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A Highly Linear Temperature Sensor Operating
up to 600°C in a 4H-SiC CMQOS Technology
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and Sten Vollebregt™, Senior Member, IEEE

Abstract—In this work, a highly linear temperature sen-
sor based on a silicon carbide (SiC) p-n diode is pre-
sented. Under a constant current biasing, the diode has
an excellent linear response to the temperature (from room
temperature to 600°C). The best linearity (coefficient of
determination R? = 99.98%) is achieved when the current
density is 0.53 mA/cm2. The maximum sensitivity of the
p-n diode is 3.04 mV/°C. The temperature sensor is fully
compatible with Fraunhofer Institute (FHG) IISB’s open SiC
CMOS (complementary metal-oxide-semiconductor) tech-
nology, thus enabling the monolithic integration with SiC
readout circuits for high-temperature applications. The sen-
sor also features a simple fabrication process. To our
knowledge, the presented device is the first SiC diode
temperature sensor that does not require a mesa etch or
backside contacts.

Index Terms—Silicon carbide, p-n diode, temperature
sensor, high temperature.

I. INTRODUCTION

HE demand for high-temperature monitoring is increasing

rapidly in industries, such as oil drilling, automotive, and
aerospace [1], [2]. Despite the fact that people have developed
various advanced temperature sensors with mature silicon (Si)
technology, accurate temperature sensing above 200°C is still
a very challenging task [3], [4], [5]. Silicon carbide (SiC) is
considered a promising wide bandgap (WBG) semiconductor
for temperature sensing in harsh environments [1], [2]. Thanks
to its large bandgap (E, = 3.26 €V), SiC electronics can,

in theory, work up to 1000°C [6]. To date, the most common
implementation of a SiC temperature sensor is based on
different diodes due to their simplicity and robustness.
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However, most of the reported SiC diode-based tempera-
ture sensors have a maximum temperature limit of less than
600°C [7], [8], [9], [10], [11], [12], [13]. Zhang et al. reported
the highest operating temperature so far (up to 600°C) [14].
However, the sensor has relatively poor linearity, and therefore
it will require intensive calibration in practical use. Addi-
tionally, from a measurement system point of view, it is
desirable to monolithically integrate the sensor with readout
electronics to enhance the signal-to-noise ratio (SNR) and
reliability [15]. Nevertheless, past sensor designs have yet to
considered whether a sensor is compatible with an integrated
circuit (IC) technology [7], [8], [9], [10], [11], [12].

In this letter, we report a SiC p-n diode temperature
sensor in a 4H-SiC CMOS technology provided by FHG
IISB. The temperature sensor uses the existing layers in the
CMOS process, ensuring full compatibility with the planar
SiC CMOS circuits. SiC MOSFET characterization and digital
and analog ICs based on this SiC CMOS process were
reported elsewhere [16]. The device was characterized from
room temperature to 600°C, showing excellent sensitivity and
linearity.

[1. SIC CMOS TECHNOLOGY AND DEVICE STRUCTURE

The SiC CMOS process was carried out on 350 um thick
4-inch 4H-SiC wafers. The surface orientation is 4° off-axis
(0001) for better epitaxial growth. A 9 um nitrogen-doped
epitaxial layer with a concentration between 5 x 10'* and
8 x 10'* atoms/cm® was grown, where the implantation of
n-well (NW), p-well (PW), shallow-p (SP), and shallow-
n (SN) layers were followed, with doping concentration of

5% 109, 1x 107, 4.5x 10'°, and 3.5 x 10'2 atoms/cm?>. The
activation of dopants was done with a 30-minute annealing
step at 1700°C in an argon flow. After the growth of gate
oxide, a nitric oxide (NO) annealing was performed for
60 minutes at 1300°C to reduce the interface state density.
Then, poly-Si was deposited and patterned as the gate. NiAl
and Ti/Al were applied in the contact openings for n-type
and p-type contacts, and were annealed in argon at 980°C
for 2 minutes to form silicide. Finally, a stack of Ti/Al/Ti
(50/700/20 nm) was used as the metal layer. The Ti below
the Al serves as an adhesion layer and barrier to prevent Al
diffusion into SiO5.

As shown in Figure 1, the p-n diode-based temperature
sensor consists of PW and SN in the CMOS technology.
An additional SP region was defined in the PW to form a better
p-type contact with Ti/Al at the anode. Figure 2 shows an
image of the temperature sensor under an optical microscope.

0741-3106 © 2023 EU
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Fig. 1. A cross-sectional view of the diode in the CMOS process.

