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ABSTRACT

Electronics for space applications can experience wide temperature
swings depending on orientation towards stars and duty cycle of propulsion
systems. Energy on satellites primarily comes from radiological thermal
generators and / or solar panels. This requires space electronic applications to
be energy efficient and have high temperature tolerance. As a result, space
electronic systems use high efficiency SMPS [switching mode power supplies].

Currently, there exists SiC [silicon carbide] based electronics that is state
of the art for high temperature applications. Commercial manufacturers at this
time produce SiC Power MOSFETs [Metal Oxide Semiconductor Field Effect
Transistors], which are the switching element of the SMPS. Although many
commercial silicon SMPS controller IC’s [Integrated Circuits] are available on the
market at this time, there are no SiC SMPS controller IC’s. The scope of this
research project was sponsored by NASA which required the design, fabrication,
and testing of a single module SiC SMPS controller. A subcomponent of the
SMPS design was a BGR [bandgap voltage reference] for the controller. This
thesis will cover the theoretical basis of the BGR, the development methods and
challenges in the design of a SiC BGR,; utilizing a commercial SiC process as a
major constraint in the designs. These constraints were partially tackled by using

topologies and techniques from the early days of n channel MOSFET based



electronics established in the1970’s. The basis of design was models provided
by the owner of the process. The BGR was designed with Kuijk BGR topology.
These devices are currently being produced in the microelectronics foundry

facility since the simulation analysis results have provided promising theoretical

data depicting a simulated temperature stability of 16.5 ppm /°C from 25-160 °C.
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Chapter One:

Introduction

Motivation

The National Aeronautics and Space Administration’s (NASA) Next
Generation Deep Space missions will require high power solar electric propulsion
systems. NASA has proposed a High Temperature Boost (HTB) Power
Processing Unit (PPU). This unit uses controllers which are switch mode power
supplies. This design will generate the required voltages for the Hall Thruster and
required ancillary systems. This HTB-PPU will operate at higher operating
temperatures than current military specification electronics with, a junction
temperature of 160°C. This operating temperature is achievable by current Silicon
Carbide (SiC) extreme environment electronics [1].

The vacuum of space limits the mechanism of heat transfer primarily due
to radiation, except for conditioned environments on space craft. Temperature
controlled areas on space craft and satellites contribute to the overall mechanical
complexity. This form of complexity is additionally contributing to the overall
weight of the space system resulting in a major cost consumption. Another
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limiting factor in space electronics is power consumption; energy on satellites
primarily comes from radiological thermal generators and / or solar panels, which
exhibit limited output power coupled with shortened lifespans. This requires
space electronic applications to be energy efficient and possess very low thermal
power dissipation.

Currently, one current state of the art technology associated with extreme
environment power electronics is SiC. At this time Cree, Micro Semi,
STMicroelectronics and other commercial manufacturers heavily produce SiC
Power MOSFETSs. These transistors are the switching element of the SMPS that
still require a controller and driver to switch the transistor which is a current
drawback. Even though many commercial silicon SMPS integrated circuits (IC)
are available there is no commercial SiC SMPS controllers available on the
market. The SMPS IC provides a control loop to change the switching rate for the
switching transistor to modulate the output voltage and current. The project
scope of this thesis focused on the design of a single module SiC SMPS
Controller in collaboration with the University of Tennessee and the industrial
sponsor, NASA, which resulted in an additional supplemental design component
focused upon a bandgap voltage reference (BGR) for associated with the SiC
SMPS controller.

The SMPS topology in the HTB-PPU uses voltage as the variable

in the control loop and nonlinear carrier control. The control loop of the SMPS



compares a derived voltage from the output to the reference voltage generated
by the BGR. The purpose of a BGR is to provide a stable reference voltage
across the operating temperature and operating supply voltage. The HTB-PPU
switches the gate of the switching element of the SMPS with the control loop
maintaining the output voltage at a constant level.

SiC pn diodes have been used in proof of concept BGR designs with off
the shelf low temperature Silicon commercial operational amplifiers. These
designs only heat the diodes and do not expose any other components to
heating. [2] [3]. To meet the industrial sponsor design requirement of a single
module SiC SMPS one must implement the use of SiC based operational

amplifier combined with on chip passive components.

Thesis Organization

This thesis will discuss the design of a single chip Kuijk BGR in SiC
detailing the Kuijk topology BGR, impact of SiC as the semiconductor material in
the design, and the design steps for the BGR in SiC. Prefabrication simulations
were investigated to determine the ideal components to process the most
efficient SiC diode models. All design will illustrate and document the overall
process from conception to fabrication. An experimental test circuit and design

will assist with the testing method for the BGR.
3



Chapter 2 provides background information on the BGR and SiC devices
with corresponding design processes. Chapter 3 explains the analysis of the Kuijk
BGR design in SiC, presents the overall design process, and illustrates the
prefabrication simulations. Chapter 4 discusses the test plan and test card
implemented in the research project. Chapter 5 is a summary of the research
developed, designed, fabricated, and tested during the course of this project. The
main focus on this chapter is to discuss the research findings, criteria that met the

expectations of the project, and to conclude with future work.



Chapter Two:

Literature Review

This chapter will give a brief overview of the state of the art of voltage
references and SiC technology. It will cover voltage reference technologies that
were considered for this design, as well as a brief discussion of the state of the
art of SiC devices. The discussion of SiC devices will be limited to the properties

and devices associated with the band gap voltage reference.

