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Abstract: This article combines electrical and physical measurements to obtain and confirm the conduction
band offset and the oxide breakdown field in a MOS device fabricated on the n-type C-face of 4H-SiC having
(000-1) orientation. The device has the oxide grown by wet oxidation and wet re-oxidised in steam at 500°C to
1000°C for 10 min. The conduction band offset obtained is 2.92 eV relative to the SiO, conduction band and is
0.14 eV larger than on the Si-face where it is determined earlier to be 2.78 eV. The oxide breakdown field at a
current density of 10“A/cm? with charges is a low value of 6.22 MV/cm and without charges is 8.24 MV/cm
when having the MOS device in accumulation. The higher CBO on the carbon face is confirmed by observing
the difference of Si-2p core electron peaks by XPS on the Si-face and C- face oxidised 4H-SiC. This experiment
is performed by another research group. A 1-D double-well potential energy function for the electrons in the
Si-C bond of 4H-SiC computed by density functional theory also corroborates this energy difference of 0.14 eV.
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I. Introduction

4H-SiC (0001) and (000-1) oriented Si- and C-face semiconductor is suitable for high temperature
power electronics [1]. Power Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFETS) have been
fabricated on both Si-face and C-face that exhibit average surface field effect mobility of about 35cm?/V-s [2-3].
The C-face 4H-SiC having (000-1) oriented surface is also used to grow Graphene layers by high temperature
vacuum annealing [4-5]. Graphene which was shown to have a high mobility of up to 10000 cm?/V-s by
Novoselov, Geim (both Nobel laureates) and co-workers [6] can behave as a electronic semiconducting material
in the bilayer form having a bandgap that can be tuned up to 250meV by the application of voltage [7]. It has
been shown to posses 2-6 times higher electron saturation velocity than in Si [8]. Therefore Graphene can be
used to fabricate high frequency and low power MOSFET devices giving a higher unity gain cut-off frequency
(fr) than Si-MOSFET for the MOSFET having the same channel length. The fr is given by (vy/2znL) where v; is
the saturation velocity of electrons and L is the channel length [9].

In this article, the conduction band offset (CBO) in the MOS device fabricated on the C-face of n-4H-
SiC has been determined using the slope constant of the Fowler-Nordheim electron tunnelling from the cathode
of the MOQOS device in accumulation. The CBO on the Si-face of the n-type MOS device has already been
determined to be 2.78 eV [10-11] and confirmed by other research groups [12-15]. The CBO on the C-face is
0.14 eV more at 2.92 eV which has been confirmed by observing the difference in the peaks of binding energy
of Si-2p core electrons on oxidised Si-face and C-face by X-Ray Photoelectron Spectroscopy (XPS)
measurements performed in the study by Watanabe and Hosoi [16] and shown in Fig. 4 of the reference. The
figure shows about a 0.15 eV larger binding energy on the C-face of oxidised 4H-SiC meaning that the valence
band is about 0.15 eV lower on the C-face.

Il. Theory
Fowler-Nordheim (FN) electron and hole tunnelling has been observed in Si and SiC MOS devices and
in organic light emitting diodes [10, 11, 17-22]. The FN equation models the current-voltage characteristics
across a MOS device in accumulation at high fields. It is given by the classical equation [10]:

J=AE’ exp(E—B] )
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where J is the current density through the MOS device in accumulation in Alcm?, E,, is the oxide electric field
in V/cm and the pre-exponent A and the slope constant B are given by:
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In A and B, e is the electronic charge, m is the free electron mass, my, is the electron or hole mass in
the oxide, 7 is the Planck’s constant and @, is the electron or hole barrier height expressed in electron volts. A

plot of In (J/E.?) versus 1/Eq called the FN plot, gives the value of the slope constant B, from which
(Mox/M)*?¢o*? product can be obtained. Then, with a known effective mass, ¢, can be calculated and with a
known ¢y, the effective mass can be calculated. The slope constant B is very sensitive to the oxide field as it is
in the exponential and therefore precise determination of the oxide field is decisive in the evaluation of the
tunneling parameters. The In (J/E,’) term is relatively less sensitive to the oxide field as it is in the natural
logarithm. The slope constant B can be independently used to determine the carrier effective masses, band
offsets at the insulator/semiconductor interface and the unknown bandgap of the amorphous insulators and
possibly wide bandgap crystalline semiconductors such as hex-BN and AIN having a bandgap of 6.2 eV,
without the knowledge of band offsets from the photoemission spectroscopic measurements [11, 23]. It is to be

noted that ¢ and @, mean the same thing as ‘barrier height’

