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Abstract

This thesis takes an existing process for a CMOS compatible IR micro-bolometer and 

integrates it with CMOS readout circuits. Three readout circuits are presented in this 

thesis. The CMOS readout circuits designed were fabricated through a foundry service, 

while the bolometers were fabricated on die in house. A procedure enabling fabrication 

of bolometers by post-processing CMOS die is presented in this thesis. A comparison of 

three different bolometer readout circuits, as well as a comparison of released versus 

unreleased bolometers is shown. Demonstrated in this thesis is the monolithic integration 

of bolometers and readout circuitry. A micro-machined bolometer with a differential 

amplifier readout circuit was successfully integrated and demonstrated.
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Chapter 1: Thesis Overview

1.0 Introduction

Infrared bolometers are currently used in many applications including medical 

examination, astronomy, IR search and track, missile guidance as well as other 

commercial and military applications. An infrared (IR) bolometer is a radiation sensor 

that is formed by taking an infrared absorber and placing it in contact with a temperature 

sensitive resistor material. When a bolometer is exposed to infrared radiation, the 

temperature of the absorber material increases, causing the resistance of the temperature 

sensitive material to change. The change in resistance is directly related to the amount of 

radiation absorbed, providing a way to measure the radiation flux. Using readout 

circuitry the change in resistance from the bolometer is converted to either a current or 

voltage change that can be directly output or manipulated using post processing circuitry 

for the intended application. [1][2][3]

1.1 Objective and Motivation

This thesis takes an existing process for a thin film a-GexSii-xOy bolometer created by 

Ahmed H. Z. Ahmed at Carleton University [4] and integrates it with CMOS readout 

circuitry designed in the DALSA CMOS 0.8C process. The bolometer process described 

by Ahmed was designed to be easily added to the back end of an already existing CMOS 

processes without the need for exotic materials and equipment. Consequently, foundries 

already processing CMOS can easily implement this process to enable the production of 

single chip IR bolometer solutions. This would be at a considerably lower cost compared
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2
to making and packaging the sensor and circuitry separately. Having both circuitry and 

sensor on the same chip will also reduce the noise between sensor and readout. [5]

The objective of this thesis is show that the bolometer process presented by Ahmed can 

be integrated with an existing CMOS process creating a signal chip integrated infrared 

(IR) detection system. However, in the publicly available literature, there was not a lot of 

information in regards to bolometer readout circuits especially in comparing different 

readout techniques. Therefore the objective of designing, testing different readout 

circuits and comparing them to find the one that performed best was added to this thesis. 

Doing this comparison would allow a future designer better insight into which circuit to 

choose for their specific application.

1.2 Thesis Summary

This thesis presents three distinct CMOS readout designs intended for use with the a- 

GexSii_xOy micro-bolometer designed at Carleton University by Ahmed H.Z. Ahmed.

The readout circuits were designed and simulated using the Cadence design environment, 

and fabricated through CMC Microsystems (CMC) using the DALSA CMOS 0.8C (5V 

0.8 pm CMOS) technology. After receipt of the die from CMC the bolometers were built 

on the die at the Carleton University Fabrication Labs. This created a single chip 

containing the bolometer integrated with the readout circuitry. In fabricating the 

bolometers many problems with respect to processing on die were addressed and 

overcome. Unfortunately due to problems in the digital addressing used to control the 

output of the readout circuits, only one of the three readout circuits designed was tested.
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This thesis is organized into 6 chapters:

Chapter 2 starts with a brief overview of infrared detectors followed by an overview of 

the bolometer including an explanation of the device operation. The chapter then 

continues into an introduction on bolometer readout circuits, followed by a short 

literature review of published bolometer readout circuits.

Chapter 3 begins by describing the creation of a bolometer model for use in the Cadence 

design environment. Using the model to simulate the bolometer, three different readout 

circuits were designed, tested and sent out for fabrication. The first readout circuit uses a 

differential amplifier with the bolometer inserted into a Wheatstone bridge. The second 

uses operational amplifiers (OP-Amps) to amplify the difference in voltage across the 

bolometer compared to a reference. The third circuit uses a lock-in amplifier design, 

using the bolometer in a Wheatstone bridge configuration. This chapter describes the 

design of the digital addressing circuitry used to multiplex the output signals from each of 

the readout circuits. Finally this chapter presents the layout of the complete chip sent to 

CMC for fabrication.

Chapter 4 describes the steps taken to fabricate and integrate the bolometer with the 

readout circuitry. As the readout circuitry was sent out through CMC Microsystems to be 

fabricated, a large enough piece of silicon to enable normal processing was not obtained 

instead 3.5mm x 3.5mm die were received. The fabrication procedure for the bolometer
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was designed by Ahmed [4]. This original procedure was modified to produce 

bolometers that could be fabricated on die. The problems faced with processing on die 

and the additional steps required to overcome them are discussed.

Chapter 5 starts by talking about the testing of the circuits on the chip received from 

CMC. It continues by discussing the measurements and control of the critical attributes 

of the bolometer while processing. Once satisfied with the function of the chip and 

bolometer individually, the integrated system is tested. At this point it is discovered that 

the digital addressing circuits used, do not function as expected. This causes a dual-chip 

test setup to be created. Using the dual-chip test structure the differential-mode readout 

circuit is tested using both released and un-released bolometers.

