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Abstract: 4H-silicon carbide metal-oxide-semiconductor field-effect transistors (4H-SiC MOSFETSs)
show 1/f low-frequency noise behavior. In this paper, this can be explained by the combination
of the mobility fluctuation (Au) and the carrier number fluctuation (AN) theories. The Ay theory
believes that LFN is generated by the bulk defects, while the AN theory holds that LEN originates
from the extraordinarily high oxide traps. For 4H-SiC MOSFETSs, significant subthreshold noise will
appear when only the AN theory attempts to model LFN in the subthreshold region. Therefore, we
account for the high density of bulk defects (Au theory) and characterize the subthreshold noise. The
theoretical model allows us to determine the bulk density of the trap states. The proposed LFN model
is applicable to SiC MOSFETs and accurately describes the noise experimental data over a wide range
of operation regions.
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1. Introduction

Recently, silicon carbide has become one of the most popular semiconductor materials
due to its excellent performance under high pressure, high temperature, high frequency, and
high power [1-5]. Metal-oxide-semiconductor field-effect transistors (MOSFETs) fabricated
from 4H-silicon carbide (4H-SiC) have also been widely studied in the field of power
electronics, and have broad application prospects for their low on-state resistance, high switching
speed, good gate insulation, and anti-radiation properties [6-8]. Nevertheless, SiC MOSFETs
may still be affected by extreme working conditions leading to degradation [9,10]. Thus, it is
necessary to investigate the reliability of SiC power devices. The low-frequency noise (LFIN)
behavior of semiconductor devices has an important relationship with their reliability [11-13].
Compared with other methods that require the evaluation of the quality and stability of
devices under high pressure or high temperature, LEN, a non-destructive and sensitive
characterization method of electrical and physical properties [14,15], needs to be further
investigated.

In general, there are two classic mainstream theories to explain the LFN behavior of
monocrystalline silicon (c-5i) MOSFETs, which are the carrier number fluctuation (AN)
theory proposed by McWhorter [16] and the mobility fluctuation (Au) theory proposed
by Hooge [17]. Until now, the LEN behavior of SiC MOSFETs has often been explained
through the AN mechanism [9,10,18]. It is believed that the oxide-trap-induced carrier
number fluctuation prevails and becomes the main noise source. However, in our study,
we found that the LEN experimental data of SiC MOSFETs deviated from the noise results
predicted by using the AN model. Notably, in the subthreshold region, the noise levels are
greater than those in crystalline MOSFETs. The 1/f noise level is strongly dependent on
the fabrication process, such as interface and active layer qualities. Similar to polysilicon
thin film transistors (poly-Si TFTs) [19,20], SiC devices have a high bulk trap state density
of 1012 cm 3 eV~! [1]. This further illustrates that only the fluctuations of the interfacial
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oxide charge, due to the dynamic trapping and detrapping of free carriers into slow oxide
traps, cannot interpret the LFN behavior of SiC MOSFETs.

The aim of the article is to give a complete model for the low-frequency noise character-
ization of SiC MOSFETs with physical meaning. The model comprehensively accounts for
the mechanisms of bulk mobility and carrier number fluctuations. It can accurately describe
the high level of low-frequency (1/f) noise characteristics in the subthreshold region and
fit well with the LFN measured results in the above-threshold region. Furthermore, we
use an analytical method to determine the bulk density of states. Finally, the model can be
successfully applied to different SiC MOSFETs, which is important for the LEN study of
SiC devices.

2. Derivation of Noise Model

Low-frequency noise is considered as a powerful tool to evaluate the reliability of
semiconductor devices. Much research about noise characteristics has shown that 1/f noise
(that is, flicker noise) is often the main noise source of LEN [21]. Therefore, the 1/f noise
spectrum has become an important indicator for evaluating the quality and stability of
devices. The major difficulty in noise modeling is to accurately understand the noise source.
At present, there are two different explanations for the 1/f noise source, i.e., the origins
from the interface traps or bulk defects of the devices, which also correspond to the AN
and Ay models, respectively.