A Calculation of the slope constant

The slope constant B is given in equation (3) above. It is determined from the I-V characteristics using
equation (1). The AIN(J/Ey’) versus A(1/Ey) is determined by taking at least two points on the 1-V
characteristics in the high field FN region with the oxide voltage corrected for the flatband voltage [11]. It can
be observed that Aln (J/Ey’) can be evaluated as Aln (I/V?) in the numerator without causing any error. This
means that the area of the device can be ignored. However, the oxide thickness needs to be exact as it appears
in the A (1/E) term in the denominator. A report highlights the importance of exact oxide thickness [24]. In the
second method of computing the CBO which is described below, the precise area of the C-V dot is also
necessary.

B. Calculation of the flatband voltage

The flatband voltage Vs, is calculated based on the formula developed by Jakubowski and Iniewski for
the Si technology [25]. It has been used by the author in his earlier studies on Si-MOS device [26]. The
formula is presented below for convenience, where first the normalized Fermi potential ur is calculated as:

C, -C,n A

u. =1.167+ 2174'”(&&] 4)
i min
Here, C; is the insulator (oxide) capacitance with the MOS device in accumulation, C, is the
minimum capacitance of the MOS device with the semiconductor in strong inversion, and A is the area in mm>.
The C; and C,,, capacitances are in pF. Since the 4H-SiC MOS device undergoes deep depletion at room
temperature due to the low generation rate of minority carriers, and therefore the C,;, is taken at the onset of
deep depletion during a high frequency (LMHz) C-V trace. Next, the flatband capacitance Cg, is calculated

using the formula:
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From the flatband capacitance, the flatband voltage is seen on the voltage axis of the high frequency C-V plot.
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I11. Results and Discussion

A MOS device data

The n-4H-SiC/SiO,/Al MOS device data is described in the author’s collaborative study with Prof. M. E. Zvanut
[27]. The device was fabricated on the C-face of the (000-1) oriented 4H-SiC surface. In this study, an ac
conductance measurement system was configured along with the 1-V/C-V measurement system. These systems
provide the 1-V/ C-V data for the present study as well [27].

B. Calculation of the flatband voltage
For the MOS device under study [27], C; = 235 pF, Crin = 115 pF, A=0.50 mm?, ug=14.45, Cyq, = 0.88C; = 207
pF, resulting in the flatband voltage of 16 V that indicates negative charges in the oxide.

C. Determination of the CBO in the MOS device fabricated on the C-face of the 4H-SiC.

Method 1
Two points on the I-V curve in the high field region where V; and V, are cathode voltages in volts and 1, and I,
are currents in Amperes (A) through the n-MOS device in accumulation, are [27]:

(V1, 1) = (-30, 10™)
(V2, I5) = (-50, 10®)

After correcting the cathode voltages (negative) for the positive flatband voltage of 16 V (negative charges
present), the two points become [11, 23]:

(V1-Vp, 11) = (-46, 10™)
(Vo-Vi, 1) = (-66, 10°)

The average oxide thickness, d = 74 nm.

Eox = 46/7.4 = 6.22 MV/cm, 1/Eqy = 0.161 cm/MV

Eoxe = 66/7.4 = 8.92 MV/cm, 1/E,,, = 0.112 cm/MV

Delta (1/Eox1-1/Eqyp) = 0.049 cm/MV

1/ (Delta (1/Eoyq-1/Eoyp)) = 20.41 MV/cm.

Delta (In (1/E°) = -26.68-(-15.89) = -10.79

The slope constant B = Delta (In (I/E,?))/ Delta (1/E4y) = 20.41 x 10.79 = 220.22 MV/cm

B = 68.3 x (0.42)"2 ¢>? = 220.22; ¢>? = 220.22 / (68.3 x 0.648) = 4.976; ¢y = (4.976)?" = 2.915 or 2.92¢V.

