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The experimental forward current-voltage-temperature (/p-Vp-T) characteristics of Mo/4H-SiC Schottky barrier
diodes (SBDs) are investigated by means of a careful simulation study. The simulations are in excellent agreement
with measurements in the whole explored current range extending over ten orders of magnitude for temperatures
from 303 K to 498 K. The diode ideality factor tends to decrease while the Schottky barrier height increases with
increasing temperature. These variations are explained on the basis of the thermionic emission (TE) theory with a
Gaussian distribution of the barrier height (BH) around the Mo/4H-SiC interface. The calculated Richardson
constant is 4" = 155.78 Acm?K-? which is very close to the theoretical value of 146 Acm2K-? expected for n-type
4H-SiC. The linear dependence of V'p on temperature is also investigated for several bias currents. The obtained
results reveal that the device is well suited for temperature sensing applications, showing a good coefficient of
determination (R?= 0.99974 for 100 nA < Ip < 1 mA) and a high sensitivity (S = 1.92 mV/K for Ip =1 pA). The

temperature error between the voltage measurements and their linear best-fit is lower than 1.5 K.
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INTRODUCTION
Silicon carbide (SiC) is a wide band-gap semiconductor with attractive physical properties for the realization
of electronic devices useful for high-temperature, high-power, and high-frequency applications. In particular, the
capability of SiC to operate at high-temperature ensures significant lifetime and reliability improvements of
devices in many engineering fields such as spacecraft, automotive, and energy production industries [1-7].
Temperature sensors play a key role in many industrial processes and different applications. The most

commonly used types of temperature sensors are thermocouples, thermistors, resistance temperature detectors



(RTDs), and semiconductor devices. In more detail, thermocouples are known for their wide temperature range
and low drift; thermistors are fast and have high sensitivity; RTDs have good linearity and the highest accuracy
and stability. All these devices, however, require a certain amount of interface circuitry and could result difficult
to use. On the contrary, diode-based temperature sensors are characterized by low manufacturing costs, full IC
compatibility, and almost linear voltage-temperature behaviors that, under specific bias conditions, preserve their
sensitivity and accuracy over a wide range of temperature [8]. In fact, in a solid-state junction-based structure
several physical parameters are strongly dependent on temperature such as the carrier mobility, the intrinsic carrier
concentration, the carrier average energy, and the barrier height.

In this context, Schottky barrier diodes (SBDs) have gained an increasing interest for sensing applications in
harsh environments thanks to a high-resolution and chemical inertness [9-13]. The most common metals used for
Schottky contacts on SiC are titanium (Ti) and Nickel (Ni), which typically show good reproducibility of the
barrier height [14]. However, the large scale diffusion of these structures is limited by some technological issues
mainly related to the high density of defects at the semiconductor interface and the high temperatures of the
annealing processes [15]. Molybdenum (Mo) can be considered a promising alternative metal. Mo-based SBDs,
in fact, show a better behavior in forward bias with a low voltage drop and an ideality factor close to the unity if
they are compared with the Ti-based counterparts [16].

Starting from the experimental results on Mo/4H—SiC SBDs reported in [17], in this paper a careful simulation
study is performed in order to evaluate the suitability of these devices as temperature sensors. More in detail, the
diode forward Ip-Vp curves are fitted in a wide range of temperature extending from 303 K to 498 K by involving
different current transport mechanisms. At high current regimes, the diode series resistance is on the order of 16 Q.

The temperature dependence of the main device electrical parameters, namely the Schottky barrier height
(SBH) and ideality factor, is explained with the assumption of a Gaussian distribution of the barrier height around
the Mo/4H-SiC interface. In particular, the SBH increases while the diode ideality factor tends to decrease with
increasing temperature. Finally, the device performance as temperature sensor is investigated analyzing the grade
of linearity of the Vp-T characteristics as well as the diode sensitivity and the temperature root mean square error

for different bias currents.

DEVICE STRUCTURE AND SIMULATION SETUP
A schematic cross section of the Mo/4H-SiC Schottky diode considered in this work is shown in Fig. 1. The

drawing is not to scale.



