-MOS capacitors (Fig. 1(b)), and the charging-discharging

of trap states was monitored using lateral MOSFET as test

vehicle to monitor at the same time the barrier height for

electrons and holes. In particular, in this case, the current-

voltage (IG-VG) measurements were carried out by shorting

the body, source, and drain terminals, and sweeping the gate

bias both in the positive and negative direction. Fig. 3 shows

the IG-VG characteristics collected on the MOSFETs in two

different bias conditions. Also in this case, different bias

sweeps have been performed to check the stability.

First of all, from the IG-VG characterization of the

MOSFETs under positive gate bias, the electron conduction

through the oxide layer (at VG>þ20 V) appears to be stable,

since the first positive voltage sweep (from VG¼ 0 to

VG¼þ35) confirms the behaviour observed on the epitaxial

n-MOS in Fig. 1(a). On the other hand, under negative gate

bias, the hole conduction through the oxide layer

(at VG<�25 V) exhibits a small instability (similar to the p-
MOS capacitors), that can be recovered after the subsequent

negative voltage sweep (from VG¼ 0 to VG¼�35). Notably,

only a moderate FN barrier instability with respect to that

observed in the p-MOS capacitor (Fig. 1(b)) is observed in the

GCD configuration. However, it interesting to observe the cur-

rent peaks appearing in the IG-VG curves in Fig. 3, both in the

positive bias condition (from VG¼ 0 to VG¼þ5) and in the

negative bias condition (from VG¼ 0 to VG¼�10).

Considering the bias (between 0 and 10 V) and current values

(between 10�14 and 10�13 A) involved in the measurement,

for an oxide thickness of 40 nm, the experimentally observed

current peaks cannot be related to a conduction current. More

likely, the observed peaks are due to a displacement current

related to capacitance variations occurring in the system dur-

ing the gate bias sweep. Moreover, there is a correspondence

between the hook and ledge observed in the C-V curves and

the evolution of these peaks occurring during the subsequent

gate voltage sweeps. Interestingly, the pairs of points A-B and

C-D possess both the same capacitance (see Fig. 2) value and

the same current value (Fig. 3). This latter corroborates the

hypothesis of a displacement current related to the capacitance

variation during the charging-discharging mechanism of the

hole traps. Moreover, the peaks in the negative bias region

shift for the same quantity DVC�D as in case of the cyclic C-V

depicted in Fig. 2. Hence, the total amount of hole traps can

be also estimated by these shifts.

It has to be emphasized that the features present the I-V

curves in Fig. 3 were observed also when the gate voltage

VG was cyclically swept from þ35 V to �35 V.

In Fig. 4, the distribution of the SiO2/SiC interface states

Dit, determined by frequency dependent conductance measure-

ments20 on both epitaxial n-MOS and Al-implanted p-MOS, is

reported as a function of the energy position between the con-

duction band bottom EC and valence band top EV. The epitax-

ial n-MOS was used to determine the distribution of Dit close

to the conduction band bottom (bold dots). The Dit at 0.2 eV

below EC is about 8� 1011 cm�2eV�1. On the other hand, the

implanted p-MOS was used to determine the distribution of Dit

close to the valence band top (open dots). In this case, the

FIG. 3. IG-VG characteristics of MOSFETs, acquired in the sequence: 1—

1st positive VG sweep from 0 to 35 V (green); 2—1st negative VG sweep

from 0 to �35 V (blue); 3—2nd negative VG sweep (black); 4—2nd positive

VG sweep (red). In the inset, a zoom of the low voltage region between �12

and þ12 V.

FIG. 4. Density of the SiO2/4H-SiC interface states Dit as a function of the

energy on both epitaxial n-MOS and Al-implanted p-MOS.
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value of Dit at 0.2 eV above EV is about 1� 1013 cm�2eV�1,

i.e., much higher than the Dit close to conduction band edge

EC. Notably, the integral of the Dit distribution close to the va-

lence band edge is 2.2� 1012 cm�2, i.e., very close to the

amount of traps estimated by the shift of the C-V curves in

Fig. 2 (2.9� 1012 cm�2).

It is worth noting that, while for p-type epitaxial material

the interface state density Dit in the lower part of the gap is of-

ten lower than near the conduction band edge,21–23 this value

can increase by the introduction of nitrogen at the interface

(by nitridation annealing or implantation).21,24 In addition, in

our case, besides employing nitridation annealing, the mea-

surement was done on p-type implanted material, which is

known to exhibit higher Dit than the epitaxial one.25

To monitor the possible implications of the aforemen-

tioned charge-discharge mechanism of hole traps in practical

devices, the transcharacteristics (ID-VG) of lateral MOSFETs

at a drain bias of VDS¼ 10 V were acquired both on “fresh

devices” and after positive (VG¼þ35) and negative

(VG¼�35) gate stress for 60 s, i.e., similar to the stress con-

ditions used in the FN investigation. Fig. 5 shows the ID-VG

characteristics. First, it can be noticed that the positive stress

does not significantly affect the value of Vth. In fact, the posi-

tive stress induces only a negligible shift of the curve (blue

line) toward more positive gate bias values with respect to

the transcharacteristic of the fresh device (red dashed curve).

Conversely, by applying a negative stress, a more relevant

shift of the ID-VG curves toward negative gate bias values

occurs (DVth¼�0.25 V). It is worth nothing that this small

instability of Vth is fully reversible, consistent with the re-

versibility of trapping/detrapping mechanism described

before. In fact, by performing an additional positive gate

stress at VG¼þ35 for 60 s (blue line), the initial ID-VG

curve of the fresh device is recovered.

The trapping/detrapping mechanism of the interface

states has a similar impact on the threshold voltage in high

current vertical 4H-SiC MOSFETs subjected to cyclic bias

stress.26

In conclusion, the conduction mechanisms and trapping

effects at p-type SiO2/4H-SiC interfaces in the channel region

of a MOSFETs were studied. Fowler-Nordheim measure-

ments on both n-type and p-type MOS capacitors revealed an

instable hole tunnelling barrier. Such instability has been

explained in terms of charging-discharging mechanism of

deep holes traps close to the valence band edge. The same

mechanism also explained the reversible threshold voltage

instability observed in lateral MOSFETs upon gate bias stress.
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FIG. 5. ID-VG characteristics of MOSFETs acquired in the sequence: 1—

fresh device (red dashed line); 2—after 60 s 1st positive stress at VG¼þ35

(blue dotted line); 3—after 60 s 1st negative stress at VG¼�35 (green

dashed line); 4—after 60 s 2nd positive stress at VG¼þ35 (blue bold line).
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