Voltage References

The purpose of an voltage reference is to provide a stable voltage with
respect to temperature, supply voltage, loading, time and other parameters [4]
[5]. The current common reference technologies in production are band gap
references and buried Zener references [6]. Bandgap voltage references work by
balancing the temperature coefficients from a single forward biased diode V;
against the differences in voltage of two forward biased diodes AV,;. The V,
voltage has a negative temperature coefficient and the AV, which is proportional

to the thermal voltage, has a positive temperature coefficient [7] [5]. The negative
5



temperature coefficient diode forward voltage is approximately equal to the band
gap voltage of the semiconductor minus a coefficient of proportionality times the
temperature. Buried Zener references use the subsurface breakdown, of Zener
diodes to generate a temperature stable voltage reference [5]. Buried Zener
references are more accurate and temperature stable [6]. This project was
limited to bandgap voltage references due to the design criteria requiring the SiC
process. The SiC process that was used for this design does not have a Zener
diode which excluded the use of a buried Zener based design. An additional
topology investigated for the project uses difference in gate source voltage
between two matched NMOS transistors, one enhancement and one depletion,
to create a temperature stable voltage reference [8]. This topology was not used
because of threshold instability in SiC processes [9].

The band gap reference balances the V;, diode forward voltage, and AV,
diode thermal voltage by driving them to the same bias point and summing the
voltages through an error amplifier. The gains associated with the V,; and AV,
terms are set by external resistive networks [7] [10]. These summed negative
and positive temperature coefficient voltages ideally yield a voltage with no
temperature coefficient. Because the diode forward voltage is dependent on the
saturation current of the diodes, this forces the output voltage of a band gap

voltage reference to have a voltage that is a parabolic function with temperature



and is in equation 2.1. T is temperature To is a reference temperature where the

temperature coefficient is zero, n is a constant related to doping [10] [7].

2
v, = VGO"‘(TL_D%_% n-1 %(AT—T) Equation 2.1

This curvature is present in all band gap voltage reference designs. BGR
circuits tend to be more positive temperature coefficient in nature at lower
temperatures and negative temperature coefficient in nature at high temperatures
[11]. This curvature can be removed by higher order curvature compensation
techniques [4] This was not attempted in this design due to device modeling

issues and a lack of a PMOS device.

SiC Technology

Silicon Carbide is a wide band gap semiconductor material, it has a high
electric breakdown field, high electron saturated drift velocity, high melting point
and high thermal conductivity [12]. This makes it an ideal semiconductor for high
temperature applications. The operation of a high temperature semiconductor is
dependent on its bandgap, intrinsic carrier concentration, carrier mobility. The
limitation on operation of a semiconductor at high temperature can be thought of
in terms of leakage current, as the leakage current increases the device
transitions for being a semiconductor to a conductor. The leakage current is

proportional to the square of the intrinsic carrier concentration and is shown in



equation 2.2 below. Egis the band gap, niis the intrinsic carrier concentration ,Nc
and Nv are the density of states of the conduction and valence band, T is

temperature and k is Boltzmann’s constant [13].

Iy < n? = (NCNV)e(%> Equation 2.2

The leakage current is from carriers being thermally excited to the
conduction and valence bands, SiC’s low intrinsic carrier concentration and low
temperature dependence of intrinsic carriers allow it to perform as a
semiconductor at high temperature. SiC has similar process chemistry to Si,
PMOS SiC MOSFETSs have poor performance due to doping issues. [14]

SiC n-channel MOSFET’s have been used to design a high temperature
operational amplifier that operates at a temperature of up to 350 ° C
Wth an open loop gain of greater than 40 dB [15]. SiC power transistors are
available commercially from multiple manufactures, these are n channel power
devices.

A proof of concept of a SiC p-n and Shockley diode BGR have been
designed and fabricated by other institutions. These are card level
implementations using an Si operational amplifier, only the diodes were exposed
to high heat. [2] [3]. Using a SiC MESFET, second order temperature

compensation was achieved in the Shockley diode BGR circuit [3].



Chapter Three:

SiC BGR Design

Kuijk Band Gap Voltage Reference

The Kuijk band gap voltage reference is a self-biased first order
compensated voltage reference [4] [5]. The circuit element that generates the
positive temperature coefficient and negative temperature coefficient can be a
diode as opposed to the Brokaw band gap reference that requires a bipolar
junction transistor. Additionally, this design also does not require a PMOS
transistor as in the case of the beta multiplier BGR since the output of the BGR is
used to bias the resistor diode network directly. The 4H-SiC process that was
used to design and implement the BGR in this research has NMOS transistors,
resistors, capacitors, and diodes. This limited set of devices made the Kuijk an
excellent fit. The Kuijk BGR consists of an op amp, resistor network, diodes, and
start up circuit. The figure below shows the BGR topology while omitting the
startup circuit.