Fig. 2. An optical microscopic image of the p-n diode. The SN layer is
implanted in the PW layer. The PW layer is encircled by an SP guard
ring and the metal layer for p-type ohmic contact.

The metallurgical area of the p-n junction is around 0.75 mm?
(866 um x 866 um).

I1l. MEASUREMENT AND DISCUSSION
A. p-n Diode Sensing Principle

The forward voltage of a p-n diode (VF) under a constant
biasing current (/p;45) can be described by:

Vi =nkT/q - In(Ipias/AJo) (1

where n is the ideality factor of the diode, k is the
Boltzmann constant, 7 is the absolute temperature, g is
the elementary charge, A is the area of the metallurgical
junction, and Jy is the reverse saturation current density. The
temperature-dependency of Vr, i.e., the sensitivity of the diode
temperature sensor S, can be obtained from the first derivative
of Vg:

_ Ve _nk | Ibias n nkT dlIn(pias/AJo)]
dT q AJy q

S = T )
The reverse saturation current density Jy is temperature-
dependent. It consists of diffusion current component Jo,, .
and recombination current component Jy,,.. When the device
is biased at a low current level, the recombination mechanism
dominates [8], [14], and Jy can be simplified as:

Jo=qWn;/t, 3

where W is the length of the depletion region, 7, is the
generation lifetime, n; is the intrinsic concentration of the
charge carriers. Here, n; is equal to (Nc Nye ™ F¢/kT)0-5 \where
E, is the bandgap of SiC, N¢, and Ny are the effective
density of states of the conduction band and valence band
edges, respectively. If Nc, Ny, W, and 7, are taken as
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Fig. 8. The diode forward I-Vf curves at different temperatures were
obtained by sweeping the voltage applied at the anode. As temperature
increases, knee voltage of the diode decreases. When Vg increases,
the diode becomes more ohmic due to series resistance.

temperature-independent parameters as in [14], then the sen-
sitivity of the temperature sensor can be expressed as:

dVe _nk (I k
s="E T (2e®) - Ziniveny) @)
daT q AgW 2q

Despite the temperature-dependency of Eg, there is no term
containing E in the final expression, and therefore the change
of SiC bandgap over temperature does not affect S.

B. Experimental Results

The diode was measured by the four-probe method with our
dedicated high-temperature setup. During the measurement,
the test chamber was pumped down to a high vacuum level
(107> mbar) to minimize the oxidation of the probe tips
and contact [17]. Before measurement at each temperature,
a 15-minute waiting time was performed to ensure a stable
temperature on the sample. Figure 3 is the /-VF curve of
the diode temperature sensor at different temperatures, ranging
from room temperature to 600°C with steps of 25°C. Clearly,
the sensor shows a typical diode-like 7-V¢ curve up to 600°C
when Vp is small, i.e., the current increases exponentially as
biasing voltage increases. As Vp further increases, the /-Vp
curve becomes more linear since the series resistance starts to
dominate the electrical behaviour. The ideality factor n can be
extracted from the (In/7)-Vr curve [9]. The ideality factor n
is given as the following equation:

n=gq/kT -[dVp/d(InI)] (&)

The extracted ideality factor n shows a continuous decrease
with respect to temperature rise, from 5.889 at room tempera-
ture to 2.067 at 600°C. The ideality factor at low temperatures
is higher than the expected value, i.e., 2. Such a high ideality
factor is a sign of deviation of the SiC diode from an ideal
diode behavior at the low-temperature range. The non-ideality
comes most probably from the poor p-type contact, as reported
in [16]. To verify this, we measured the p- and n-type
contact resistance by transmission line method (TLM) and
extracted contact resistivity pc, as summarized in Table I.
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TABLE |
THE CONTACT RESISTIVITY OF n- AND p-TYPE MEASURED BY TLM

Contact type Temperature (°C) Contact resistivity (Q-cm?)
n-type 25 519 x 10~%
n-type 600 8.38 x 104
p-type 25 Schottky behavior
p-type 600 8.97 x 10~2

N N
=) o
T T

Forward voltage (V)
3]
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0.0 1 1 1 1 1 1
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Fig. 4. (a) Ve vs. T when the p-n diode is biased at different current

densities, ranging from 0.4 mA/cm? to 6.7 mA/cm?2. From room temper-
ature to 600°C, the device shows fairly good sensitivity and linearity;
(b) The measured sensitivity, theoretical sensitivity, and A2 at different
Ipias; (c) Sensor output under thermal cycles (lp;zs = 10 pA).