Chapter 6 is a summary of the complete thesis; fabrications of the bolometers as well as 

the results obtained during testing are discussed. From these results it is possible to 

propose a new readout circuit. This new circuit overcomes the shortcomings of the three 

circuits presented in this thesis. Future work on this topic is proposed and closing 

statements are made.
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Chapter 2: Background
5

2.0 Introduction

This thesis deals with two main topics the first being the infrared detector and the second 

being the readout circuits. As this chapter introduces both these topics it has been 

divided into two halves; the first half discusses the infrared detector focusing on the 

bolometer whereas the second half deals with the readout circuitry.

Infrared detectors are divided into two categories, photon and thermal. As the bolometer 

is a thermal detector this chapter briefly introduces photon detectors and then discusses 

thermal detectors in detail. Detection mechanisms for thermal detectors as well as the 

figures of merit for the general case of infrared detectors are presented. After the general 

case, focus turns to the bolometer, where its principle of operation and figures of merit 

are presented.

The second half of this chapter, starts by showing there are three basic ways to bias a 

bolometer. Using these simple biasing configurations the differential mode, lock-in, 

constant current mode, oscillator and other readout circuits are presented and discussed.

2.1 Infrared Radiation

Infrared (IR) radiation is electromagnetic radiation that lies between the visible and 

microwave spectrum (0.7 pm <X<  1mm). Table 2-1 shows that the infrared spectrum is
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6
subdivided into regions. The main interest of this thesis is the long wave infrared region. 

In this region the primary source of infrared radiation is heat, also called thermal 

radiation.

Region Wavelength (X)
Near infrared (NIR) 0.7-1.Opm
Short wavelength infrared (SWIR) 1.0-3.Opm
Mid wavelength infrared (MWIR) 3.0-5.0pm
Long wavelength infrared (LWIR) 5.0-14pm
Very long wavelength infrared (VLWIR) 14-3 Opm
Far infrared (FIR) 30-100pm
Sub Millimeter (SMM) 100-1000pm

Table 2-1: The Infrared Spectrum

2.2 General Overview of Infrared Detectors

There are two distinct types of infrared detectors, photon detectors and thermal detectors. 

In photon detectors the IR radiation interacts with the electrons of the material causing an 

electronic energy change. In thermal detectors the IR increases the temperature of the 

material causing a physical attribute to change.

For photon detectors, the observed electrical output signal is a result of the change of 

electronic energy. The interaction with the electrons has been observed in three ways [2]:

• Intrinsic: Where the IR excites an electron in valence band to the conduction 

band

• Extrinsic: Where an electron in an intra-band gap energy caused by impurities 

is excited to the conduction band
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• Free carrier where the interactions is with electrons already in the conduction 

band

Photon detectors show a selective wavelength dependence of their response per unit 

incident radiation power. They exhibit both high signal-to-noise performance and a very 

fast response time however, cryogenic cooling is required to achieve this. Table 2-2

below lists different types of semiconductor photon detectors. [2]

Type Electrical Output Example
Intrinsic Photoconductive PbS, PbSe, InSb, HgCdTe
Intrinsic Photovoltaic InSb, InAs, PbTe
Extrinsic Photoconductive Si:In, Si:Ga, Ge:Cu, Ge:Hg
Free Carrier Photoemissive PtSi, IrSi, Shottky barriers

Table 2-2: List o f  Photon Detectors

In thermal detectors, the radiation absorbed increases the temperature of the material 

resulting in a physical property of the material changing. The change in the physical 

property does not depend upon the photon nature of the incident radiation. Therefore, the 

thermal effects are wavelength independent, and are instead dependant on the incident 

power of the radiation. Unlike photon detectors, thermal detectors are typically operated 

at room temperature and are characterized by modest sensitivity and slow response. For 

most low cost IR applications, thermal detectors are used, as they do not require the aid 

of expensive cryogenic coolers. Table 2-3 below lists a few different types of thermal

detectors.

Detector Method of operation
Bolometer Change in resistance
Thermocouple/Thermopile Voltage generation
Pyroelectric Changes in spontaneous electrical polarization
Golay cell Thermal expansion of gas
Pyromagnetic Changes in magnetic properties
Liquid Crystal Changes in optical properties

Table 2-3: List o f  Thermal Detectors

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8

2.3 Figures of Merit

There are a large number of different types of IR detectors, with many different types of 

operating conditions as well as physical phenomena. To allow comparisons between 

different types of thermal detectors, some generic performance characterization is 

required. Many different figures of merit exist but the ones listed below are the ones 

considered most in the literature.

2.3.1 Responsivity (IQ

Responsivity is defined as the ratio of the rms value of the fundamental component of the 

electrical output signal of the detector to the rms value of the fundamental component of 

the input radiation power. The voltage spectral responsivity is given by:

Vs is the signal voltage due to the input radiation <DC(A,).

2.3.2 Noise Equivalent Power (NEP)

The noise equivalent power (NEP) is the power incident on the detector that generates a 

signal output equal to the rms noise output (V„).

Volts/Watt (2 .1)

NEP = ^  Watts (2.2)

2.3.3 Detectivity (D)

The detectivity (D) is the inverse of NEP:
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9

(2.3)

If was found by Jones that for many detectors the NEP is proportional to the square root 

of the detector signal. It means that both NEP and detectivity are functions of electrical 

bandwidth and detector area, so D* a normalized detectivity was suggested by Jones and 

is defined as:

D* = D ( A A fY 2 cm .H z^ • W '1=Jones (2.4)
w  ’ NEP

Where A j is the area of the detector and A f  is the electrical bandwidth.