Here, 0.42 is the relative electron effective mass in the thermal oxide. So, the CBO of the C-face 4H-
SiC MOS device equals 2.92 eV. It is to be noted that the area of the C-V dot does not affect the results, but the
thickness of the oxide will affect the results. Therefore, the thickness of the oxide has to be accurate. Also, the
slope ideally should be calculated from the Fowler-Nordheim plot which is delta (In(J/Eo,2)) versus delta (1/Ey)
plot, where ‘delta’ represents ‘change in value’. The CBO of the Si-face 4H-SiC MOS device is 2.78 eV [10-
11]. The difference in the two CBOs is equal to 2.92-2.78 = 0.14 eV

Method 2

The C-V dot having a diameter of 0.8 mm gives a dot area of 0.50 mm? or 5 x 10° cm?.

The low field current at the onset of FN tunnelling of electrons from the cathode of the n-MOS device in
accumulation is 10 A or a current density of 2x10® A/cm?. The onset electric field after correcting for the
flatband voltage of 16 V is 46/7.4 =6.22 MV/cm for a oxide thickness of 74 nm after re-oxidation in steam at
1000°C for 10 min where 6 nm oxide grew from 68 nm to 74 nm [27]. Applying the formula for the FN current
density of J = A Eo,” exp (-B/E,y) to a current density of 2x10® A/cm? and an onset oxide field of 6.22 MV/cm
results in the equation for the slope constant as :

-B/6.22 =-35.399, giving B = 220.18 MV/cm.

Using the equation B = 68.3 x (0.42)"2 ¢* = 220.18 gives the value of ¢, = 2.914 eV, which is the same as
obtained by the first method of 2.915 eV.
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D. Analysis of the two methods

The CBO is practically the same by both the methods, although Methodl is considered to be more
accurate as it takes the slope of the 1-V curve in the high field region when the area of the dot can be ignored.
The chance of error in Method 2 is less because it takes only one point on the 1-V curve and the C-V dot area
has to be considered which should be accurate. Here, 0.42 is the relative electron effective mass in the thermal
oxide. Thus, the CBO on the MOS device fabricated with wet oxidation on the C-face of 4H-SiC is 2.92 eV and
is 0.14 eV more than on the Si-face. Observing the Si-2p core level binding energy peaks on oxidised Siand C
faces of 4H-SiC surface in Fig.4 of an INTECH 2013 article by Watanabe and Hosoi [16], shows that the
binding energy is 0.15 eV (observing in a published article could have small errors) more on the C face as
compared to the Si face. Given that the 4H-SiC experimental band gap is same on both faces at 3.23 eV results
in the CBO on the C face of oxidised 4H-SiC to be 0.14 eV more. Therefore, the CBO on the oxidised carbon
face 4H-SiC MOS device is 2.92 eV as calculated above. The CBO on the oxidised Si face has already been
determined to be 2.78 eV in the author’s earlier collaborative study [10-11]. This confirms the accuracy of all
the three studies, where the samples have been fabricated in three different laboratories—oxidised carbon face
4H-SIiC, oxidised Si face 4H-SiC, and the fabrication laboratory of the sample of Watanabe and Hosoi. The
band offsets of all the three samples are correlated well and accurately through the combined electrical and
physical measurements. It needs to be highlighted that a more careful and controlled experiment involving
statistics of mean and standard deviation may inform us about the differences in the two methods of
calculations. It is clear that the CBO on the C-face is a bit larger than on the Si-face of the 4H-SiC/SiO,
interface of the MOS device.

E. Quantum Physics of the 1-D double-well potential energy function

‘Particle in a box’ with an electron in an infinite potential well is well understood with real life
applications such as electrons on a metal or p-i-n laser diode where i is the intrinsic layer forming a quantum
well between the p- and n-layers. Si-C bond in 4H-SiC (0001) having a bond length of 1.86 A have two
interacting electrons on the two atoms of Si and C. Therefore, the 1-D potential energy function will be given
by a double-well as two electrons cannot stay in the same energy state according to Pauli’s exclusion principle.
J. Borysiuk et al. in 2011 from Poland [5] have shown the double-well potential energy surface for a Si atom
adsorbed on the Si-terminated surface of 4H-SiC (0001) with one well at 0.40 eV minima and the C on top
second well with the 0.27 eV minima on the right side giving a difference of 0.13 eV between the two atoms at a
distance of 1.79 A. This is shown in Fig. 1(b) of the reference based on density functional theory (DFT)
calculations using the Vienna ab initio software package (VASP) and is archived at the Cornell University run
website of arxiv.org. This work corroborates the author’s I-V/C-V based measurements and computation
discussed above where it is shown that the CBO on the Si-face of the MOS device on 4H-SiC is 0.14 eV less
than on the C-face as the electron at the Si atom has 0.13 eV more negative energy in the quantum well than the
electron at the C atom on top.