The principle of operation of the Kuijk BGR is the same as other BGR
circuits, the forward biased diode generates a negative temperature coefficient

(NTC) voltage, Vo diode forward voltage, and the difference between the two
9



diodes with different areas generates the positive coefficient voltage (PTC), V1
thermal voltage. The PTC is them scaled and summed with the NTC to generate

a temperature compensated output.

o iwm

A —]
R3 SR4
¥ D1 ¥ D2

Figure 3.1 : Kuijk BGR Topology

Using an ideal operational amplifier and assuming a stable
operating point the output voltage can be derived by visualizing the operational
amplifier as an error amplifier. This error amplifier drives the output voltage such
that the inputs to the amplifier are equal. Due to the fact that the output of the
amplifier biases the resistor diode network, R1 is on the inverting terminal of the
amplifier, and Rz is on the non-inverting terminal of the amplifier, the voltage drop

across each resistor is equal. This relationship is such that the ratio of R1 to R2

10



sets the ratio of the currents through the diodes D1 and D2. The relationship
between the current through a diode and the diode voltage is expressed by
equation 3.1, where Vgis the diode forward voltage, Vr is the thermal voltage, ld

is the diode forward current, and Is is the saturation current of the diode.
V, =Vr ln(i—z Equation 3.1
Under the ideal operational amplifier assumption there is no current
through resistor R3 and the voltage across Ra is the AVd= V41 — Vd2. Substituting

Equation 3.1 and the resistor current divider into this relationship we arrive at the

following, equation 3.2.
VR4- —_ AVd —_ le - de —_ VTl (Rz 152) Equatlon 32
Since the circuit elements R4 and R2 are in series the currents are the

same we can use Ohm’s Law and equation 3.2 to derive to the following equation

3.3.
VRZ = R2]2 = RZ ‘/;54 = RZ VTl (RZ Is2 Equatlon 33

With the output of the BGR biasing the series components Rz, R4, and Dz,

the output voltage of the BGR via Kirchhoff's Voltage Law is expressed by

equation 3.4.
Vour = Ves + Vas + Vaz = Ve +VpIn(222) 1 2y B2y
ouT R2 R4 d2 d2 T R1 151 R T R1 151
Vour = Vaz + Vrln (RZ 52 (1 +%) Equation 3.4
1 Sl 4
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This derivation shows that the output is the sum of the diode forward

voltage, Va2, and a scaled thermal voltage, V1. The NTC voltage is V42 and the

PTC voltage is V1. The scaling factor is (1 + % ) ln(%llﬂ) . The (1 + %) term is
4 4

11s1

the non-inverting gain of the amplifier, and the other term, ln(%lls—z) , represents
1 is1

the difference in current densities of the D1 and D2. This difference in current
densities is set by two factors. The ratio of resistance Rz to R1 divides the current
between the two diodes and the ratio saturation currents Is2 to Is1 is proportional
to the area of the p-n junction. In the proprietary 4H-SiC process used for this
design a diode of a fixed size that was characterized and modeled in SPCIE. To
increase the saturation current of the diode you must increase the area of the p-n
junction of the diode, to do this with the fixed sized diode multiple diodes are
placed in parallel for D2 to increase the effective area of the D2 p-n junction. By
using a multiple of the unit diode we can express the ratio as (n:1) = k where n is

the number of diodes. The output can then be expressed as equation 3.5.

Vour = Va2 + V7 ln(i—ik) (1 +§—i) Equation 3.5

Kuijk BGR Components in SiC

The previous derivation of the output voltage of the BGR uses the ideal

operational amplifier as the error amplifier. This neglects the contributions of
12



limited gain, offset voltages, and offset currents while neglecting contributions
from temperature dependence in these terms.

SiC is a wide bandgap semiconductor that has an intrinsic carrier
concentration that stays in the regime of a semiconductor at high temperatures.
The intrinsic carrier concentration of undoped 4H-SiC at 25°C is 107, and at
300°C is 10* (citations). This low intrinsic carrier concentration provides for high
temperature operation but also lowers the gain of the MOSFET device, especially
at room temperature. PMOS technology in this proprietary 4H-SiC process is not
mature enough for use in design, the devices have not been adequately
modeled, suffer exceptionally low gain, and exhibit threshold voltage instability.
The NMOS devices are better modeled but still have low gain in comparison to Si
devices and as well as threshold voltage stability issues. This low gain and
restriction in device selection impacts the practical implementation of a SiC BGR.

The proprietary process used for this design introduced complexities by
using different modeling methods for the resistors and transistors versus the
diode. This made it difficult to simulate the overall design and modeling the
temperature depended effects related to both the op amp and resistors
simultaneously with the diodes. The challenges and implications of the SiC

devices on the BGR performance will be discussed in the next subsections.
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Diode-Resistor Network

The diode resistor network is the portion of the BGR circuit that generates
the PTC thermal voltage and the NTC diode forward voltage. Additional resistors
set the gain of the PTC thermal voltage and the current division between the two
diodes in the design. This network consists of a resistor in series with D1 and two
resistors in series with D2 that provide a feedback network for the operational
amplifier (op-amp) as illustrated in Figure 3.3. A resistor diode network can be
used to create a BGR without any amplifier, but this requires a high rail voltage
for multiple diode drops which provides no resistive load capability [1].

The resistors in the process that were use are an n-type channel on a p-
type epitaxial layer, the channel was doped at 5 x 10> ¢m™2 via nitrogen ion
implantation [2]. Each resistor is surrounded by isolation well, as illustrated in
figure A.1 (see Appendix). This np+ resistor has with the smallest temperature

coefficient in the process with, a negative temperature coefficient of

approximately —280 % the test circuit and simulation results for the resistors

are shown in figure 3.2. The np+ resistor was selected for the small temperature
coefficient it possesses. The resistor models provided by the process owner are
temperature binned, the resistor performance is not characterized across the
entire temperature range but only at 25° C and 300°C.

The BGR circuit is sensitive to variation of resistance in terms of ratio to

other resistors and absolute value. The variation in absolute value of the resistors

14



impacts the magnitude of the currents flowing through D1 and D2, where the
current is set by the magnitude of the resistors and selected to place the Q point
of the diode in a region with little variation of forward voltage with respect to
forward current, moving the operating current out of this region will move the
BGR output from the bandgap voltage and from being temperature stable.