2.4 The Principle of Operation and Figures of Merit of Bolometers 

The operating principle of the bolometer is that a temperature change from the absorption 

of IR radiation causes the electrical resistance of the device to change. Figure 2-1 (a) is a 

physical representation and 2-1(b) is an electrical analogue of the device. Theoretically, 

the detector is represented by a thermal capacitance Cth coupled to the substrate via a 

thermal resistance Rth (or conductance Gth= 1/Rth)• Using the electrical analogue seen in 

figure 2-1(b) the detector can be represented as a capacitor and resistor in series.
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Incoming Radiation, O

Detector

Support, Rth

R th

Substrate, "I-!

Figure 2-1: Bolometer Representation (a) Physical (b) Electrical Analogue

When there is no input radiation the detector temperature will be at T0. If there is input 

radiation the rise in temperature of the detector is found by: [2]

dAT
C„

dt
- + GthAT = e® (2.5)

Where AT is the temperature change due to the incident IR radiation 0 , and sis  the 

emissivity of the detector. In this equation, the emissivity can be used instead of the 

absobtivity because as the Kirchhoff law of thermal radiation states; at thermal 

equilibrium, the emissivity of a body (or surface) equals its absorptivity. [6]

Incoming 
Radiation, <J)

Figure 2-2: Illustration o f Chopping Frequency (co)

The Chopping the frequency (co) illustrated in figure 2-2, modulates the radiation incident 

on the bolometer, preferably at frequency high enough to reduce the noise component.
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Assuming the IR radiation has an amplitude of 0o the resulting chopped radiation is 

given by:

d> = ®QeJ0Jt (2.6)

Solving for the differential equation (2.5) using (2.6):

~Gth/ d j )  p j <ot
AT = ATne /C‘*M+--------   (2.7)

GA +j<*CA

The first term is a transient and as time (t) increases it exponentially goes to zero. 

Therefore the steady state change in temperature due to incident radiation is:

A  r  =  ------------------------------------------------------ (2.8)
{Gl+ <o'Clf

The thermal response (rth) of the detector is given by:

r , , = ^  = C ,A  (2.9)
th

Equation 2.8 can now be written as:

A T  = e s > A  ( 2 1 0 )

(1 +

For bolometers, the coefficient of resistance (TCR) denoted by a  is defined as:

a  = - —  (2.11)
R d T

Therefore the change in voltage of a bolometer with a constant current (I) is:

AV = IAR = IRccAT (2.12)

Using the expression for AT  from equation (2.10) in equation (2.12) gives:
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IRasOnR,

(2.13)

Knowing from equation (2.1) that the responsivity of a detector (Rv) is the ratio of the 

electrical output signal of the detector to the input radiation power the responsivity of a 

bolometer is:

Equation 2.14 shows, that for a high responsivity bolometer:

• the thermal resistance (R th) should be as high as possible

• the material should have a large TCR (a)

• the thermal response time r  should be small, indicating Cth should be small

• the device should have a large electrical resistance and bias current

2.5 Detectivity ID*') for a Bolometer

Before determining the detectivity (D*) of a bolometer the noise mechanisms for a 

bolometer need to be defined. There are three fundamental noise sources found in 

thermal detectors, Johnson, thermal fluctuation and background noise [1]. The major 

source of noise is Johnson noise.

4 /  is the bandwidth of interest, R is the resistance of the bolometer, and k  is the 

Boltzmann constant. Two other noise sources important are thermal fluctuation noise 

and background fluctuation noise.

IRaRgfi (2.14)

V] = AkRTAf (2.15)
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Temperature fluctuations in the detector caused by heat conductance variations between 

the detector and the substrate are the source of thermal fluctuation noise which is given 

by:

2 4kT2AfRlh(lRa)
K =   '  2\  } (2-16)1 +  0) r th

Background noise results from radiative heat exchange between the detector at Td and its 

surroundings at Tb and is given by:

, 8k£o-A(T;+T,2) , . ,
vl  = --------------------------------------------------------------- (2.17)

1 +  01 T,„

Where a  is the Stefan-Boltzmann constant and A is the detector area.

In addition to the noise sources listed above 1/f noise is also found in bolometers and is 

given by:

yb = k« f! jr V  (2 .18)

Where £///is a proportionality factor, and /?is a coefficient whose value is about 1.

Using all these noise sources the total noise is:

K2 =V?+Vt!+Vb2 + Vjf  (2.19)

The normalized detectivity (D*) can be found using the generic detectivity equation (2.3), 

the bolometer resistivity equation (2.14) and the total noise voltage equation (2.19).
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£ . (AdA f f  (AdA f / ’ R,
NEP Vn

(AdA f)^2 IRaR^s  (2'20>

( ^ + ^ + K 2+ v 2/ f ( i + a X ) K

Equation 2.20 contains all the noise sources that can act on the bolometer. However, in 

most circumstances one or two noise sources dominate, making it so that the minor noise 

sources can be removed to simplify the calculation.

2.6 Bolometer Readout Circuits

Figure 2-3 shows the three basic ways to insert a bolometer into a circuit to readout the 

change in resistance. [7]

■O Vout

V2 V2

VDD

< 0

 OVout

Rb

(a)V out-V 2 =(Vl -V 2)
y R L +Rg J

(2 .21)

(b) lout = - v 2'
V  J

(c) Vout -  Vref -  I bRb

o
Vref

(a) Constant Bias (b) Constant Voltage (c) Constant Current 

Figure 2-3: Basic Readout Schemes

(2 .22)

(2.23)

The first circuit is the Constant Bias (CB) circuit where the bolometer forms a voltage 

divider with a load resistor. Next, is the Constant Voltage (CV) configuration where the 

change in the bolometers resistance creates a change in current. Finally the Constant
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Current (CC) setup is shown in figure 2-3(c) where the change in resistance is read out as 

a change in voltage.