The experimental devices are based on a commercial available <0001> n-type 4H-SiC homoepitaxial wafer of
elevated crystal quality [18]. The epilayer is 10 pm thick with a donor doping concentration of 1.3x10' cm™. The
Schottky contacts are circular with a diameter of 150 um. Exhaustive details about the diode fabrication process
are provided in [17]. In short, the Schottky contacts are formed by depositing molybdenum (Mo) through an
electron-beam (e-beam) lithography evaporation technique at a pressure of 1x10- Pa. Then, the annealing treatment
is performed in an open furnace at 500 °C under a N» flow of about 1000 sccm. Finally, the backside ohmic contact
of the wafer is formed by e-beam deposition of a 250-nm-thick Mo film.

The numerical simulation analysis of the diode in Fig. 1 was carried out by using the Atals-Silvaco physical
simulator [19] to solve the carrier continuity equations and Poisson’s equation onto a finely meshed device
structure in the cylindrical coordinate system. The fundamental 4H-SiC physical models taken into account include
the band-gap temperature dependence and the apparent band-gap narrowing (BGN), the incomplete ionization of
dopants, the Shockley—Read—Hall (SRH) and Auger recombination processes, the carrier lifetime and the carrier
mobility as a function of temperature and doping, and the Schottky thermionic emission model which involves the
field-dependent barrier lowering effect. These models are briefly recalled as follows.

The temperature dependence of the 4H-SiC band-gap is in the form of [20]:
E,(T) = Ego — a(T — 300) @)
where Eg = 3.26 €V is the material band-gap energy assumed at 7= 300 K and a = 3.3x10* eV/K is a specific

constant.

According to [21], the incomplete ionization of impurities is given by

AEA p
Ngp :
1+4gV'C—N(T) e KT

i j
N/EB- = Nap o 2

where AE,4 and AEp are the acceptor and donor energy levels, N4 and Np are the substitutional p-type and n-type
doping concentrations, g, = 4 and g. = 2 are the degeneracy factors of the valence and conduction band [22], and

Ny and N¢ are the hole and electron density of states varying with temperature:

T )3/2 . )

Ney(T) = Ne 300 (ﬁ

Here, Ny 300 = 3.29%10" cm™ and Nc¢ 300 = 1.66x10'" cm™ are the hole and electron density of states at room

temperature, respectively.



The apparent band-gap narrowing effect is a function of the activated doping concentration and it is accounted
for according to Lindefelt’s model of the band edge displacements in the n-type (AE,,) and p-type (AE,,) regions

[23]:
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where A4,,, Bnp, and C,, are the appropriate 4H-SiC parameters [22] listed in Table I.

The SRH and Auger recombination rates are modeled using the standard expressions [24]:
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where C,=2x10! cm®! and C,= 5x1073! cm%! are the Auger coefficients [25], Euqpis the difference between
the trap energy level and the intrinsic Fermi level, and 7, and 1, are the carrier lifetimes modeled through the semi-

empirical formula proposed in [26] considering a temperature dependence described by a power law [21,27]:
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Here, N is the total doping concentration for a given device region, 7o, = 500 ns and 7o, = 100 ns are process-

(N
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dependent parameters, and N, ;587 = 5x10'6 cm™ is a reference constant [28].

In order to model the low-field carrier mobility, we use the Caughey-Thomas analytical formula [29,30]:
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where ut", umax N q By, and & are parameters taken from [21,29] and summarized in Table II.

In addition, the mobility degradation due to the carrier saturated drift velocity (ver = 2x107 cm/s) is expressed

by means of
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where E is the electric field in the direction of the current flow, k, =2 and &, = 1 [20].

Finally, the ideal barrier height (@) in the device structure is the conventional difference [31]



g = (O — Xs) (10)

where the metal work function 8, is fixed to 4.53 eV [17], and the electron affinity y is used as fitting parameter
as in [32].
It must be noted that the simulation setup introduced above was used in other recent manuscripts of ours [33-36]

and it is supported by experimental results on 4H-SiC-based Schottky and p-i-n diodes [37-42].