The variation of the relative resistor ratios impacts the output voltage in
two ways; (1) by changing the ratio of R2/Rz1 it changes the current division
between D1 and D2, (2) by changing the ratio of R2/Ra4 it changes the gain of the
thermal voltage term. The ratio error for R2/ R1 has a smaller impact on the

overall error due to the fact it is compressed by the In() function. The ratio error
for (1 + 2—2) has the largest impact as it is the gain for the Vrterm and also is the
4

gain for the total offset voltage which will be discussed in the next section. The
variation in the BGR output voltage, AVyyrr, is expressed by equation 3.6.
Where ¢,the error of the ratio between resistor values, R is is component resistor

value, and Vris the thermal voltage.
MWourk = VrIn(Zk(1+¢)) (1+2) 1 +¢) Equation 3.6

The relative variation of resistor values can be mitigated via layout
techniques. Resistors can be placed in a common centroid, where the resistor
placement on the IC has an average distance between each resistor in the
resistor diode resistor network is the same. This placement will have an

alternating patter of resistors and that will force the process variation to impact all
15



resistors equally. This was not implemented in this process as it only has a single
metal routing layer, the other layer available for routing was polysilicon. Routing
that would require a crossing of metal layers would need polysilicon routing, this
would introduce stray resistances that could overwhelm any benefit from the
common centroid placement. An additional technique investigated is the use of
guard rings around resistors; this was inherent to the process as the fabrication
of the resistors required an individual well. Another approach studied involved
the use of dummy elements that are placed around the actual resistors in use in
the design; this reduces edge effects from the fabrication process. This was not
utilized on this design as the process holder did not have data to support any
benefits in accuracy from use of dummy resistors.

The SiC process has a p-n junction diode of fixed dimensions. This diode
has a continuous temperature model from 25° C to 300°C, the operating
temperature of the diode is set by holding the simulator temperature constant
and sweeping a variable in the model. In Figure A.4 one can see a temperature
sweep of the diode model showing its performance. This is different than the
models for the transistors and resistors, which have models that must be
changed to simulate at two different temperatures. The process holder has
modeled the diode across current ranges of 1 nAto 1 pA and 100’s of YA, the
rest of the data is interpolated. The diode model has discontinuities where the

measured data is interpolated. This caused difficulty in the startup simulations as

16



the inflection points become additional stable self-biasing points. This diode was
large in area as it was designed to be a power component, the diode is 120um
wide and is illustrated in the appendix in Figure.A.2 : Diode Layout.

Aside from difficulties introduced from immature diode models the diode
can create errors in the output based on variation of the diode area ration. This
error is represented by ¢, the percent variation in diode ratio area. The log of the
ratio of emitter area of D1to D2is part of the V1 positive temperature coefficient
voltage term, where this term is generated by taking the difference of the two
diode Vb forward voltages. The impact of the error of diode area ratios on output

is show in equation 3.7.
AVoyrp = Vr 1n(§—j k(1+ &p)) Equation 3.7

Diode area errors are commonly mitigated by using common centroid
techniques to minimize variations from the process. The SiC process had limited
routing layers which prevented true common centroid without adding polysilicon
jumpers to cross the single metal routing layer. The addition of polysilicon
jumpers would add stray resistances to the circuit, changing the bias point of the
diodes and adding a temperature dependent resistor. This particular approach
allowed the diode placement to be as compact as possible without routing on the
polysilicon layer. This was done by staggering the diodes and placing them as

close as possible while maintaining a minimal area to route between them. This

17



was not an ideal approach but provided the best protection against process

variation while working within the limited routing layers of the SiC process

Operational Amplifier

The operational amplifier utilized for the BGR was designed by Dr. Ben
McCue for use in the SMPS design. The mixed-mode op-amp is a self-biased
design that provides bias-point temperature tracking. By utilizing a depletion-
mode NMOS input stage an input common-mode range of 0 to 7.6 V is achieved.
No resistors are used in this design as all loads in this op-amp are depletion
mode devices.

The low-gain differential input pair feeds a floating voltage source cascode
structure, Stage 1 of Figure 3.4. The input stage is followed by a temperature-
tracking, high-gain common source stage, Stage 2 of Figure 3.4. A low-gain,
low-impedance output stage is buffers the op-amp output and restricts the bias
point movement of the high-gain, common-source stage, Stage 3 of Figure 3.4.
Temperature-tracking compensation ensures stable operation over temperature.

The NMOS devices that are used in the Op Amp in this process are
modeled via temperature bins. A SPICE model exists for the NMOS devices
operating at a room temperature (RT) and at high temperature (HT). The room
temperature is at 25° C while the high temperature is at 300°C where; both
models are operated at a simulated temperature of 25° C. This is opposed to the

diode temperature model which is continuous from 25° C to 300°C. This
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difference in modeling made it impractical to model the contribution of the
op amp induced errors across the entire temperature range in the BGR

The function of the operational amplifier in this design acts as an error
amplifier by providing feedback to force the input terminals to the amplifier to
have the same voltage, as in equation 3.7 [12]. Where Vo is the output of the
amplifier, Ao is the DC gain, V-« is the voltage at the non-inverting terminal, V- is
the inverting terminal voltage, and ¢, is the error from DC gain. This effectively
forces the same currents through the diode pairs. The amplifier adversely
impacts BGR performance predominantly via DC errors. It occurs through two
mechanisms; (1) DC gain and (2) total voltage offset.

