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Abstract— A monolithic bipolar operational amplifier (opamp) 
fabricated in 4H-SiC technology is presented. The opamp has 
been used in an inverting negative feedback amplifier 
configuration. Wide temperature operation of the amplifier is 
demonstrated from 25°C to 500°C. The measured closed loop 
gain is around 40 dB for all temperatures whereas the 3dB 
bandwidth increases from 270 kHz at 25°C to 410 kHz at 500°C. 
The opamp achieves 1.46 V/µs slew rate and 0.25% Total 
Harmonic Distortion (THD). This is the first report on high 
temperature operation of a fully integrated SiC bipolar opamp 
which demonstrates the feasibility of this technology for high 
temperature analog integrated circuits (ICs).  
 

Index Terms— Bipolar integrated circuits (ICs), High 
temperature ICs, Negative feedback, Operational amplifiers. 

I. INTRODUCTION 

ILICON Carbide (SiC) technology is a promising 
candidate for circuits operating in harsh environments with 

extreme ambient temperature up to 600°C, well beyond the 
present temperature limit of Silicon on Insulator (SOI) 
technology [1, 2]. High temperature operation of GaN analog 
and digital ICs have been reported up to 375°C to date [3, 4].   
The key advantages of SiC are its wide bandgap (3.2eV for 
4H-SiC), and high critical electric field (2.2 MV/cm) [5] 
enabling operation at high temperature in applications 
including Venus exploration, oil and gas drilling, aviation, and 
automotive industries. 

Operational amplifiers are widely used in analog and mixed 
signal systems. High temperature opamps have been 
demonstrated using SiC MOSFETs and JFETs [6-8]. SiC 
MOSFET ICs suffer from reliability issues of the gate oxide at 
elevated temperatures. CMOS ICs have been demonstrated to 
operate up to 400°C to date [9] whereas JFET and bipolar 
devices suggest better reliability and stability by eliminating 
gate oxide and relying on p-n junctions [10, 11]. In [7] an 
opamp based on discrete SiC JFET devices was fabricated and 
characterized only at room temperature. In [8] an integrated 
opamp in SiC JFET was fabricated and characterized up to 
576°C; however, BJTs have higher speed and better linearity 
and driving capability compared to JFETs.     

This paper reports on performance of a monolithic two-
stage opamp with negative feedback, fabricated in a 4H-SiC 
bipolar technology, over a wide temperature range.  Although  
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only NPN transistors with resistive loads were used, open loop 
gain of the opamp is still high enough and achieves stable 
closed loop gain with less than 0.5 dB gain reduction from 
25°C to 500°C.  

The integrated opamp has been fabricated on 4-inch SiC 
wafers with 6 epi layers. Emitter, base, and collector mesas 
were plasma etched. Only NPN transistors (area ≈ 0.01 mm2) 
and one metal layer for interconnects were available and used. 
However, a recent report [12] reveals the potential use of PNP 
transistors in future work. More details about the processing 
are presented in [13]. 

Fig.1 (a) shows the cross section of the NPN transistor with 
the thickness and doping of the six epitaxial layers. The 
measured forward current gain (ß) versus collector current at 
VBC = 0 V is illustrated Fig.1 (b) in which the maximum ß is 
reduced from 38 at 25°C to 15 at 500°C. The Spice Gummel 
Poon (SGP) model based on extracted parameters at 25°C and 
225°C from [14] are used to simulate the circuit using 
Cadence Spectre. As indicated in Fig.1 (b) with the dashed 
lines, transistors of the opamp are biased at different operating 
points between 0.4 mA for the input pair and 14 mA for the 
output stage exhibiting ß ranging from 22 to 36 at room 
temperature.  

II. OPAMP DESIGN 

The main purpose of designing and fabricating this opamp 
is to demonstrate the feasibility of bipolar SiC analog circuit 
operating in a wide temperature range. The opamp circuit with 
±7.5 V dual supply is illustrated in Fig.2 (a). It is composed of 
two gain stages, buffers, a level shifter and an output stage.  

In the proposed opamp the input stage is a differential 
amplifier with resistive loads (RC1,2). A single ended 
differential pair is used as the second stage. In addition, a 
buffer has been used between the first and second stage to 
decrease the loading effect on the first stage. A symmetrical 
layout of the differential input is attempted to improve the 
matching, thus reducing the input offset voltage. In the next 
stage, a level shifter composed of a transistor, Q7, a resistor, 
R3, and a current source, Q17 is used to shift the output dc level 
to zero. An output stage formed by Q9 and Q10 is chosen as the 
last stage. Owing to the low output impedance of this topology 
the circuit is capable of driving low resistances. In addition, 
large swing between ሺVେେ െ Vୱୟ୲ଽሻ	and	ሺV୉୉ ൅ Vୱୟ୲ଵ଴ሻ is 
provided at the output.  