This section presents different un-cooled bolometer readout circuits that have been found 

in the literature. The following circuits are all implementations of the simple circuits 

discussed above.

2.6.1 Wheatstone Bridge with Differential Amplifier

The Wheatstone bridge uses the bolometer in the constant bias configuration and has 

been used in physics and electrical circuits for many years. Figure 2-4 illustrates a 

Wheatstone bridge configuration with a differential amplifier. One can also use a half

bridge, where only one side of the bridge is used and other side is approximated using a 

voltage reference. However, to get the best sensitivity and noise performance a full 

bridge should be used.

V1
V2

Av=1
I---------------1

■Shielded from IR 
Radiation

Vout = VirT-Vin

Figure 2-4: Wheatstone Bridge Configuration with Differential Amplifier
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Equation 2.24 below is the same as equation 2.5 which describes the change in 

temperature (AT) of the bolometer with respect to the input radiation (0 )  except an 

additional term Psh has been added [8]. Psn is the power added to the system through 

self heating. Self heating refers to the fact that when a current flows through the 

bolometer some of this is converted to heat. This increase in temperature can cause a 

false or skewed reading.

C, „ ^ f + G,A T = ‘® + PSB (2-24)

Assuming, a balanced bridge where Rl has the same resistance of Rbi=Rb2 at room 

temperature and that the circuit is biased with a voltage pulse with amplitude Vb that is to 

wide equation 2.24 can be solved to give: [8]

V =r out
V^a V ia  ^ . VBa  , ^  ^  N . VBa

\^6RmCthm 16RB1CthB2 j AG AGthBl ^ yJ thH\

If both bolometers B1 and B2 are the same, i.e. have the same thermal capacitance (C th), 

thermal conductance (Gth) and electrical resistance (R)  2.25 can be simplified to:

V a  V aVout = £ 0 2 (2.26)
out 4(7 1 4(7 2 v 2

thB\ thBl

Equation 2.26 shows that the self-heating effect is negated and does not affect the circuit. 

In this circuit there is no output if the incident radiation is the same on both bolometers. 

However, if bolometer R b i  is shielded from the IR radiation (®i=0), equation 2.26 can be 

simplified to:

(2-27)
^^thBl
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Equation 2.27 shows that the output of the bridge only represents the change in the 

resistance of the bolometer. This result can only be obtained if the bolometers are exactly 

the same and the bridge is perfectly balanced.

2.6.2 Bridge with Lock-in Amplifier

A lock-in amplifier configuration is illustrated in figure 2-5. Like the differential mode 

readout the Wheatstone bridge is being used, but this time there are additional blocks 

added to the circuit.

OUT

>“  1

Shielded from IR 
Radiation

LNA MIXER LPFV out

DIF-
Vin AMP

Figure 2-5: Bridge with Lock-in Amplifier

There are actually two ways one can use the lock-in amplifier to readout the change in 

resistance the first is described in [9, 10, 11, 12]. In this case an AC voltage modulates 

the bridge (Vin) as well as the mixer (Voc) at ox The second case is used in [4, 13] where 

the incident IR (0 )  and mixer (Voc) are modulated at co.

The lock-in amplifier works by first removing the self heating component and common 

mode noise using the differential amplifier as described in section 2.5.1. Then the Low 

Noise Amplifier (LNA) amplifies the signal at a frequency (co), preferably above the
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comer noise frequency of bolometer. The output of the LNA is mixed with the signal 

Voc to down convert the amplified signal to DC. The mixed signal is then filtered using a 

low pass filter, so only the DC component is seen at the output. This significantly 

reduces the noise component seen at the output while amplifying the change in resistance 

of the bolometer.

As in the previous bridge circuit, RBi is shielded from the IR radiation, to negate the self

heating effects. Assuming the differential amplifier has a gain of 1V/V, and the LNA has 

a gain of Alna, the voltage output found at the point Vl using equation 2.27 is:

/ \ / \ cosfcoJAa
VL(‘) = '>m VD(t)=  u u ‘ y gp (2.28)

thBl

Voc= E0cos((D0t + </>) (2.29)

Equation 2.29 describes the external oscillator input to the mixer, where E0 is the 

amplitude and ^ is the phase shift between Voc and VL. Using the mixer stage, an output 

that is the product of the input from the LNA and Voc is generated.

VM = ■ AlnaVb E0 c o s  (o}0t) cos (<3)0t + (f) (2.30)
^^thBl

To simplify the equation, the phase shift ^ is assumed to be zero. Using the appropriate 

trigonometric identity Vm becomes:

r» (2 3 1 )
thBl ^

Equation 2.31 shows that the output of the mixer is a signal at DC and a signal at 2eoo. 

Both of these signals represent the output from the bolometer. As it is much easier to
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work with a signal at DC, a low pass filter (LPF) is used to filter out the signal at 2coo 

giving:

r*  A^ V>E> <2-32)
th B l ^

Equation 2.32 represents the final output of the lock-in amplifier. It shows that by 

reducing the thermal conductance a larger output response can be obtained. It also shows 

that in the circuit it is the LNA that provides the majority of the gain.

2.6.3 Constant Current Mode Readout

Using the constant current (CC) setup as seen in figure 2.3(c) has the advantage over the 

constant bias (used in the bridge readout) that the change in voltage across the bolometer 

is directly proportional to the change in resistance as seen in equation 2.23. Also the 

change in voltage is directly related to the current flowing through the resistor which 

there is complete control of in this configuration. Below is a simplified schematic of the 

constant current configuration found in various forms in [14, 15, and 16].

ref

I bias

rselref

selref

'bias

Figure 2-6: Current Mode Readout Circuit
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Using the waveforms found in figure 2.6 the circuit functions as follows:

1. Phase one is the calibration phase. In this phase the bolometer is not connected to 

the amplifiers by setting s e l j  low, which turns off Mi, and M2 . Signal phi is 

pulsed high while selrefis pulsed low, causing Vrefio  be sampled across C2

2. Phase two is the readout phase, where phi is set low, selref and s e l j  are both set 

high. This causes a current to flow through the bolometer Rb and M6 to turn on. 