The AN model [16] demonstrates that the 1/f noise is essentially a surface effect. In
other words, the carriers in the active layer of the device can interact with the trapped
charges in the oxide layer through the tunneling effect, resulting in the carrier number
fluctuation and further leading to LEN. According to the AN model, the normalized drain
current noise power spectral density (PSD) can be expressed as

SIds abv (gm ) 2
—_— = _ S ’ 1
Iﬁs Ids Vfb ( )

where gy, is the device transconductance. Syjp, represents the PSD of flat-band voltage (Vp),
which can be given by [22]
7°kTAN,y
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where g is the amount of charge; k represents the Boltzmann’s constant and T is the
temperature value; A refers to the tunnel attenuation coefficient (0.1 nm for SiO;); Ny is
the oxide trap density in the gate insulator; W and Lg are the width and length of the gate
as shown in Figure 1; it can be seen from Equation (2) that when Lg increases, Syp, will
decrease, and then the noise PSD in Equation (1) will reduce; Coy is the gate oxide layer
capacitance per unit area; and f is the device frequency.

However, the AN model is only suitable for describing the noise characteristics of SiC
MOSFETs working in the above-threshold region [23], since the bulk trap state density
of SiC MOSFETs (about 10! cm~3 eV~!) is much higher than that of conventional c-Si
MOSFETs and leads to lower effective channel mobility [1]. Therefore, when the device
operates in the subthreshold region with low drain current, the larger channel depth and
higher bulk defects will play an important role in the mobility fluctuation phenomenon.
It is necessary to consider the contribution of bulk defects to the LEN in the subthreshold
region. As a result, the combination of Ay and AN models is applied to explain the noise
behavior in the subthreshold region.
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Figure 1. Schematic cross-sectional view of a 4H-SiC VDMOSFET elementary cell.

Contrary to the AN model, the Ay model [17] believes that 1/f noise is a bulk effect,
which comes from the bulk mobility fluctuation caused by lattice scattering. It is mainly
related to the bulk carrier-phonon scattering of the devices, and depends on the channel
material and fabrication technology. According to the Ay model, the normalized drain
current noise PSD can be written as

StisH  ®H
4 = —— 3)
2 , (
I s N f

where &y is the Hooge empirical constant, which is used to characterize the quality of the
channel material and the pros and cons of the interface treatment process. The smaller the
value of ay, the better the quality of the device material, and the smaller the amplitude of
the LEN caused by this. N represents the total number of free carriers in the channel, and
can be calculated by [24]

(Vas = Vin), €Y

where Vs is the gate voltage, Vy, is the threshold voltage, and the difference between them
is the overdrive voltage. By substituting Equation (4) into Equation (3), a more specific Ay

model can be obtained
SIds,H _ q XH 1
I(%S Coxng f Vgs - ‘/th

Like the AN model, the noise PSD described by the Ay model will also reduce as Lq
increases. Moreover, for MOSFETs, the drain current in the subthreshold region can be
expressed as [25]

©)

Lgs = qnspesfWVys/ Lg, (6)

where pi,4 is the effective mobility, and Vs is the drain voltage. Parameter 1, is the unified
electron sheet charge density per unit area, i.e.,

2C, kT [ (Vgs — Vi )}
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where 7 is the subthreshold ideality factor and it is an important parameter characterizing
the subthreshold regime. From Equations (6) and (7), the subthreshold drain current
expression can be acquired

_ ZVeffCOXUkTWVds Ves — Vi
Lis = oLe In {1 +O.5exp<—11kT/q )] (8)
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Combining Equations (5) and (8), we obtain
SiasH qzaH/ (CoxWLngkT) )
2 LisqL '
Ids ln{z |:eXp <2VeffCZx17k%“WVds ) - 1:| }

The above equation is a Hooge noise model in the subthreshold region that accounts
for the bulk mobility fluctuation contributed by device bulk defects, the extraction of which
will be discussed in the next section. Since this model is only applicable to the subthreshold
regime, it can be further limited by a smooth function as

Slds,suh _ b Slds,H/Iazls
I expla(lyy — Igs)] + 1 expla(lys — Iy)] +1

(10)

Equation (10) can be used to describe the high-level noise characteristics of SiC MOS-
FETs in the subthreshold region, where I, represents the drain current under the condition
of Vgs — Vi, = 0. a and b are the adjustable parameters to control the influence of (10) on
the above-threshold region.

Finally, by combining Equations (1) and (10), a unified LFN model can be obtained

S S S

Izds _ Idz,ahv_._ Ids,sub. (11)
I I
ds ds

2
Ids

The final model can characterize the noise properties of the device in multiple opera-
tion regions, especially for the high-level noise behavior of SiC MOSFETs in the subthresh-
old region.