RESULTS AND DISCUSSION

Current-voltage characteristics

In this paper, the Ip-Vp experimental curves in forward bias of Mo/4H-SiC SBDs are fitted with the numerical
results for nine different temperatures from 303 K to 498 K as shown in Fig. 2 in semi-log scale.

The simulations are in good agreement with the measurements in the whole explored current range extending
over ten orders of magnitude. It is important to note that, since during the simulations it has not been modelled an
explicit charge density at the metal-semiconductor interface, the interface trap effects could be considered
negligible for the samples under test.

As well known, by assuming the thermionic emission (TE) theory, the SBD Ip-Vp expression in forward bias

is in the form of [43,44]

Ip = Io [exp (LX208)) _ 4] (11

where R; is the series resistance, n is the ideality factor, g is the electronic charge, k is the Boltzmann constant, T’
is the absolute temperature, and I is the saturation current defined by:
lo = AA"T?exp (—12) (12)

Here, @ is the barrier height, 4 is the effective area of the diode for current transport, and A* is the Richardson
constant that takes into account the tunneling phenomena with a theoretical value of 146 Acm 2K 2 expected for
n-type 4H-SiC [45].

The fundamental diode parameters, namely R, @5, and n can be extracted from the /p—Vp-T curves in Fig. 2
similarly to [46].

More in detail, Ry is calculated in the high-current regime (/p > 1 mA) and its temperature dependence is shown

in Fig. 3.



The R, value is between 14.75 Q and 16.8 Q. This variation can be explained by considering that with an increasing
temperature more and more impurities are ionized and the enhanced scattering mechanisms penalize the carrier
mobility leading, therefore, to a decreased conductivity of 4H-SiC [47].

Concerning the barrier height, we calculate @5 = (kT /q)In(AA*T?/1,) from (12) once I, was determined as
the intercept of the plot In(Ip) vs. Vj, for V, = 0 at each temperature. At the same time, n is extracted determining

the slope of the linear region of the curves In(Ip) vs. V;, at low bias voltages according to

_q av
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(13)

The obtained @5 and n behaviors at different temperatures are plotted in Fig. 4.

Although, the barrier height and the ideality factor variation with temperature are rather limited appearing in
the order of a few percentage points, @ tends to increase while n decreases with increasing temperature. In
particular, @5 ranges from about 1.1 eV to 1.17 eV and n from 1.071 to 1.047 resulting very close to the ideal
value (n=1).

By considering (12) in the form of In(l,/T?) = In(AA*) — (q/kT)®g, Fig. 5 shows the Arrhenius plot of the
term In(lo/T?) against 1000/7.

As we can see, a perfect linear fit of the In(I,/T?) data allows to calculate the Richardson constant 4 * from the
intercept at the ordinate. It results 4* = 3.67 Acm 2K 2 which is much lower than the theoretical value of 146
Acm K2, Finally, from the slope of the linear fit we obtain an activation energy of 1.013 eV.

These results seem to predict current transport mechanisms not following the pure TE theory. In fact, the
temperature dependence of @y and n, as well as the small value of 4* reported above, can be explained by
assuming the existence of a Schottky barrier inhomogeneity at the Mo/4H-SiC interface that consists of low and
high barrier areas due to a non-uniformity distribution of the interfacial charges as suggested by Werner and Guttler
in [48]. More in detail, this spatial inhomogeneity at the diode contact is described by a Gaussian distribution of
the SBH, p(@5), with a standard deviation, ¢, around a mean value, @, in the form of

B (oB—as)z]
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where the pre-exponential term is a normalization constant, and @ and o are linearly bias-dependent parameters

as follows:

0p = 530 + p2Vp (15)

0-2 = 0-02 + pSVD . (16)



Here, @p, and o, are the zero-bias reference values, and p» and p; are temperature-independent coefficients which
model the voltage deformation of the barrier distribution.