The voltage across the bolometer is sampled, subtracted by the voltage across C2 

(Vref), amplified and fed to the output. By using the transistors Mi and M2 to 

control the current flowing through the bolometer and pulsing the current through 

the bolometer the self-heating effect on the bolometer can be minimized.

From [14] the gain of the amplifier in the frequency domain is:

H {s)=  , * r  <2'33>

A (s )C ,+ C 2

Where A(s) is the open-loop gain of the first opamp. The output of the first opamp is:

K  = (2.34)

H(0) is the low frequency gain of the opamp and V r b  is the voltage drop across the 

bolometer. The second opamp is placed in the unity gain configuration to drive the 

output. From equation 2.34, the output of the circuit is the difference between Fre/and 

the voltage across the bolometer. To cancel some of the noise and self-heating Vref  

should ideally be the voltage across another bolometer in the same configuration as Rb- 

The values of Ci and C2 are used to tune the gain of the circuit as can be seen in equation 

2.33.
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2.6.4 RC Oscillator Readout

The RC oscillator circuit uses the resistance of the bolometer in an oscillator with an 

opamp as seen in figure 2-7. This configuration shown in [17,18] uses the bolometer in 

the constant voltage configuration.

Figure 2-7: RC Oscillator Circuit [17]

The circuit in figure 2-7 has an opamp in a comparator configuration with a switch 

connected to its positive input. When the reference voltage is high ( Vh) the capacitor is 

charged through the bolometer with resistance Rd. As the voltage across the capacitor 

reaches Vh the output of the comparator goes low, causing the capacitor to discharge 

through the Rd. This causes the output of the comparator to switch back to Vh once the 

capacitor reaches V/. The resulting pulse train can be seen in figure 2-8 [18]

Vyosc

■ JT JT U 1

/
f

►Time
: : R esef .

Figure 2-8: Output o f RC-Oscillator Circuit with Comparator [17]

From [17] the oscillation frequency is calculated by:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The frequency of the oscillator can be tuned by adjusting V/ and V/,. This style of circuit 

is read out by counting the number of pulses in a well defined window of time as seen in 

figure 2-9. The observation window is opened at t0 and closed at tframe, once a pulse is 

captured (tj) the number of pulses of f cik is counted till the start of the next pulse (^).

Observation
MWfoW'

V ®

Figure 2-9: Pulse Counting using an Observation Window [17]

The resolution of this type of readout is dependant on the frequency of the clock (f'dk)-

2.6.5 Other Readout Circuits

There are other bolometer readout circuits found in the literature but are either not well 

defined or are slight permutations of the circuits presented above. This section briefly 

discusses them.

2.6.5.1 Bias Heating Cancellation Circuit

The bias heating cancellation circuit is akin to the differential amplifier readout circuit. 

Unlike the differential readout the current through the bolometer is switched on an off as
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shown in [19] and [20] to reduce the self-heating effects. The output from the differential 

amplifier is then fed in to an integrator. The integrator averages the change in the 

bolometer to allow for a cleaner output.

2.6.5.2 Opamp Readout Configurations

The bolometer can be used in many different configurations with an opamp as shown in 

figure 2-10 taken from [21]. Figure 2-10 shows two main types of opamp readout 

configurations, the looped and unlooped. Looped refers to the bolometers being in the 

feedback path of the opamp, where unlooped is when the bolometer is not in the feedback 

path. These circuits are good to use for low frequency circuits.

Cf

Vout VoutCts

m

m\ c) Looped current
>) Claosicai unloosed 

mspiWer

f'CS™> 1 :
m CO

Void * • M  noCs VL

-1JS
d} imp(Nifcrtc»V» b) Looped voltage

Figure 2-10: Operational Amplifier Readout Configurations
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2.7 Summary

The chapter started with a discussion of infrared radiation followed by a general 

discussion of infrared detectors. Using this knowledge it was shown that the bolometer is 

a thermal detector that changes its resistance due to the increase in temperature from the 

absorbed infrared radiation. Following this discussion the responsivity, noise equivalent 

power and detectivity for the bolometer were presented.

The second half of this chapter focused on the readout circuits. Where the three biasing 

conditions for the bolometer; constant bias, constant current and constant voltage were 

introduced. Then the discussion focused on the more specific readout circuits. From this 

in-depth discussion, the differential mode, lock-in, constant current, RC oscillator and 

other readout circuits were introduced and their functionality was shown.

The next chapter takes the information presented here and discusses the design of the 

differential mode, lock-in and constant current readout circuits.
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Chapter 3: Circuit Design

3.0 Introduction

Chapter 2 introduced the bolometer as well as many different readout circuits. Using the 

description of the bolometer, this chapter presents a model of the bolometer to allow the 

simulation of the bolometer in the Cadence design environment. Using the bolometer 

model, the differential amplifier, constant current and lock-in readout circuits, introduced 

in chapter 2, were designed simulated and laid-out. Along with the three readout circuits 

a digital addressing circuit was designed and laid-out. Once the layout of each circuit 

was done, a chip 2 mm by 2 mm was designed and sent to CMC for fabrication in the 

DALSA CMOS 0.8C process.