AVy/Ap = (V, = V) = €pa Equation 3.7

The Ao or open loop DC gain of the operational amplifier is driven by the
gm of the SiC devices. Typical gain of a two stage Si CMOS op amp is 1000 V/V
[3], while this SIC NMOS op amp has a room temperature gain of approximately
300 V/V to a high temperature gain of approximately 6000 V/V. The low intrinsic
carrier concentration of the SiC devices at room temperature creates low gm and

low room temperature gain. The open loop gain for 25° C is shown in Figure.A.5
- Op Amp Open Loop Response at 25 °C.(see Appendix) and for the 300° C case
for Figure.A.6 : Op Amp Open Loop Response at 300 °C.(see Appendix).

The error g, that is contributed by low DC gain can be referred back to

the non inverting input of the operational amplifier. The ¢,4 term sums with the
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error from fixed voltage offset Vos, and temperature dependent voltage offset drift

AT %, to create Vosr, the total offset depicted in equation 3.8 [13].

Vosr = Vos + €oa t+ TNA/% Equation 3.8

Then by adding this Vost source to the BGR circuit in Topology and

solving for Vour we arrive at equation 3.9. It demonstrates that the Vosr error

voltage has the same gain as the V; ln(% k) term.
1

R R R .
Vour = Vo + Vr ln(R—ik) (1 + R—i) + (1 +R_i)VOST Equation 3.9

The offset voltage and temperature dependent offset voltages come from
two different sources. The offset voltage is that is fixed comes from the mismatch
of the input differential pair structure and fabrication process. These are normally
addressed via layout techniques such as interdigitating, common centroid, and
interconnect matching [3]. In the SiC process that was used for this BGR there
was only one metal routing layer available, and the transistors were relatively
large to account for low gm. The lack of additional routing layers made common
centroid technigues not feasible, and the large transistor size made dummy
transistors not as practical.

The temperature dependent offset term is a function of temperature
dependent on variation of threshold voltage. For a MOSFET differential input
structure as in stage 1 of figure 3.4 Vos is the difference between the Ves of the

differential input structure transistors, Vos = (VtH1 — V1H2). The definition for Ves of
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a MOSFET is shown in equation 3.10, where V1uis the threshold voltage, Io is the
drain current, p is the carrier effective mobility, Cox is the oxide capacitance, L is

transistor length, and W is transistor width.

1

Vos = Ve + (#ZCIZX %)E Equation 3.10

Using Equation 3.10, the previous definition for Vos, assuming matching
between the differential pair transistors with, equal currents we arrive at Vos
being the difference between the threshold voltages for the two input differential
pair transistors. For SIC MOSFETS VtH Threshold voltage is the most significant
parameter in the study of temperature dependence of MOSFET characteristics

[14]The temperature dependence of Vth is what creates the temperature

dependent Vos term, AZ?S

. This temperature dependent term can dominate the

PTC voltage generated by the thermal voltage, Vt[4].[3]. Table 3.1 shows the
two Vos and other parameters at the temperature bins given by the models

This dominating Vos term can be addressed in multiple ways. In
processes with bipolar junction transistors as the forward voltage, NTC voltage
and thermal voltage, PTC voltage, generators the transistors can be cascaded to
increase AVy; = Vi which increases the thermal voltage [3]. This was not
possible in this process due to the fact that the source of the PTC and NTC
voltages are diodes. The design from the Kuijk paper used multiple diode

connected BJTs in series and a preamplifier to increase the V1term and minimize

22



the impact of % [5]. This approach was not taken in this design for two
reasons: (1) the Kuijk design had BJT devices available to create a preamplifier
which would minimize the % from the preamplifier, (2) and the BGR was

designed to be compact enough to fit on a single chip with the additional SMPS
components. Adding additional diodes in series would have made the design
unable to fit on a single SMPS IC. As the goals of the SMPS design shifted from
a single IC to a multi-chip module this was less of an issue, but the BGR was
designed with the goal of fitting on a single IC with the remainder of the SMPS.
Another technique investigated to increase Vr is to increase the current

through the diode with the smaller transistor and while decreasing the current

through the larger transistor. This changes the I2and |1 term in the In(=-==) term

I21s2
Iy Isq

inside the V1 gain [4]. This technique was not used in this design since the ratios
are defined by resistors and the absolute accuracy of these resistors was
uncertain for the process; Additionally the difference between the current ratios is
compressed by the /n() function diminishing the return of changing the current

ratio.

Start Up Circuit

The Kuijk BGR is a self-biased design due to the fact that the output of the BGR
supplies the bias for the diodes that generate the PTC and NTC voltages. The

operational amplifier drives its output such that the differences between the
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inverting and non-inverting terminals of the operational amplifier are zero. This
occurs at bias levels of the diode, when no current is flowing through the diodes
and the voltages at both terminals of the operational amplifier, and when there is
a current flowing through both diodes such that the voltage at each operational
amplifier is equal. The latter is the case when the output of the voltage reference
is the temperature stable band gap voltage, the former case has no output at all.
In some situations, noise generate from the operational amplifier or resistor
components can be enough to drive the BGR out of the zero current bias state,
but to ensure consistent start up an external start up circuit must be provided.
The SiC process used for the BGR is an NMOS only process. This lack of
PMOS transistor prevented the use of start-up circuits which are common in
CMOS design. This forced the author to look at start up circuit topologies that are
common in BJT based designs. The topology selected uses the SiC diodes and
shown in figure A.7 (see Appendix). The topology is from [3]. The series of 6
didoes provides a fixed voltage for the diode that connects to the BGR output.
When the BGR circuit is in the zero current state the diode D3 is forward biased,
allowing current to flow into the resistor diode network of the BGR. Once the
BGR circuit reaches its operating point the diode Ds is no longer forward biased
and no longer conducts current. Figure 3.5 shows the path of the current in the
startup circuit and the voltages across Ds when the BGR is at its operating point.

