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Wide Temperature Range Integrated Bandgap

Voltage References in 4H-SiC
Raheleh Hedayati, Luigia Lanni, Ana Rusu, Member, IEEE, and Carl-Mikael Zetterling, Senior Member, IEEE

Abstract—Three fully integrated bandgap voltage references
(BGVRs) have been demonstrated in a 4H-SiC bipolar technol-
ogy. The circuits have been characterized over a wide tempera-
ture range from 25

◦C to 500
◦C. The three BGVRs are functional

and exhibit 46 ppm/◦C , 131 ppm/◦C , and 120 ppm/◦C output
voltage variations from 25

◦C up to 500
◦C. This paper shows

that SiC bipolar BGVRs are capable of providing stable voltage
references over a wide temperature range.

Index Terms—Silicon Carbide, bandgap reference, BJT, high
temperature integrated circuit, voltage reference.

I. INTRODUCTION

S
ILICON Carbide (SiC) is a wide bandgap material emerg-

ing as an excellent candidate for high temperature ap-

plications. The superior performance of SiC for operation

at elevated temperatures is mainly due to its wide energy

bandgap (3.2 eV for 4H-SiC) that is three times larger than the

Silicon counterpart. This leads to a high intrinsic temperature

(the temperature where thermally generated intrinsic con-

centration approaches background doping) of about 1000◦C
[1]. Bandgap voltage references (BGVRs) working over a

wide temperature range are essential in many systems, for

instance in high-resolution data converters operating in harsh

environment.

SOI based bandgap references with a reference voltage with

3% inaccuracy up to 250◦C have been demonstrated [2].

Wide-bandgap devices are attractive candidates for providing

high precision voltage references for high temperature applica-

tions. Early work demonstrates a hybrid BGVR that operates

up to 300◦C and employs SiC Schottky diodes and cool Si

opamps [3]. In [4] an integrated voltage reference using GaN

HEMT operating up to 250◦C is demonstrated. Recently, a

MESFET 4H-SiC bandgap reference which operates up to

250◦C has been reported in [5]. In [6], CMOS SiC voltage

references have been tested up to 300◦C. In this letter, fully

integrated bandgap references fabricated in bipolar 4H-SiC

that are operational in a very wide temperature range from

25◦C to 500◦C are demonstrated. The circuits have been

designed and fabricated using npn transistors, epitaxial resis-

tors in the highly doped collector layer and one interconnect

metal layer on 100-mm 4H-SiC wafers with six epitaxial

layers. The SiC bipolar IC process is entirely ion implantation

free which results in higher current gain with elimination

of defects introduced by ion-implantation. For more details

about the fabrication see [7]. Fig. 1 shows the characteristic

The Swedish Foundation for Strategic Research is acknowledged for
funding. The authors are with the KTH Royal Institute of Technology, School
of ICT, Kista SE-16440, Sweden (email: rahelehh@kth.se)

0 5 10 15
0.5

0

0.5

1

1.5

2

2.5

3
x 10

✁3

Collector Emitter Voltage [V]
C

o
ll

ec
to

r 
C

u
rr

en
t 

[A
]

10
✁7

10
✁4

10
✁2

10
✁1

0

5

10

15

20

25

30

35

40

Fig. 1. (a) Measured output characteristic of SiC npn transistor, IB =
0.1 mA, from 25◦C to 500◦C, (b) Measured forward current gain of SiC
npn transistor at VBC = 0 V .
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Fig. 2. Measured temperature dependence of the collector sheet resistance of
three samples from 25◦C to 500◦C.

of the SiC npn transistor that is used in the circuit design.

The measured output characteristics of the npn transistor over

a wide temperature range for IB = 100µA is illustrated in

Fig. 1a. In addition, Fig. 1b shows the measured forward

current gain (β) versus collector current at VBC = 0V . The

maximum β is reduced from 35.5 at 25◦C to 15.7 at 500◦C.

The temperature dependence of the collector sheet resistance

(Rsh) extracted from TLM measurements performed on three

dies is shown in Fig.. 2. As the temperature increases up to

200◦C, the sheet resistance decreases due to the increased

ionization of donors, whereas above 200◦C, reduction of the

mobility results in higher sheet resistance.