3.1 The Bolometer Model

To assist in the simulations a simple model for the bolometer was made. Using the 

bolometer model the effect of changing any of the properties of the bolometer on the 

output of the circuit can be simulated. To make the model an equation relating the 

change in resistance of the bolometer to the input radiation needs to be derived that 

contains known physical and electrical properties of the bolometer.

From chapter 2, the change in temperature of the bolometer with respect to input 

radiation is given by:
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A r = - — ^ 2— rt- (3.1)

Where £ is the emissivity, (Pis the input IR radiation, Gth is the thermal conductance, ry is 

the chopping frequency and C th is the thermal capacitance. Knowing that the change in 

resistance of the bolometer is related to the change in temperature, the change in 

resistance of the bolometer (AR) is given by:

AR = RaAT (3.2)

Where R is the resistance of the bolometer, and a  is the temperature coefficient of 

resistance (TCR). Combining equations 3.1 and 3.2 gives:

„ (3.3)
( G l + c S C l f

Therefore the total resistance of the bolometer is:

R (A T) = R0(l + aAT) (3.4)
f  \

ae®n
4 ® ) = - ^ i + -

&

Where Ro is the resistance of the bolometer with no input radiation.

(3.5)

Equation 3.5 is a general equation relating the resistance of the bolometer to the input 

radiation. This equation can be used for the model however, the general terms found in 

equation 3.5: the initial resistance (Ro), the thermal conductance (Gth) and the thermal 

capacitance (Cth) should expressed in terms of more specific physical attributes.
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To calculate the Ro the physical makeup of the bolometer should be looked at. Figure 3-1 

shows the different configurations for the type of bolometer that Ahmed [4] designed. 

Ahmed used two types of bolometer configurations, the sandwich and the sandwich gap. 

For this thesis, the sandwich-gap structure was used as it was simpler to fabricate and was 

the design that Ahmed has the best results from.

R  = p-% - Gap (3.6)
wd

ds
R  -  p   -------- Sandwich (3.7)

w(d + g/,)

R - p —t—  -------r  Sandwich-Gap (3.8)
w[2d2 + /2g)

Figure 3-1: Three Basic Detector Designs[22]

Equations 3.6 through 3.8 taken from [22] are the resistance formulas for the different 

bolometer designs, where p  is the resistivity of the semiconductor layer, w is the width of 

the device, d  is the thickness, g  is the size of the gap, and I is the length. Using these 

equations the initial resistance (Ro) of the bolometer is calculated.

Next thermal capacitance and the thermal conductance of the bolometer need to be 

expressed in terms of physical attributes of the bolometer. Figure 3-2 shows the 

sandwich-gap bolometer as it will be fabricated, with its dimensions labeled. To make 

the model simple, it is assumed that all the heat transferred in and out of the bolometer is 

via the arms. Therefore the thermal conductance of the bolometer (G th) is the same as the 

thermal conductance of the arms of the bolometer given by:

SaiNMcb
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Cr = _ L  = „M ™  WattS n  q \
R,h lam K elvin

where k  is the thermal conductivity, n is the number of arms, A arm (= t a r m ‘ W a r m )  is the

cross-sectional area of the arm and larm is the length of the arm.

To calculate the thermal capacitance it is assumed that all the heat is stored in the 

semiconductor (GexSi.xiOy) layer. Thus, the thermal capacitance of the bolometer can be 

simplified to the thermal capacitance the GexSi-xiOy layer giving:

C ^ c 4 H g  + 2 0 - ^ ]  ^  (3 ,0 )

Where c is the specific heat capacity of the GexSi_xiOy layer.

50|jm

<— 7 5|jm

5|jm
50pm50 pm

PadPad Support Arms

M2 - NiCr

15nm :

150nm

Figure 3-2: The Sandwich-Gap Bolometer

Using equations 3.5, 3.8, 3.9, 3.10 a general equation for the bolometer in terms of only 

physical properties can be generated:
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2 dg
w { ld 2 + l2g)

1 +  -
asQn

f  kAn ^ a r .
V '̂arm J

r»2 { c - d [ w ( g  + 2 / ) - g 2]}

(3.11)

Using equation 3.11 an AHDL (Analog Hardware Description Language) description of 

the bolometer was written. The AHDL code can be found in appendix A -  The 

Bolometer Model. Table 3-1 is a summary of the physical attributes of the bolometer. 

All the values found in table 3-1 were taken from Ahmed’s thesis [4],

Attribute symbol value
Emissivity s 0.96%
Bolometer width w 48.5pm
Bolometer length I 22.5pm
Gap size g 7.5pm
Active Layer Thickness d 770nm
Resistivity P 380 Q-m
Thermal Conductance k 4.53 W/m-K
Arm length farm 50pm
Arm width Warm 5 pm
Arm thickness farm 150nm
Number of Arms Harm 2
Heat Capacity C 9.927x105 J/K-m2
Temperature Coefficient of Resistance a - 4.88 %/K
Thermal Time Constant T 13 ms

Table 3-1: Bolometer Physical Attributes

Figure 3-3 shows the symbol used for the model in and figure 3-4 shows the user input 

screen for the model in cadence. Figure 3-4 shows the many parameters for the 

bolometer that can be varied during simulation.
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Figure 3-3: Symbol for Bolometer Model
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Figure 3-4: Bolometer Model Input Screen
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3.1.1 Comparisons to Measured Results

To confirm the function of the model, simulated results were compared to measured 

results. As Ahmed’s process was going to be used to fabricate the bolometers, the 

simulated response of the bolometer was compared to his measured results. The model 

designed does not have any noise modeling, therefore NEP and detectivity comparisons 

cannot be made. The comparisons that can be made are the resistance and responsivity 

measurements.