F. CBO plus 4H-SiC bandgap plus VBO

It is to be noted that as the title of the sub-section suggests, 2.78 + 3.23 + 2.92 = 8.93 describes the sum
of the CBO on the Si-face of 2.78 eV added to the experimental bandgap of 4H-SiC at 3.23 eV and further
added to the valence band offset (VBO) of 2.92 eV giving the total bandgap of the thermal oxide at 8.93 eV [28-
30] for the 4H-SiC/SiO, interface having (0001) orientation. On the carbon face, the CBO is the VBO of the Si-
face and the VBO is the CBO of the Si-face. This order dictates that a MOS device in accumulation on the Si-
face will have a larger electron tunnelling current from the n-4H-SiC semiconductor cathode as the CBO s less
than the VBO and on the carbon face the MOS device will have the larger hole tunnelling current from the p-
4H-SiC semiconductor anode, larger than the electron tunnelling with both the MOS devices in accumulation.

G. A New Memory Device is Proposed with stoichiometric SiO,

After thinking over the sub-section F above, a new memory device is proposed having stoichiometric
wet SiO,. Consider two n-type MOS capacitor devices in accumulation , one on the Si-face having a CBO of
2.78 eV and one on the C-face having CBOs of 2.92 eV. The MOS capacitors in accumulation will give
different currents at high fields of say 7 MV/cm. These currents can be converted to voltages giving two
voltage levels---the higher voltage for a ‘1’ and the lower voltage for a ‘0’. That is, the MOS device on the Si-
face in accumulation will provide a ‘1’ and the MOS device on the C-face in accumulation will provide a ‘0’.

H. Oxide breakdown electric fields with and without charges

The barrier dependent electrical breakdown field in the thermal silicon dioxide with and without
charges in the oxide is calculated based on the current density of 10 A/cm? through the MOS device in
accumulation. It equals 46/7.4 = 6.22 MV/cm with charges and (45+16)/7.4 = 8.24MV/cm without charges in
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the oxide. The breakdown field without charges is little lower than 9.5MV/cm on Si/SiO,/Al device [30], where
the CBO is 3.2 eV instead of 2.92 eV in the present device for the same current density of 10 Alcm’ through a
thick thermal oxide considered to be a current density at which the oxide can be declared to have an electrical
breakdown. These values in general reflect the slightly lower reliability of the 4H-SiC based MOS device.
However, the oxide field for a long channel power MOSFET switch is very small during the on-state of the
switch having a maximum gate to source voltage minus the threshold voltage of 40 V for example, for a 150 nm
thick oxide and therefore giving an oxide field of 2.67MV/cm only [31]. The author’s earlier collaborative
study [27] shows in Fig.4 that more than 70% C-V dots exhibit 2 x 10® A/cm? current density at 3MV/cm oxide
field.

IV. Conclusions

It is concluded through this extension of the author’s earlier collaborative study, that the conduction
band offset in the MOS device fabricated on the C-face of the 4H-SiC is 2.92 eV. It is 0.14 eV larger than the
CBO on the Si-face of 2.78 eV. The CBO on the Si-face becomes the VBO on the C-face due to this 0.14 eV
difference keeping the experimental bandgap of 4H-SiC at 3.23 eV. The higher CBO on the C-face is
confirmed by XPS measurements of Si-2p core electron peaks by XPS. The oxide breakdown field with charges
is lower at 6.22 MV/cm and at 8.24 MV/cm without charges. The breakdown field without charges is slightly
lower than on the Si/SiO,/Al device indicating a relatively lower reliability, although the 4H-SiC power
MOSFET switch operating in the on-state has a low oxide field of 2-3MV/cm only. The method of
characterising MIS devices based on I-V/C-V measurements can be quite accurate. A new memory device is
possible on Silicon Carbide that can work at higher temperatures than Silicon.