II. CIRCUIT DESIGN

Three conventional bandgap references with and without

opamp have been designed [8], [9]. Basically, the conventional

bandgap references generate an output voltage insensitive to

temperature, about the bandgap voltage of the semiconductor

(about 3.2 V for SiC), by adding a proportional to absolute

temperature (PTAT) voltage and a complementary to absolute
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temperature (CTAT) voltage. The latter is provided by VBE

that is inherently a CTAT voltage with a negative temperature

coefficient of −2 mV/◦C. The PTAT current can be obtained

by subtraction of VBE of two transistors with different emitter

areas. Thereby, the reference output voltage of the bandgap

[10] can be estimated as:

Vref = VBE +K ·∆VBE = VG(T ) +
T

Tr

VBE(Tr)

−
T

Tr

VG(Tr)−
kT

q
(η − 1)ln(

T

Tr

) +K ·
kT

q
ln(

J2
J1

),
(1)

where K is a constant, J2

J1

is the current density ratio of Q2 and

Q1, kT
q

is the thermal voltage VT (26mV@25◦C), and VG(Tr)
and VBE(Tr) are the bandgap voltage and base-emitter voltage

at the reference temperature, respectively.

The conventional all npn Widlar BGVRs Type A, B, and

C are shown in Fig. 3. BGVRs Type A and B eliminate the

opamp and use feedbacks instead. In these circuits, the ∆VBE

drop across RPTAT generates a PTAT current which then

flows through R1. The generated PTAT voltage is added to the

VBE at the output, which results in a temperature compensated

voltage reference. The transistors’ ratio and resistors’ values

have been chosen so that optimum curvature correction is

achieved. The bandgap circuit Type B is highly symmetric

providing that there are two feedback loops which keep the

current of Q1 and Q2 equal. The ratio of 8 is chosen for

Q1/Q2 to provide enough ∆VBE = VT ln(
J2

J1

) = VT ln8
for curvature correction. Compared to BGVRs Type A and

B, the opamp in BGVR Type C provides more loop gain.

However, the bandgap characteristics depend on the opamp

performance such as offset and power-supply-rejection-ratio

(PSRR). To prevent the circuit entering zero state, a start-up

circuit is needed to inject a small current to node A. When the

bandgap starts operating, the start-up circuit should turn off to

eliminate errors introduced by injecting the current. In this

configuration, a virtual ground at node A and B causes equal

voltage drops across R1 and R2. Q2 is 8 parallel transistors

thus 8 times larger than Q1, accordingly, Vref can be estimated

as:

Vref = VBE2
+ IC2

· (R2 +RPTAT )

= VBE2
+ (1 +

R2

RPTAT

) · VT · ln(8)
(2)

The bandgap circuits have been designed and simulated in

Cadence using compiled Spice-Gummel-Poon (SGP) models

from a previous batch at 25◦C and 200◦C, while the sim-

ulation results presented in this letter are based on models

extracted from devices fabricated together with the circuits.

These new SGP models have been developed using ICCAP

software in conjunction with Spectre. Since the temperature

behavior of SiC transistors differs from Si counterparts and

also considering the existence of unknown effects at extreme

temperatures, a unique model that scales with temperature

could not be developed. Therefore, binned temperature models

(for 25◦C, 100◦C, 200◦C, 300◦C, 400◦C, and 500◦C) were

developed and used to accurately simulate circuits over tem-

peratures. Fig. 4 shows the microphotograph of the fabricated

bandgap references Type A, B, C, and npn transistor. To
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Fig. 3. The SiC bandgap reference circuit Type A, Type B, and Type C.
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Fig. 4. Microphotograph of the fabricated bandgap circuits Type A, B, C
and closed view of the unit npn transistor (Emitter area = 30× 70 µm2) in
4H-SiC. For size reference, bond pads are 100× 100 µm2.

mitigate the process variations and mismatches, the circuits are

laid out symmetrically. Moreover, to enhance the accuracy of

the PTAT resistors (RPTAT ), larger parallel resistors have been

used to implement those resistors. BGVRs Type A and Type

B have been designed and characterized with VCC = 7.5 V ,

whereas Type C is using VCC = 7.5V and VEE = −7.5V to

power the integrated Opamp.