Using the model a value of 532kD was obtained for the resistance of the bolometer, 

whereas Ahmed reported a value of 700kQ for the resistance of the bolometer with no 

input radiation. These two values are relatively close, considering that the model is using 

simplified equations and that it does not take account for any fabrication abnormalities. 

The responsivity simulation seen in figure 3-5 was done using the same conditions 

Ahmed states using, to generate figure 3-6. Comparing the two responsivity curves 

shown in figures 3-5 and 3-6, it can be stated that the model is behaving such that circuit 

level simulations will be accurate.
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Figure 3-5: Simulated Responsivity as a function o f Chopping Frequency

I
DC

x1.012

10

8

§

2

0,
50 1000 150

Chopping frequency (Hz)
Figure 3-6: Measured Responsivity as a function o f Chopping Frequency by Ahmed
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3.2 Design Overview

The readout circuits that are going to be designed are the differential mode, the constant 

current mode and the lock-in. In this section the CMOS process in which the circuits are 

going to be designed in is chosen. This section also calculates the expected change in 

resistance of the bolometer so that the circuits can be designed.

3.2.1 CMOS Process

The biggest issue for choosing a process for this project was the amount of silicon that 

would be returned. This concern is due to the fact that once the silicon containing the 

circuits is returned the bolometers are going to be fabricated on the same piece of silicon, 

creating a single chip solution. As the equipment used to fabricate the bolometer cannot 

take die, a whole wafer or a large piece of a wafer returned would be ideal. To guarantee 

whole die processing, the circuits could have been manufactured using Carleton 

Universities Fabrication Lab’s 5pm NMOS process. However, using NMOS only design 

would complicate the design. The other avenue was to choose one of the many 

technologies available through CMC Microsystems. Since the advantages gained from 

smaller devices was not a major concern, compared to the ability to post process, the 

DALSA 0.8pm process was chosen, over smaller gate length technologies available. 

Some specifics of the DALSA process are outlined below [23]:

• 3/5V, double poly, double/triple metal

• N-type substrate

• For 5V CMOS: VTHn = 0.65V, VTHp = -0.65

• Poly-Poly Capacitors: 1.05 fF/pm2 ± 0.2 fF/pm2
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• Resistors:

- Polyl: 40 Q/D ± 10 £2/D
- Poly2: 55 Q/D ± 20 Q/D
- HiRes: lOkQ/D ± 3kQ/D

3.2.2 Expected Output from Bolometer

The three readout circuits to be designed use amplifiers. To determine the amount of 

gain required in the readout circuits, it is necessary to have a good estimate on how much 

the resistance of the bolometer is going to change. As no application has been chosen for 

the final circuits, the expected range of input radiation to the bolometer is undecided. 

Originally the bolometers were designed for IR imaging, thus it was decided to detect 

infrared radiation from a source at temperatures in the range of 20°C to 50°C (293K to 

323K). For this range of temperatures, the amount of radiation incident on the bolometer 

from an infrared source needs to be calculated. To simplify the calculation it is assumed 

the infrared source is a black body. An ideal black body is a body, which has an 

emissivity and absorbtivity equal to one. Because the emissivity is one it is ignored in 

the calculations below. The Stefan-Boltzmann law, states that the total energy radiated 

per unit surface area of a black body is:

P = (w /m 2) (3.12)

Where a  is the Stefan-Boltzmann constant, As is the surface area of the black body, Tb is 

the temperature of the black body in Kelvin and To is the ambient temperature in Kelvin. 

Figure 3-7 below shows a black body that has an opening of radius, r, with the detector a 

distance l+r away from the source.
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Figure 3-7: Black Body Measurement Setup

To make calculations simple, the black body is replaced with an equivalent sphere, 

illustrated in figure 3-8. Since only an estimate of how much the bolometers resistance 

will change is needed, using a sphere to model the black body source is sufficient. It is 

also assumed that by the time the radiation reaches the detector it is planar.

Black Body

[Detector

Figure 3-8: Black Body Measurement Setup Simplified

The Stefan-Boltzmann law can now be written as follows:

P ,= a { 4 x S ) [ T * - T ^  (W) (3.13)

Assuming that the power (PB) is being radiated spherically the power incident on the 

detector (0 )  a distance I away is:

a (4 x r 2) [ T ; -T 0‘ ]
0 l- A r

4 Ttl2

® = rl . c r [ T * - T : ] A D (W)

(W)
(3.14)
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Where Ad is the surface area of the detector. From chapter 4, r = 0.1 inches, 1= 1  inch 

and Ad = 50pm x 50pm. If the black body source is it 20°C (293K), and the ambient 

temperature is at 20°C, using equation 3.14 the incident power on the bolometer is zero. 

Again assuming the ambient is at 20°C, the incident power from a black body source at 

50°C (293K) is 50nW. Using the bolometer model and choosing a chopping frequency of 

10Hz, the change in resistance of the bolometer is simulated to be approximately lOkQ 

for the range 20°C to 50°C, as seen in figure 3-9 below. This value can now be used in 

the circuit designs. Assuming the bolometer is biased with a 5pA current, the change in 

voltage across the bolometer when the black body temperature is changed from 20°C to 

50°C is 22mV, as seen in figure 3-9. This means that for each degree change in the 

temperature of the source there is a 760pV change in voltage across the bolometer.

Figure 3-9 also shows that the resistance of the bolometer decreases as the amount of 

incident radiation increases. This is because the bolometer has a negative temperature 

coefficient of resistance (TCR).