 Accordingly, the low frequency open loop gain of the 
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opamp is given by  
 

ை௅ܣ ൌ
ூ಴భ∙ூ಴మ∙ோ೐೜ሺ௚௠ఱ,ల∙ோ಴యሻ

௏೅∙ூಶಶ
 ,                   (1) 

where gmହ,଺ is the transconductance of Qହ,଺ and	ܴ௘௤ ൌ ܴ஼ଵ,ଶ ∥
ሺݎగଷ,ସ ൅ గହ,଺ݎଷ,ସሺߚ ൅ ହ,଺ߚ ∙ ܴாሻሻ is the effective load of the 
single ended amplifier. Equation (1) implies that the open loop 
gain is temperature dependent. The simulated open-loop gain 
decreases from 79 dB at 25°C to 68 dB at 225°C respectively. 
Provided that there is enough loop gain in the negative 
feedback configuration this dependency can be mitigated. 
Precise gain with high linearity can be achieved, using 
negative feedback. The opamp has been used in a negative 
feedback configuration which is illustrated in Fig.2 (b). The 
closed loop gain (ACL) is expressed as  
 

஼௅ܣ ൌ
஺ೀಽ

ଵାఉ஺ೀಽ
≅ ஺ೀಽ

ଵି
ೃభ
ೃమ
஺ೀಽ

≅ െோమ
ோభ
	.                                          (2) 

To acquire sufficient gain accuracy, a high open loop gain is 
desired. In this process, the integrated resistors, with ratio of 
R2/R1=100, are implemented in the highly doped collector 
epitaxial layer resulting in ܣ஼௅ ≅ െ100.	 An integrated 
capacitor (C3) of 6 pF parallel to R2 was used to improve the 
stability. In addition, lag compensation is realized by an 
integrated 4 pF capacitor, C2, which rolls-off half of the 
contribution of the first stage at high frequencies.    

III. EXPERIMENTAL RESULTS  

The fabricated opamp was characterized in the range 25°C to 
500°C using on wafer measurements in a high temperature 
probe station. Although no reliability testing has been 
performed, no performance degradation was seen during the 
two hours measurements at 500°C. Fig.3 shows the 
microphotograph of the opamp in closed-loop configuration.    

The Miller compensation method has been used to stabilize 
the closed loop opamp. An integrated 30 pF Miller capacitor 
(C1) was implemented for compensation; however, in the 
measurement 30 pF did not provide stability thus an extra 330 
pF off-chip capacitor (Cext) was also required to stabilize the 
opamp. This method results in much smaller bandwidth by 
imposing a dominant low frequency pole at the input of the 
second stage.  

The critical parameters of opamp have been measured. 
Fig.4 shows the frequency response of the closed-loop opamp 
with RL= 500Ω connected to the output at different 
temperatures. The achieved DC gain and gain bandwidth 
(GBW) at room temperature are 39.86 dB and 5.92 MHz, 
respectively. Increasing temperature up to 500°C results in a 
slight gain and GBW reduction to 39.46 dB and 4.36 MHz, 
respectively. However, the 3dB bandwidth increases from 270 
kHz at room temperature to 410 kHz at 500°C. As the 
temperature increases up to approximately 200°C, the value of 
the integrated resistors decreases. In particular, the reduction 
of Rbias results in larger currents available at the output of the 
current mirrors. The increase of biasing currents and reduction 
of resistor values have two visible effects on the performance 
of the amplifier. First, the cutoff frequency (ft) of the 
transistors increases, which in addition to smaller RC 

constants enable the amplifier to achieve larger bandwidth 
(BW). Second, the slew rate (SR) increases at higher 
temperatures. Although the extrapolated results from (2) show 
that the open-loop gain of the opamp decreases from 76.3 dB 
at room temperature to 64 dB at 500°C, it is sufficient to 
preserve a relatively constant closed-loop gain over the wide 
temperature range.  

The measured dynamic range of the opamp at different 
temperatures is shown in Fig.5 (a). The amplifier is working in 
the linear region. With േ7.5	V dual supply voltage, the output 
swing is 10 V at room temperature. Increasing temperature 
results in slightly larger output swing due to negative 
temperature coefficient of VBE i.e. -2 mV/°C. The opamp 
achieves 10.6 V output swing at 500°C.   

To measure the slew rate, a 33 pF capacitor (CL) in parallel 
with a 500 Ω resistor (RL) are connected externally as load. 