III. EXPERIMENTAL RESULTS

The bandgap circuits were tested over a wide temperature

range from 25◦C up to 500◦C using on wafer measurement

in a high temperature probe station and a Keithley 4200-SCS

Parameter Analyzer. The measured results have been compared

with simulated results based on the developed binned models

using extracted parameters of a transistor right next to the

circuits on a die halfway along the radius at 25◦C, 100◦C,

200◦C, 300◦C, 400◦C, and 500◦C. In addition, to attain
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TABLE I
COMPARISON OF THREE FABRICATED BANDGAP REFERENCES IN 4H-SIC BJTS WITH BANDGAP REFERENCES IN OTHER TECHNOLOGIES

Bandgap reference Type A Type B Type C [2] [3] [4] [5] [6]

Vref @25◦C (V) 3.16 4.35 4.19 1.18 1.447 -2.1 4.9 2.7@100◦C

Temperature range [25 500]◦C [25 500]◦C [25 500]◦C [25 250]◦C [25 300]◦C [25 250]◦C [25 250]◦C [100 300]◦C

Temperature coefficient (ppm/◦C) 46 131 120 112 26 < 238 15 194

Power supply sensitivity (dB) -17.3 -15.2 -14.4 - - -35 -42.4 -

Supply voltage (V) 7.5 7.5 ±7.5 4 ±15 -9 30 18.5

Power consumption(mW) 29.25 22.45 68.75 1.28 - 7.2 54 -

Area consumption(mm2) 0.81 0.95 1.2 - - 0.16 - 0.27

better estimation of the circuit behavior, the variation of the

resistors with temperature (calculated from Fig.2) has also

been considered in the simulation phase.

Fig. 5 shows the measured Vref of the fabricated BGVRs

for three samples on different dies at the edge, halfway along

the radius, and center of the wafer over a temperature range

from 25◦C to 500◦C. The achieved averaged voltage drift of

the BGVR Type A is 0.23 mV/◦C from 25◦C to 500◦C.

An averaged voltage drift of 0.64 mV/◦C was achieved

for the BGVR Type B in the range from 25◦C to 500◦C.

However, a better averaged temperature coefficient (TC) of

10 ppm/◦C(0.046 mV/◦C) was observed for this BGVR in

the temperature range 25◦C to 200◦C. Finally, the BGVR

Type C exhibits an averaged TC of 0.68 mV/◦C in the range

25◦C to 500◦C. The high voltage variation of this bandgap

compared to the other references is due to the offset at the

opamp input causing non-equal voltage levels at node A and

B, which leads to large voltage drift at the output. To overcome

this problem an opamp with higher loop-gain [11] should be

used along with a more accurate start-up circuit with lower

current level.

The simulated Vref of three BGVRs at six temperature bins

from 25◦C to 500◦C are compared with the measured results

in Fig.5. Simulated curves follow the measurement in all three

BGVRs, which validates both the accuracy of the developed

models and the circuits operation.

The output voltage variations with the supply voltage of

the fabricated BGVRs have been tested and the results are

shown in Fig. 6. Additionally, the power-supply-sensitivities

(PSS) for ±20% supply variation are reported in Table I. The

BGVRs are rather sensitive to supply voltages. To mitigate this

problem on-chip regulators can be used to power the BGVRs.

Table I shows the comparison of this work with bandgap

references in other technologies. BGVR Type A provides more

stable Vref compared to the other bipolar SiC BGVRs and

can be used over the entire temperature range from 25◦C to

500◦C. Whereas BGVR Type B has the best performance

(TC = 10 ppm/◦C) up to 200◦C. SiC MESFETs show

promising results over a small temperature range but large

chip-to-chip variation due to Vth sensitivity [5]. On the other

hand, the SiC BJTs BGVRs presented in this work, show

reliable operation over a wide temperature range and low chip-

to-chip variations.

100 200 300 400
3

3.2

3.4

3.6

3.8

V
re

f [
V

]

 

 

100 200 300 400
4

4.2

4.4

4.6

V
re

f [
V

]

0 100 200 300 400 500
3.8

4

4.2

4.4

Temperature [°C]

V
re

f [
V

]

meas. sample#1
meas. sample#2
meas. sample#3
simulation

Type A

Type B

Type C

Fig. 5. Measured output voltage of three samples of fabricated BGVRs from
25◦C to 500◦C.
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Fig. 6. Measured output voltage of the fabricated SiC BGVRs as a function
of supply voltage at room temperature.

IV. CONCLUSION

Three different conventional BGVRs have been fabricated

for the first time in bipolar 4H-SiC technology and charac-

terized in the temperature range from 25◦C to 500◦C. The

measurement results show that the BGVR Type B has the

best performance up to 350◦C. However, the BGVR Type A

is more practical and can be used over the entire range from

25◦C to 500◦C. The performance of the BGVR Type C is

dependent on the performance of the opamp.
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