The series resistor was chosen to limit the current through the series diodes and
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Figure 3.4 : Op Amp Schematic
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Table 3.1 : Op Amp Performance

Parameter Value Value

Temperature 300° C 25°C
DC Gain 76.58 dB 51.52 dB

Phase Margin 59.6° 73.7°
Vos 1.029 mV 19.57 mV
Unity Gain BW 157.5 kHz 99.07 kHz
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Kuijk BGR Design Process

Using the operational amplifier from the SMPS design and the fixed size
diode from the SiC process, the design process for the BGR consists of
component value selection for the resistors Ri1, Rz, Rs, R4, and the number of
diodes in parallel for D2. The ratio of the resistance values are set gain of the Vr,
thermal voltage, the current division between didoes D1 and D2 and the stability
of the design. The absolute values of R1, Rz, and R4 limit the currents being
forced through D1 and D2.

The values of are selected by a parameterized equation that zeros out the
sum of the temperature coefficients of the Va4 and Vt terms. The equation is
based off of the ideal output equation for the BGR and the assumption that R2

and R1 have the same value. The current through both diodes is held the same

Rz Is2

because of the small benefit to the AV,; = V. In(=-
1 1s1

) term and lack of consistent

diode model across current range. The parameterized design equation is derived
below as Equation 3.11, the schematic showing the parameters is Figure 3.6 see

below.

R; R,
VOUT = de + VTM, let M = ln(_K) (1 +_)
Ry R4
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= In(RK) R

M=In(K)(1+a) Equation 3.11

Design Simulation Sweeps

The parameterized equation 3.11 requires the temperature dependence of
the Vr and Vp voltages to calculate the required resistor ratio values. These
temperature dependences are found via simulation of the process owner. A
current voltage sweep of the Vo diode and Vr diode array were also performed to
ensure that the absolute value of the resistors would put the diodes in a suitable
and modeled operating point.

The multiplier K for the diodes was selected to be 8, this is because the
approximate value of the In(8) is 2. Using this multiplier an IV sweep of the single
Vb diode and Vr 8 diode parallel pair was generated. Based off the process
holder’s information for measured portion of the diode IV curve and the current
value that would give least variation in voltage a current of 9 yA was selected as
a target value. The schematic is Figure A.9 (see Appendix) and the IV plots are
on Figure A.10 (see Appendix). These temperature simulations are critical to the
design and must also be repeated as a measurement to ensure the resistor
values are correct. Variation in the temperature behavior of the diode model will

negatively impact the temperature behavior of the designed circuit.
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Based upon the target current value from the I-V sweep a temperature vs
voltage sweep was performed on the single and eight diode pair with the 9 pA
target current forced through them. These plots were used to find the
temperature dependence of the forward voltage of diode D1 and the temperature
dependence of diode D2, the difference between these two voltages were taken
to arrive at the temperature dependence of the Vr voltage times the factor of 2
from the 8 diodes in parallel. Using these values and equation 3.11 the value of a
was found to be 6.

Using the K value of 8 and a value of 6 the circuit in figure 3.6 was
simulated at 25C to find the output voltage. The value of R was swept from 4 kQ
to 14kQ. The value of R was selected that gave the closest value to the band gap
voltage of 4H Silicon Carbide. This value is 10kQ. The resistor values for R1 and

Rz are 60 kQ, while Rz and R4 are 10kQ.

Kuijk BGR Operational Simulation

After running simulations to optimize the values of resistors in the design
and the number of diodes, simulations were performed to verify start up and
operation. Due to the fact the BGR is a self-biased design it is sensitive to start
up transients. Analysis was also performed to simulate frequency response of the
dual feedback paths of the BGR and verify stable operation in the time domain.

The BGR was also simulated for temperature accuracy.
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Start Up

The voltage rails are the only external inputs into the feedback system of
the BGR. By running transient simulations of voltage rails at various rise times
you measure the step response of the BGR system. This is a time domain
measure of the stability of the system.

The BGR was simulated with a 24V supply voltage. The cases of 500ns,
1us, and 2ps rise times were simulated. In all cases the system had an initial
overshoot and settled to the operating point of the BGR without oscillating or
ringing for multiple cycles. The simulation plots are in the appendix as figures

A.12, A.13, and A.14.

Stability

The frequency domain stability response of the BGR circuit can be found
by conceptualizing the circuit as having dual feedback paths as shown below in
Figure 3.7 : Dual Feedback Paths. Because the BGR circuit is self-biased the
output of the operational amplifier drives both of the legs of the diode network
and provides feedback to both the inverting and non-inverting terminals of the
operational amplifier. For the operational amplifier circuit to remain stable the net

feedback to the circuit must be negative.
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Figure 3.7 : Dual Feedback Paths

The gains for the negative and positive feedback paths can be found using
standard operational amplifier feedback analysis techniques. The positive path
gain is the feedback of the output to the non-inverting terminal of the operational
amplifier and is defined by the forward resistance r,;; of diode D1 and resistor R1
and is expressed below in equation 3.12.