3. Calculation of Trap State Density

The subthreshold characteristics of SiC MOSFETs are strongly affected by the trap
states. In the subthreshold region, the trap state density of the device is related to the
subthreshold swing (S) and the subthreshold ideality factor (7). S is denoted as [26,27]

v,
£ _ —In 1oqu;7 ~ quln 10 <1 + CS) (12)

S=1In10
COX

where C; is the effective capacitance considering the trap state density in the bandgap,
which can be derived by Poisson’s equation as follows:

Vigp = T nrr, (13)

where ¢ is the electric potential, and eg;c is the dielectric constant of SiC. Note that in the
subthreshold region, since most of the induced charge is trapped in deep or tail states,
the above Poisson’s equation only considers the trapped charge and ignores the free
electron [28]. The total energy distribution of bulk traps, i.e., the sum of the exponential
distributions of the deep and tail states, can be approximated by a single exponential
function as the effective trap state density. Therefore, the density of ionized traps is given
as a function potential by [29]

Erg— E

NTR = NDABt exp<§{0T C), (14)
DA

where Npy4 represents the density of the trap states, and Ty is the characteristic temper-

ature. Herein, Ery is the Fermi level in the neutral SiC layer, E¢ is the conduction band

energy, and 6; = (T /Tpa)/sin(wT/Tpa) [30].



Electronics 2022, 11, 3050

50f9

Substituting Equation (14) into Equation (13), solving the surface electric field in
combination with the relation 2(d¢/dx)(d*¢ /dx*) = (d/dx)(d¢/dx)?, and applying Gauss’s
law [31], we have

_ - kTpa Ps .
Qs = v/ 2‘7851C\/ﬂTR g [eXp<kTDA/q> 1} (15)

where @; is the surface potential. Finally, Cs is defined as the first derivative of Qs with
respect to the surface potential [26], i.e.,

_[gs8sic kTpa Ps _ 0% Ps
Cs = > {nTR g [exp(kTDA/q> 1}} NTR exp FTpa/d . (16)

As a consequence, using Equations (12) and (16), the trap state density of SiC MOSFETs
can be extracted without using any adjustable parameters, and it can be concluded that S
will increase with the trap state density.

4. Results and Discussion

The proposed model is validated based on the existing experimental data on the LFN
of the two 4H-SiC MOSFETs, i.e., Device 1 [1] and Device 2 [32]. The parameters used are
summarized in Table 1. These two devices studied are both 1.2 kV class 4H-SiC MOSFETs
with vertical double implant structures (VDMOSFETs), and the gate length (L) is 0.5pm.
However, they differ in gate width and oxide layer thickness, and the detailed parameters
are given in [1,32]. Figure 1 shows the schematic cross-section of a single VDMOSFET
elementary cell.

Table 1. Parameters used for model simulations in Figure 4.

Parameters Figure 4a (Device 1) Figure 4b (Device 2)
Syp (V2/Hz) 4% 10711 1.15 x 10712
Vs (V) 0.1 0.14
T (K) 298 298

i 35 11.35
Heofr (cm?/Vs) 3.3 0.5
Vin (V) 5 2
Cox (F/cm?) 2 x 1078 1x10°8
esic (F/cm) 8.6 x 10713 8.6 x 10713
f (Hz) 10 1.22
ay 2.86 x 1074 1.95 x 1074

Following the experimental results of Device 1, the frequency dependence of Sy
in 4H-SiC MOSFETs is displayed in Figure 2. It can be seen that the noise in both the
subthreshold and above-threshold regions follows the law of 1/ f7. The value of <y in each
region is close to one (this phenomenon can also be observed in Device 2), indicating that
the 1/f noise model derived in this work can characterize the LFN behavior of SiC devices.

Figure 3a shows the log-log plot of Syy/ [ 35 versus Vi, — Vs when Device 1 is in the
subthreshold region. According to the dependence of Syy5/ Iﬁs on Vy,—Vgs in the figure,
it can be seen that the slope of the drain current noise PSD against the overdrive voltage
is about —1.3, which shows that the LEN is produced by the combined action of carrier
number fluctuation and bulk mobility fluctuation [33]. It also indicates the necessity and
rationality of considering bulk defects in the subthreshold region. In addition, Figure 3b
demonstrates that the slope in the log—log plot of Sy;s against I, in the subthreshold is in
the range of 1-2, which also suggests that the LEN source is now associated with both the
AN and Ap mechanisms [34].
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Figure 2. Relationship between the frequency and Sj;;, measured at different gate voltages from the
subthreshold region (Vgs = 1.8 V) to the above-threshold region (Vs > 2.4 V). The value of + in the
subthreshold and above-threshold regions are approximately 0.95 and 0.85, respectively.
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Figure 3. The log-log plots of (a) S5/ 35 versus Vy,— Vs and (b) Spys versus Iy in the subthreshold
region.