The total current across the diode junction at a forward bias voltage Vp is then calculated as:

Ip = [ip(Vp,®p)p(@p)dBs (17)
where i, (Vp, @) is the current component for a given barrier height. By introducing i, (Vy, @) and p(@5) from

(11) and (14) into (17) and performing the integration we obtain:

(Vp—IpRs)
Ip =1, [exp (%) - 1] (18)
where
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Here, @pqp, and ng, are the apparent SBH and the ideality factor in the form of
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Moving from these expressions, the Schottky barrier inhomogeneity can be characterized by plotting both @,
and Mgy, vs. q/2KkT as shown in Fig. 6 and Fig. 7, respectively.

In Fig. 6, the linear best-fit of @p,,, gives Dpo = 1.262 eV from the intercept at the ordinate and g, = 90.5 mV
from the slope. We can note that @, is slightly greater than the uniform value calculated previously and the
standard deviation g,,, which is a measure of the Schottky barrier inhomogeneity, is not negligible. In fact, a lower
0, corresponds to a more homogeneous SBH.

Similarly, from the plot of the term (n;r} — 1) in Fig. 7 we calculate the coefficient p, = 0.015 from the intercept
and p; = -2.6 mV from the slope of the straight line which fits the diode datas. These values are consistent with
literature on 4H-SiC-based SBDs emphasizing a Gaussian distribution of the barrier height at the Mo/4H-SiC
interface [49-51].

Finally, by combining (19) and (20), we can write the following expression

n (22) - (228 = 1n(an’) - () )

T2 2k2T? kT

which is useful to calculate the modified Richardson plot, i.e. In(Iy/T?) — (q?02/2k?T?) vs. q/kT, as shown in
Fig. 8. We calculate @p, = 1.265 eV and 4* = 155.78 Acm?K" from the slope and the intercept at the ordinate of

the linear best-fit, respectively. It is important to note that @p, is in excellent agreement with the results in Fig. 6.



At the same time, the modified Richardson constant is much closer to the expected theoretical value of

146 Acm?2K™2.

Mo/4H-SiC SBD as temperature sensor
The performance of the investigated SBD as a sensor of temperature is evaluated by forward biasing the device
at a constant current level in the range from 10 nA up to 1 mA.

The diode voltage behaviors as a function of temperature for six different values of Ip are shown in Fig. 9.
Here, the sensor sensitivity (S) calculated at each current level is also reported. As we can see, thanks to an almost
constant value of the ideality factor, the diode experimental Vp-T characteristics exhibit a good degree of linearity
in the whole explored temperature range.

From (11), we can write

kT 1
Vp="Inln () + Rl - (23)

0

The sensor sensitivity is defined as the temperature derivative of (23) and it can be obtained from the slope of the
straight-lines in Fig. 9 resulting, for example, S = 1.29 mV/K for /p = 1 mA. This value increases almost
monotonically up to S =2.24 mV/K for Ip = 10 nA.

In more detail, starting from (23) we can state that, for a fixed Ip, the V'p dependence on T is linear if a) the R
effect is negligible, b) /Iy is negligible compared to Ip, and c) n can be considered constant with 7. Referring to
Fig. 2, it is evident that biasing the diode at appropriately low currents could help meeting the first requirement,
also for a wider operating temperature range of the sensor in both the cold and hot regimes. In addition, although
R, is a temperature-dependent parameter, the resulting value of R, could be minimized acting on the conductive
characteristics of the epilayer and substrate (i.e., doping and thickness) without changing the diode Schottky barrier
structure meaningfully. Concerning the second requirement, we have to consider that the saturation current
increases by increasing the temperature. In particular, from the simulations of the diodes under test, / tends to
become comparable to the supposed driving current for 7> 523 K, thus compromising the sensor linearity. Finally,
discussing the third requirement, from Fig. 4 we can see that, although the ideality factor is rather constant with 7’
in the investigated temperature range, n tends to diverge at low temperatures and this result discourages, de facto,
the use of the sensor for 7< 273 K.