Positive Path Gain = —%— A(s) Equation 3.12
R1+Td1

The negative path gain is the feedback of the output to the inverting terminal
of the operational amplifier and is defined by resistors Rz, Rs, and the forward

resistance r,, of diode Do.
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Negative Path Gain = —>27%2_ 4() Equation 3.13
R2+R4+rd2

Table 3.2 below shows the approximated path gains form the AC sweep

simulations of the BGR circuit. The BGR has a net negative gain and this stable.

Table 3.2 : Stability Figures of Merit

Parameter Value
Temperature 25° C
Positive Path Gain ~.079
Negative Path Gain ~2
Net Gain negative

Temperature Sweep

The purpose of the BGR is to produce a stable voltage as a reference in
circuits, one of the most desirable features of the BGR is its temperature stability.
The summing of the NTC voltage and gained PTC voltage creates a voltage
approximately equal to the band gap voltage of 4H-SiC. This voltage is

approximately temperature stable across voltage, because the output voltage is
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depended on the In() of the ration of T / To the curvature is approximately
parabolic [8]. With a more mature process and precisely characterized transistors
this curvature can be compensated in the design [7]. Curvature compensation
techniques require PMOS transistors and were unable to be implemented in this
process.

The NASA paper that helped to set the design requirements for this
design specified operation of components operating at a junction temperature of
160° C as opposed to the maximum operating range of the SiC devices at 300 °©
C [1]. Due to the differences in the modeling of the diodes and the MOSFET /
resistor devices it was impractical to do a temperature sweep of the entire
system from 25-300° C. The MOSFET models were closer to the temperature
range maximum of 160 ° C than the high temperature models. To verify the
device has the characteristic parabolic shaped temperature response of a BGR
the device was simulated with the 25 C temperature models with the diodes
swept from 25-300° C. The temperature data from 25-160° C was taken to be
valid and used to calculate the temperature stability. The temperature stability
from the 25-160° C range was calculated based up simulations to be
approximately be 16.5 ppm /° C. The output voltage was also measured at 25° C
for the diodes with the low temperature models for the MSOFET’s / resistors and
300° C for the diodes with the high temperature models for the MSOFET’s /

resistors, the temperature stability across that range was found via simulation to
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approximately be 34.5 ppm /° C. The 25-160° C simulation is below. This

simulation includes data beyond the 160° C temperature.

Kuijk BGR Schematic and Layout

The uncertainties created by issues with device modeling were mitigated
by giving maximum visibility into the BGR design. The diode resistor network,
start up circuit, and operational amplifier were pinned out separately. This allows
the connections between the BGR blocks to be done off chip where they can be
easily modified and allow for the use of external components, see figure 3.9.
Figure 3.10 shows the final BGR IC layout. Block 2 is the startup network, block 3
is the diode resistor network, and block 4 is the operational amplifier. The IC

shares space with the oscillator driver circuit.
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Figure 3.8 : BGR Temperature Sweep Output
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Figure : 3.10 SiC BGR Layout
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Chapter Four :

SiC BGR Reference Test

The SiC process that is used for this design is not a major production
process, at the time of writing the SiC BGR chip is still in production. This chapter
will cover the philosophy of testing, the test plan for the BGR, and the BGR test
schematic.

With the risks associated with the immature SiC process and inconsistent
models, the design philosophy was to provide maximum flexibility in
implementing the BGR on a printed circuit card and give maximum visibility to the
BGR subcomponents. Thus allowing characterization of the diode and diode
pairs individually, and to allow substitution of on chip components with off chip
commercial components. This gives a path to success in the global goal of a
BGR that can operate at the 160° C range even if commercial high temperature
Silicon operational amplifiers and high temperature off chip passive components

are needed.

BGR Test Plan

The BGR plan consists of generating I-V curves for the diode and diode
pairs at 25° C, 100 ° C, 150 ° C, and 200 ° C, performing a basic power up test
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of the full on chip BGR, then proceeding with the full BGR test suite on the full on
chip BGR or selecting resistor values and testing the BGR with the off chip

auxiliary amplifier. A flow chart for the BGR test plan is in the appendix.

The IV curves will be generated across the 0-5V forward voltage range
using a high precision meter. The temperature will be swept using the ICASL
oven. This data will then be plotted and compared to the design simulation data
performed earlier.

The basic power up test consists of using a lab power supply to power the
assembled test card configured for on chip operation. The power supply voltage
for the chip will be 24V DC. The output of the BGR will be monitored with a high
precision meter and oscilloscope. The oscilloscope will be used to observe any
oscillation or ringing on the BGR output. The operating current will also be
monitored.

If the BGR in the on chip configuration powers up and reaches the band
gap design voltage at room temperature, the configuration will be tested with the
full BGR test. If the BGR does not function the 1V curve data from the initial diode
test will be used to select components for the external resistor network and the
external auxiliary amp will be used. The BGR test suit is in the following
paragraphs. The load for all of the previous tests will be a 1Meg resistor and

20pF capacitor.
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The full BGR test suit consists of a startup transient tests of the BGR with
500ns, 1ps, and 2ps rise times. The rail voltage will be raised from 0-24V at 25°
C and 160° C in the ICASL oven. The output voltage will be monitored for DC
level and AC anomalies. The 25° C will be compared to the simulation data. This
data will show that the BGR circuit is stable. The test will be repeated with 22V
and 26V supply voltages.

The BGR circuit will then be heated from 25-160° C with continuous 24V
supply voltage. The output voltage will be logged as well as monitored for AC
anomalies. This will verify the temperature stability of the design across its
operating range [7]. The test will be repeated with 22V and 26V supply voltages.