The trap state density of the two SiC MOSFETs is extracted following the method in
Section 3. Cs is calculated from the extracted subthreshold swing (S), and then the value
of Npj is deduced through the expression of Cs. For the 4H-SiC devices in Figure 4a,b,
the obtained S is 0.2085 V/dec and 0.6760 V /dec, respectively. Thus, the corresponding
extracted Npy results are 1.09 x 10" ecm =3 eV~! and 4.67 x 10 cm 3 eV~!, respectively,
which are reasonable as shown in [18]. In addition, it can be observed that the S value of
Device 2 is larger than that of Device 1, indicating that Device 2 has a higher trap state
density. Moreover, from Table 1, we can see that the effective mobility (yf) of Device 2
is lower than that of the other device. The above analysis shows that the bulk defects
of the device will affect its mobility in the subthreshold region and further cause LFN.
Therefore, the contribution of mobility fluctuation to LEN in the subthreshold region cannot
be ignored.
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Figure 4. Plots of LOG (S 1ds/ 1 f,s) versus LOG(Iy) for (a) Device 1 and (b) Device 2. The experimental
data in both 4H-SiC MOSFETs are represented by symbols, and the model results are represented by
lines.

Figure 4 shows the fitting results of the unified model (11) on 4H-SiC devices. It can
be seen that only the AN model (1) can describe the LEN behavior in the above-threshold
region but not for the subthreshold region. When the devices enter the subthreshold region,
significant noise occurs and the measured results of LEN will be higher than the prediction
of the AN model. This is because the dependence of S,/ I%S on I;; usually tends to be
saturated for c-Si MOSFETs with low current in the subthreshold region, and the AN model
is improved to accurately describe this LEN property. However, for SiC MOSFETs, the
dependence of Sy / Iﬁs on Iz maintains a relatively fixed law (i.e., S5/ Iﬁsod / 12'55) from
the subthreshold to the above-threshold region [1]. Hence, the phenomenon of significant
subthreshold noise will appear when the classic AN model is directly applied.

Furthermore, the generation of high-level noise is also related to the fact that the AN
theory only takes into account the interfacial oxide traps but not the bulk defects of SiC [23],
and since the bulk trap state density of poly-Si TFTs is comparable to that of SiC MOSFETSs,
a similar high-level noise phenomenon will also occur when the LFN properties of poly-Si
TFTs are directly described by the AN model. This suggests that the AN theory alone cannot
well explain the characteristics of LFN; that is to say, considering only the effect of the
interface traps cannot accurately characterize the subthreshold noise behavior of the device.
It is also consistent with our analysis in Section 2, and therefore, it is necessary to consider
the contribution of bulk defects to the noise in the subthreshold region. Considering the
significant subthreshold noise through the Ay model of (10) and LFN in the above-threshold
region by (1), the unified noise model (11) can well fit the LFN phenomena of the two
different SiC devices in Figure 4.

5. Conclusions

The 1/f noise in 4H-S5iC MOSFETs is interpreted by the combination of mobility
fluctuation and carrier number fluctuation models. The origin of the observed high-
level subthreshold noise is identified as SiC bulk defects and oxide traps around the
interface. In addition, the extraction of trap density is easily derived from the subthreshold
swing. Ultimately, experimental noise data are analyzed and the proposed unified model
describes adequately the drain current dependence of the drain current noise over a wide
operation region. This improved model can be served as a good understanding of the noise
characteristics of SiC MOSFET technologies.
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Abbreviations

LEN Low-Frequency Noise

SiC Silicon Carbide

MOSFETs Metal-Oxide-Semiconductor Field-Effect Transistors
c-Si Monocrystalline Silicon

Poly-Si Polycrystalline Silicon

TFTs Thin-Film Transistors

PSD Power Spectral Density

VDM Vertical Double Implant
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