References

[1]. P.G. Neudeck, “High-Temperature Electronics-A Role for Wide Bandgap Semiconductors?” Proceedings of the IEEE,
2002;90(6):1065-1076.

[2]. G.Y. Chung, C.C. Tin, J.R. Williams, K. McDonald, R.K. Chanana, R.A. Weller, S.T. Pantelides, L.C. Feldman, O.W. Holland,
M.K. Das, J.W. Palmour, “Improved inversion channel mobility for 4H-SiC MOSFETSs following high temperature anneals in nitric
oxide”, IEEE EDL, 2001;22(4):176-178.

[3]. K. Moges, M. Sometani, T. Hosoi, T. Shimura, S. Harada, H. Watanabe, “Sub-nanometer-scale depth profiling of nitrogen atoms in
SiO,/4H-SiC structures treated with NO annealing”, Applied Physics Express, 2018;11:101303.

[4]. J. Borysiuk, J. Soltys, R. Bozek, J. Piechota, S. Krukowski, W. Strupinski, J.M. Baranowski, R. Stepniewski, “Role of structure of
C-terminated 4H-SiC (000-1)surface in growth of graphene layers: Transmission electron microscopy and density functional theory
studies”, Physical Review B, 2012;85:045426.

[5]. J. Borysiuk, J. Soltys, R. Bozek, J. Piechota, S. Krukowski, W. Strupinski, J.M. Baranowski, R. Stepniewski, “Role of structure of
C-terminated 4H-SiC (000-1)surface in growth of graphene layers: Transmission electron microscopy and density functional theory
studies”, arxiv.org, Cornell University run website, 2011.

[6]. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, L.V. Grigorieva, A.A. Firsov, “Electric field effect
in atomically thin carbon films”, Science, 2004;306:666-668.

[7] Y. Zhang, T. Tang, C. Girit, Z. Hao, M.C. Martin, A. Zettl, M.F. Crommie, Y. Ron Shen, F. Wang, “Direct observation of widely
tunable bandgap in bilayer graphene”, Nature Letters, 2009;459:820-823.

[8]. V.E. Dorgan, M. Bae, E. Pop, “Mobility and saturation velocity in grapheme on SiO,”, Appl. Phys. Letts, 2010;97:082112.

[9]. S.M. Sze, “Unipolar Devices” in Semiconductor Devices Physics and Technology, John Wiley and Sons, New York, 1985, pp.210-
215.

[10]. R.K. Chanana, K. McDonald, M. Di Ventra, S.T. Pantelides, L.C. Feldman, G.Y. Chung, C.C. Tin, J.R. Williams, R.A. Weller,
“Fowler-Nordheim hole tunnelling in p-SiC/SiO, structures”, Appl. Phys. Letts, 2000;77(16):2560-2562.

[11]. R.K. Chanana, “Determination of hole effective mass in SiO, and SiC conduction band offset using Fowler-Nordheim tunnelling
characteristics across metal-oxide-semiconductor after applying oxide field corrections”, J. Appl. Phys., 2011;109:104508.

[12].  Z. Ouennoughi, C. Strenger, F. Bourouba, V. Haeublein, H. Ryssel, L. Frey, “Conduction mechanisms in thermal nitride and dry
gate oxides grown on 4H-SiC”, Microelectronics Reliability, 2013;53:1841-1847.

[13].  C. Strenger, Al Bauer, H. Ryssel, “Effect of increased hole density due to nitrogen incorporation at the SiO, on F-N current
degradation”, Mater Sci Forum, 2011;679-680:382-385.

[14].  P.Fiorenza, A. Frazzetto, A. Guarnera, M. Saggio, F. Roccaforte, “Fowler-Nordheim tunnelling at SiO,/4H-SiC interfaces in metal-
oxide-semiconductor field effect transistor”, Appl. Phys. Letts., 2014;105:142108-1 to 4.

[15]. M. Vivona, P. Fiorenza, F. Lucolano, A. Severino, S. Lorenti, F. Roccaforte, “Properties of SiO,/4H-SiC interfaces with an oxide
deposited by a high temperature process”, Materials Science Forum, 2017;897:331-334.