In order to assess the agreement between the Vp-T experimental data and the corresponding linear best-fit, the
coefficient of determination (R?), which quantifies the correlation of the measurements to a straight-line [52], and

the corresponding temperature error (er) are calculated. More in detail, R? is assumed in the form of
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where i = 9 is the number of the different temperatures imposed during the measurements, V;, is the resulting mean
voltage, and Vp ; and f;; are the j-values provided by the experimental data and their linear best-fit at each
Jj-temperature. The R? and S behaviors as a function of the diode forward current are shown in Fig. 10.

It can be noted that R? is quite constant around its maximum value of 0.9997 for I exceeding 100 nA leading
to a temperature sensor with a highly linear behavior in a wide range of biasing currents up to 1 mA, namely until
the series resistance effects can be considered negligible even at the highest temperatures. For Ip < 100 nA, the
leakage phenomena within the device structure increasingly affect the R? value as the temperature increases.

The use of the linear approximation model of the Vp-T characteristics leads to a temperature estimation affected

by an error calculated according to

er = 51 \/i* (Vo — fi)? (25)

where, for the different set points considered in this work, er is rather independent on the probe current in a wide
range of values (i.e., 100nA < Ip< ImA) resulting always lower than 1.5 K as shown in Fig. 11. In particular, the
highest linearity errors are recognized at 7= 448 K.

The obtained results in terms of er are consistent with literature data on 4H-SiC-based Schottky diodes [53,54].
In addition, they are not too far from the calculations relative to high-performance platinum RTDs in the hot regime

(T> 473 K) [55], which exhibit a linearity error close to 0.38% per Celsius degree.

CONCLUSION

In this paper, we have investigated the Ip-Vp-T characteristics of Mo/4H-SiC SBDs in order to fix the
temperature effect on the main device electrical parameters. In particular, the experimental curves have been fitted
from 303 K to 498 K by means of a careful simulation analysis achieving an excellent agreement in the whole
explored current range. The diode ideality factor appears very close to the unity (1.071 at 7= 303 K) and it tends
to decreases as the temperature increases. On the other hand, the barrier height increases with temperature. These
behaviors has been interpreted on the basis of the TE theory with a Gaussian distribution of the barrier height at
the metal-semiconductor interface.

By considering the impressive degree of linearity of the experimental data until the diode series resistance
effects as well as the leakage phenomena can be considered negligible, the device performance as temperature

sensor has been evaluated. For a forward bias current that spans from 100 nA to 1 mA, the simulation results



showed a good coefficient of determination (R*= 0.99974) and a high sensitivity value of 1.92 mV/K for Ip = 1 pA.

The temperature error calculated between the voltage measurements and their linear best-fit is in the limit of 1.5 K.
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Figure captions

Fig.
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Fig.

Fig.

1. Mo/4H-SiC SBD schematic cross section.

2. Mo/4H-SiC SBD measured (symbols) and simulated (solid lines) /p-Vp curves at different temperatures.
3. Temperature dependence of the series resistance.

4. Ideality factor and barrier height behaviors as a function of temperature.

5. Arrhenius plot of In(I,/T?) vs. 1000/T.

6. @pap vs. q/2kT according to a Gaussian distribution of the SBH.

7. (n;p1 — 1) vs. q/2kT according to a Gaussian distribution of the SBH.

8.In(l,/T?) — (q®0¢/2k?*T?) vs. q/kT according to a Gaussian distribution of the SBH.

9. Vp-T characteristics for different values of Ip.

10. Sensor sensitivity and coefficient of determination as a function of the forward current.

11. Temperature linearity error.
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Table 1. Apparent band-gap narrowing parameters

n p
A 1.17x1072 1.54x1073
B 1.50x1072 1.30x1072
C 1.90x1072 1.57x1072
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Table I1. 4H-SiC carrier mobility parameters

n p

,uglin(cmz/\/s) 40 159

UG (cm?/Vs) 950 125

NCT (cm™3) 2x10"7 1.76x10"
a 0.50 0.50

B 2.40 2.15

y 0.76 0.34

1) 0.76 0.34
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