Slew rate can be estimated as SR ൌ maxሺୢ౬౥
ௗ೟
ሻ ൌ ଶ୍ిభ

େిାେై
. Since 

the compensation capacitor,	ܥ஼ ൌ ௘௫௧ܥ‖ଵܥ ൌ  is about ,ܨ݌	360
eleven times larger than the load capacitor, the output node is 
not slew limiting. Fig.5 (b) shows the slew limiting of the step 
response at the output of the opamp. All the external 
components (RL, CL, and Cext) are kept at room temperature. 

The positive and negative slew rates are	1.46	 ୚
ஜୱ

 and 1.25	 ୚
ஜୱ

 

respectively at room temperature. The load sees lower 
resistance in the positive going edge, which results in the 
higher positive slew rate. However, due to larger currents and 
faster discharge at elevated temperatures a higher negative SR 

of 2.16	 ୚
ஜୱ

 has been identified at 500°C.    

Power supply rejection ratio (PSRR) for the positive and 
negative lines are measured separately. For this purpose, an 
AC signal is injected to the corresponding power line, while 
the input is grounded. The measured positive and negative 
PSRR at 1kHz decreases from -88.8dB and -77.6 dB at 25°C   
to -68.5 dB and -67.5 dB at 500°C.        

Total Harmonic Distortion (THD) of the fabricated opamp 

is derived from ሺඥ ଶܸ
ଶ ൅ ଷܸ

ଶ൅. . . ൅ ௡ܸ
ଶሻ/ ଵܸ with fundamental 

frequency of 9.9 kHz. Considering the first nine harmonics of 
the output spectrum from spectrum analyzer, THD of 0.25% 
and 0.3% are achieved at 25°C and 500°C respectively. Very 
little linearity degradation has been identified at 500°C.  The 
opamp is operational with similar performance for the supply 
range between േ5.5 V and േ13.5 V and consumes 7 mA and 
104 mA respectively. 

 Table I summarizes the measured performance of the 
opamp in inverting configuration. Finally, a comparison of 
high temperature opamps is provided in Table II. Higher gain 
bandwidth was achieved compared to [8] due to inherently 
higher speed of bipolar devices. 

IV. CONCLUSION 

A monolithic 4H-SiC bipolar two-stage opamp has been 
fabricated and characterized. Successful operation of the 
opamp with stable gain has been demonstrated over a wide 
temperature range from 25°C up to 500°C. Stable closed-loop 
gain with 0.4 dB gain reduction from 25°C to 500°C was 
achieved. 
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Fig.1. (a) Cross section view of SiC NPN transistor and its microphotograph 
(b) Measured ß versus IC of NPN transistor from 25°C to 500°C. 
 

 
Fig.2. (a) Operational amplifier schematic (b) Opamp in closed loop 
configuration. 

 

 
Fig.3. Microphotograph of the Op-Amp with integrated feedback resistor 
(Total area ~ 3.75 mm2) 
 

 
 Fig.4. Measured frequency response of the closed loop opamp by applying a 

sinusoidal voltage with VP-P = 30 mV at the input from 25°C to 500°C. 
 

 
Fig.5. (a) Output swing from 25°C to 500°C (b) Step response of the opamp 
 

 
 

 
 
 

TABLE I 
MEASURED PERFORMANCE OF THE INVERTING OPAMP 

             Parameter 25°C 500°C 
DC closed loop gain (dB) (RL= 500 Ω) 39.86 39.46 
3dB-bandwidth (kHz) 270 410 
Unity gain frequency (MHz) 5.92 4.36 
Positive/Negative Slew Rate (V/µs) 1.46/1.25 1.46/2.16 
Output swing (V) 10 10.6 
Positive/Negative PSRR (dB) @ 1 kHz  -88.8/-77.6 -68.5/-67.5 
Total Harmonic Distortion -52dB/0.25% -50dB/0.3% 
Input referred offset (mV)  0.24 0.79 
Output resistance (Ω) 1.7 7 
Input resistance (Ω) 101 138 
Input referred noise (nV/√Hz) 835 - 
Current consumption (mA) @ ±7.5 V 16 21 

TABLE II 
COMPARISON OF HIGH TEMPERATURE OPAMPS IN SILICON CARBIDE  

           Technology Temperature AOL(dB) 
Gain-Bandwidth 

GBW(kHz) 
4H-SiC MOSFET [6] 300°C 57 - 
6H-SiC MOSFET [15] 300°C 53 269 
6H-SiC JFET [8] 576°C 69 1400 
4H-SiC bipolar (this work) 500°C 64 4360 

(a) (b) 

C1 

C2 

C3 

Input stage with 
resistive load  Second stage  

(a) (b) 

R1 R1 

R2 

C1 

C1 