[16]. H. Watanabe, T. Hosoi, “Fundamental aspects of silicon carbide oxidation”, INTECH, 2013;235-250.

[17]. M. Lenzlinger and E.H. Snow, “Fowler-Nordheim tunneling into thermally grown SiO2”J. Appl. Physics, vol.40, pp.278-283,
1969.

[18].  T. Nishiguchi, H. Nonaka, S. Ichimura, “High quality SiO, film formation by highly concentrated ozone gas at below 600°C”, Appl.
Phys. Letters, vol.81,pp.2190-2192, 2002.

[19].  P. Friedrichs, E.P. Burte, R. Schorner, “Dielectric strength of thermal oxides on 6H-SiC and 4H-SiC”, Appl. Phys. Letters, vol.65,
pp.1665-1667, 1994.

[20].  V.R. Vathulya, W.E. Wagner, F.C. Miller, M.H. White, “Thin oxide growth on 6H-Silicon Carbide”, Microelectronic Engineering,
vol36, pp.175-178, 1997.

[21]. R. Waters and B. Van Zeghbroeck, “Fowler-Nordheim tunnelling of holes through thermally grown SiO2 on p+ 6H-SiC”, Appl.
Phys. Letters, vol.73, pp.3692-3694, 1998.

[22].  L.D. Parker, “Carrier tunnelling and device characteristics in polymer light-emitting diodes”, J. Appl. Phys., vol.75, pp. 1656-1666,
1994.

DOI: 10.9790/1676-1501020106 www.iosrjournals.org 5| Page



Computation and confirmation of conduction band offset and oxide breakdown fields from a ..

[23].
[24].
[25].
[26].

[27].

[28].
[29].
[30].

[31].

R.K. Chanana, “BOEMDET-Band offset and effective mass determination technique applied to MIS devices on Si to obtain the
unknown bandgap of insulators”, IOSR-J. Appl. Phys., 2014;6(6):48-55.

Y.L. Chiou, J.P. Gambino, M. Mohammad, “Determination of Fowler-Nordheim tunnelling parameters from the Fowler-Nordheim
plot”, Solid-State Electronics, 2001;45:1787-1791.

A. Jakubowski, K. Iniewski, “Simple formulas for analysisof C-V characteristics of MIS capacitor”, Solid-State Electronics,
1983;26(8):755-756.

R.K. Chanana, R. Dwivedi, S.K. Srivastava, “Study of electrical properties of SiO, grown over plasma-cleaned Silicon surfaces”,
Solid-State Electronics, 1991;34(12):1463-1465.

R.K. Chanana, M.E. Zvanut, “Effects of re-oxidation on the electrical properties of wet oxide grown on C-face of 4H-SiC”,
Conference Proceedings , The Phys. And Chem. of SiO; and the Si-SiO, interface-4, Editors-H.Z. Massoud et al., Electrochemical
Society, vol. 2000-2: 523-528.

R.K. Chanana, “Determination of electron and hole effective masses in thermal oxide utilizing an n-channel silicon MOSFET”,
I0SR-J.Appl. Phys.,2014;6(3):1-7

R.K. Chanana, “Polysilicon and metal-gated n-channel grounded Si MOSFETSs as devices to characterize MIS structures by the
BOEMDET technique”, IOSR-J. Appl. Phys.,2018;10(6):50-57.

R.K. Chanana, “N-channel Si MOSFET as a device to characterize MIS structures by the BOEMDET technique”, IOSR-J. Appl.
Phys., 2015;7(4):17-25.

Y. Sui, T. Tsuji, J.A. Cooper Jr., “On-state characteristics of SiC power UMOSFETs on 115-um drift layers”, IEEE EDL,
2005;26(4):255-257.

Dr. Ravi Kumar Chanana. “Computation and Confirmation of Conduction Band Offset and
Oxide Breakdown Fields from a Combination of Electrical and Physical Measurements on a N-
Type C-Face 4H-SiC MOS Device.” IOSR Journal of Electrical and Electronics Engineering
(I0SR-JEEE), 15(1), (2020): pp. 01-06.

DOI: 10.9790/1676-1501020106 www.iosrjournals.org 6 | Page