The BGR circuit will then be heated to 25° C with continuous 24V supply
voltage and then to 160° C. The output voltage will be logged as well as
monitored for AC anomalies. The test will be repeated with 22V and 26V supply
voltages. This test will characterize the line regulation of the design [7].

The BGR circuit will then be heated from 25-160° C with continuous 24V
supply voltage and then cooled from 160-25° C The output voltage will be logged
as well as monitored for AC anomalies. The test will be repeated with 22V and
26V supply voltages. This test will measure the temperature hysteresis of the
BGR design. [10]

The BGR circuit will then be heated to 25° C with continuous 24V supply

voltage and then to 160° C . The output voltage will be logged as well as
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monitored for AC anomalies, the supply current will also be measured. The test
will be repeated with 22V and 26V supply voltages. The load for this test will be a
20pF capacitor. This test will measure the quiescent current of the BGR design
and the open circuit voltage [7].

In the event the auxiliary amplifier and external resistors must be used the
maximum test temperature will be lowered to be within the operating range of the

external components.

BGR Test Schematic

The BGR test circuit consists of the SiC BGR IC, an external resistor
network, and an auxiliary amplifier. The auxiliary amplifier selected is a Texas
Instruments OPA211AIDR. It is a silicon rail to rail amplifier that supports the 24V
rail It also comes in a standard operating temperature part which will be used for
testing and an HT version that has an operating range of up to 210 C [16].

The BGR IC is connected to the auxiliary amplifier, external resistors, and
feedback paths via surface mount jumpers. These are zero ohm resistors that
can be placed to select the configuration of the board. The startup circuit is also
connected via resistor placements. These can be filled with zero ohm jumpers or
resistive dividers depending on the required start up voltages. This allows the
test card to use the startup diode network even if there is an error in the forward
voltage of the diodes. The resistive divider allows find tuning of the voltage

supplied to start the BGR IC. The BGR test schematic is below
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Figure 4.1 : SIC BGR Test Circuit
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Chapter Five :

Conclusions

In this paper the design of a single chip Kuijk BGR in SiC along with the
test circuit and test plan were covered. The goal of temperature stability across
the 25-160° C operating temperature range was shown in simulation. The IC was
laid out and successfully met the design rules of the fabrication process owner. A
circuit and test plan were created to verify the operation of the IC once it
completes fabrication. The uncertainty created by device modeling issues and
inability to conduct post layout simulation was mitigated by having high visibility
into the IC.

Production delays have prevented the testing of the fabricated circuit.
Future work should consist of testing the fabricated IC to the test plan. This
would include creating IV curves for the diode and generating temperature sweep
data of the IV curve. Future runs could use the accurate diode data to more
accurately select values for the BGR resistor network. Further work should also
be done to characterize the NMOS transistor, with continuous temperature

models.
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Figure.A.1 : Resistor Layout

Figure.A.2 : Diode Layout
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Figure.A.3 : Diode % plot and I-V plot at 25 °C.
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Figure.A.4 : I-V plot Temperature Sweep, 25 - 300 °C.
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Figure.A.5 : Op Amp Open Loop Response at 25 °C.

54



OHz, 53.79dE)

———_ M1(255.0Hz, 50.79dE)

\jﬂz([il,;kHi‘ 0.0dB

. M3(131.5kHz, -117.8

20.682Hz -4.7433deq

Figure.A.6 : Op Amp Open Loop Response at 300 °C.
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Figure.A.7 : BGR Start Up Circuit
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Figure.A.8 : SiC Diode IV Curves, 25 C
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Figure.A.9 : Schematic of Diode NTC - PTC Temperature Sweep
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Figure.A.10 : Diode NTC - PTC Temperature Sweep
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Figure.A.11 : R Parameter Sweep
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Figure.A.12 : 500ns Rise Time Start Up Simulation, Vout
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Figure.A.13 : 1us Rise Time Start Up Simulation, Vout
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Figure.A.14 : 5us Rise Time Start Up Simulation, Vout
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Figure.A.15 : BGR Test Flow Chart

64



VITA

Charles K Roberts was born in Hopewell, VA to parents Charles
and Helen Roberts. He attended Hopewell High School in Hopewell, VA. He
enrolled at the University of Tennessee at Knoxville where he received his
Bachelor of Science in Electrical Engineering in May 2015. During his
undergraduate and graduate career at UT-Knoxville Charles worked at Oak
Ridge National Laboratory as a Data Acquisition Engineer. He was awarded the
Bodenheimer Fellowship and continued his studies with the Integrated Circuits
and Systems Laboratory under Professor Benjamin Blalock. Charles lives in Oak
Ridge, TN with his wife Laura and sons Liam and Ethan. He anticipates earning

his —Master of Science in Electrical Engineering from UT in the spring of 2016.

65



	SiC Band Gap Voltage Reference for Space Applications
	Recommended Citation

	Chapter One: Introduction
	Motivation
	Thesis Organization

	Chapter Two: Literature Review
	Voltage References
	SiC Technology

	Chapter Three: SiC BGR Design
	Kuijk Band Gap Voltage Reference
	Kuijk BGR Components in SiC
	Diode-Resistor Network
	Operational Amplifier
	Start Up Circuit

	Kuijk BGR Design Process
	Design Simulation Sweeps

	Kuijk BGR Operational Simulation
	Start Up
	Stability
	Temperature Sweep

	Kuijk BGR Schematic and Layout

	Chapter Four : SiC BGR Reference Test
	BGR Test Plan
	BGR Test Schematic

	Chapter Five : Conclusions
	List of References
	Appendix
	Vita