Interestingly, the p-type contact showed Schottky properties
at room temperature [18] and became ohmic at 600°C. The
improved performance of p-type contact over temperature is
the main contributor to the drop of n at high-temperature
range. According to pc, the diode contact resistance at the
cathode and anode is estimated to be 139.67 Q2 and 2650.71
at 600°C. The reverse saturation current I is extracted from
the x-intercept of the linearly fitted (In/)-VFr curve. The
saturation current increases with temperature from 18.2 pA at
room temperature to 294.2 nA at 600°C. This can be attributed
to the increase in n;, more ionization of doping atoms, and
an increase in the diffusion constant of the charge carrier as
temperature increases [19]. From room temperature to 600°C,
the number of ionized doping atoms in PW and SN increases
from 1.52 x 107'% to 9.62 x 107! atoms/cm® and from
3.53 x 10718 to 1.44 x 107!° atoms/cm?, respectively [20].

Figure 4a demonstrates Vg versus temperature relation of
the diode operating in the constant current forwards bias-
ing (CCFB) mode. Ipj,s is kept small so that the charge
carrier transport mechanism is recombination so that the
assumption in (3) still holds [8], [14]. In our analysis, the
linearity is evaluated by the coefficient of determination (R?).
From the fitting result, Vr shows a good degree of linearity
(R?> > 99.5%) versus temperature under all biasing levels,

TABLE Il
A SUMMARY OF SiC DIODE TEMPERATURE
SENSOR REPORTED IN THE LITERATURE

Ref. S (mV/°C) [ R? (%) |Temperature [ Technology
range (°C)

[7] 3.30 99.96 175 Vertical Schottky

[8] 4.50 99.96 25-460 Vertical pin

[9] 2.66 99.99 25-300 Vertical pin

[10] 0.61 99.84 25-300 Vertical pin PTAT

[12] 1.18 99.97 -88-127 Vertical Schottky

[13] 2.70 / 25-550 Planar pin

[14] 3.50 / 25-600 Planar pn

This 3.04 99.98 25-600 Planar pn in a SiC

work CMOS process

as shown in Figure 4b. Such a high degree of linearity
introduces less error and reduces the calibration effort, which
will ease the design of the readout circuit. The best linearity
is obtained when Ip;,s = 4 wA, where R? is 99.98%. When
Ipias > 4 (A, the linearity decreases as more voltage drop
will be on the contact, which is not linear with temperature.
If Ipigs < 4 pA, then the linearity also becomes worse since
the SiC diode might be still off because of low V.

The slope of the fitting curves indicates the sensitivity
of the temperature sensor, which are close to each other
under different current densities. With the best linearity,
the sensitivity is -2.93 mV/°C (lpias = 4 pA), thus the
root mean square error (RMSE) of the temperature sensor
is £ 0.47%. The maximum sensitivity is —3.04 mV/°C, which
is obtained under a 10 pA biasing. Figure 4b also shows the
theoretical sensitivity (|S;zeory|) Obtained from (4) compared
to the experimental sensitivity (|Syeasured|) at different biasing
currents. Due to the transition from Schottky contact to ohmic
contact over temperature, the voltage drop on the contact
(Veontact) 1S expected to have a negative sensitivity to tem-
perature (Sconract)- As a result, |Syeqsured| 1S generally larger
than the predicted values. It can be also seen that |Syeqsured|
does not decrease monotonically as Ip;,s increases. The reason
could be Sconracr 18 bias-dependent. At room temperature,
Veontacr increases rapidly with Ip;,s until getting saturated at
the knee voltage of the Schottky contact, translating to the
same trend for |Sconract|. The summation of [Sconracr| and
monotonically decreasing |Sineory| eventually results in the
general trend of |Syeasured| as shown in Figure 4b.

Figure 4c shows the sensor has a virtually identical response
to repeated temperature profiles, indicating good repeatability
from room temperature to 600°C. It is worth mentioning that
the temperature range of this sensor is limited by the metalliza-
tion as the Al interconnect starts to melt at 625°C. Despite this,
our sensor can still outperform most SiC temperature sensors
reported in the literature (summarized in Table II), not to
mention its great potential in terms of monolithic integration.

IV. CONCLUSION AND FUTURE WORK

This work demonstrated a temperature sensor based on the
SiC p-n diode, which is implemented in the FHG IISB’s SiC
CMOS technology. The temperature sensor is characterized
in CCFB mode from room temperature to 600°C, showing
a high linearity of up to 99.98% and a maximum sensitivity
of 3.04 mV/°C. To our knowledge, this is the most linear
diode-based temperature sensor with such a wide operating
range. Continued optimization on the metal layer, long-term
stability test, integration of the sensor with SiC ICs are
planned.
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