— Rbol * V b o l
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Figure 3-9: Bolometer Response for a 20°C Change in Temperature
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3.3 Circuit Design

In chapter 2 four readout circuits were looked at in detail. The initial intention was to 

build and test all four of these circuits. As some time was spent with each circuit, it 

became clear that the RC oscillator readout circuit could not be integrated. Equation 3.15 

is a simplified version of equation 2.36 which is used to calculate the oscillation 

frequency of the RC oscillator.

/ o' t V  (315)
K bolC

Knowing Rboi » 530k£2 a capacitor in the lOpF range is needed to get an oscillating 

frequency either in the high kilohertz or in the low megahertz. A capacitor that large 

integrated in the DALSA technology would require a lot of area. Therefore, the RC 

oscillator circuit was not designed instead; the differential amplifier, the lock-in amplifier 

and the constant current readout circuits were designed, laid-out and sent out to be 

fabricated.

In this section the design of the differential amplifier, lock-in amplifier and constant 

current mode readout circuits are discussed. A complete design derivation is not 

presented rather a focus on the important design considerations for each of the circuits is 

presented. In general the following are the most important considerations:

• Power/Heat Dissipation

• Noise

• Gain/Sensitivity
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Power hungry circuits generate heat that could influence the bolometers skewing the 

results. Noise is a big concern as this is the limiting factor on the resolution of the 

readout circuits. The amount of noise amplified by the circuitry as well as the amount of 

noise added by the circuitry needs to be minimized. The sensitivity of the circuit is 

measured by its signal to noise ratio (SNR).

3.3.1 The Wheatstone Bridge

In chapter 2 it was shown that both the differential amplifier and lock-in circuits use a 

Wheatstone bridge. The bridge removes the self heating effect by using two bolometers 

one on each side of the bridge as can be seen in figure 3-10(a). The problem is that a 

bolometer shielded from IR radiation is required on the same chip as the rest of the 

bolometers. It is possible to fabricate this by increasing the thickness of the top metal 

layer on a select bolometer, but this would increase complexity of the fabrication process. 

As the goal of this thesis is to show that the bolometer can be integrated with the circuitry 

it was not done. Therefore, an imbalanced bridge shown in figure 3-10 (b) was used. All 

the load resistors ( R l )  are off-chip which facilitates easy tuning to match the resistance of 

the bolometer. Using an un-balance bridge does mean that the self-heating effect is no 

longer negated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

Vin+ Vin+

V2

B2

(a)Vin'

V2

Vin' (b)
Figure 3-10: Wheatstone Bridge: (a) Balance (b) Unbalanced

The key to using the unbalanced bridge is to make Rl as close to the value of Rbi as 

possible, to create a pseudo-balanced bridge. Figure 3-11 shows the schematic used in 

Cadence to simulate the behaviour of the bridge.
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Figure 3-11: Wheatstone Bridge Schematic with Operational Information
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The voltage across the bridge was set to 5Y giving a current flow of approximately 5pA 

in each branch of the bridge. P h i in  is a voltage source that oscillates from zero volts to 

CD volts at the chopping frequency to emulate the incident radiation on the bolometer.

The resistance of the bolometer at room temperature is 532kQ. The value of R0, R2 and 

R3 was set to 532k£2, to balance the bridge. From the discussion in section 3.1.3 it was 

calculated that for a degree increase in the black body temperature there is a 1.7nW 

increase in radiation incident on the bolometer. Setting phi in to oscillate between 0 and 

1.7nV with a chopping frequency of 10Hz, the following plot for vout_div and voutbol  

is obtained.

—  /vout_div -x- /vout_bol

2.5-

2.4998-

s—\
> elta V  = 725 .609uV
>

2.4996-

2.4994-

150 20050.0 100
tim e (m s)

Figure 3-12: Bridged Bolometer Response for a One-Degree Change in Temperature

Figure 3-12 shows, the voltage across the bolometer (vout bol) goes from 2.5V to 

2.4993V, whereas the voltage between the two load resistors (vout_div) stays constantly 

at 2.5 V. Therefore, the change in voltage between the left-hand-side of the bridge
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compared to the right-hand-side for a one degree change in radiation is 725.6pV. If the 

change in radiation is thirty degrees the voltage difference is 21.5mV. This result can 

now be used to design the differential and lock-in readout circuits.

3.3.2 Differential Amplifier Readout

The differential amplifier readout circuit consists of three main parts, the bridge, the 

differential amplifier and an output buffer. Figure 3-13 is a block diagram depicting how 

each of these three components are connected together. Signals from the bridge are fed 

into the differential amplifier where the difference between the two signals is amplified. 

The signal out of the differential amplifier is fed into an output buffer so that circuit can 

drive large output loads.

VoutVout DA

V2

Differential
Am plifier

Output Buffer
Wheatstone

Bridge

Figure 3-13: Differential Amplifier Readout: Block Diagram

From the discussion in section 3.2.1 about the Wheatstone bridge, a maximum input 

differential of 22mV and minimum input differential of 725pV is expected. From the 

discussion in section 2.5.1 the differential amplifier should have a good common mode 

rejection ratio, to cancel out the self heating effect and reduce input noise from the 

bridge. Lastly the amplifier should have a very low noise itself to give a high SNR.
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3.3.2.1 Differential Amplifier Readout: Calculations

The standard implementation of a differential amplifier and output buffer configuration 

was used and is shown in figure 3-14. A PMOS differential pair and NMOS active load 

were chosen for the differential amplifier. A standard implementation was used for two 

reasons; first the design has been proven and works, secondly this circuit can act as a 

basis to compare the other two readout circuits. As the DALSA process is a p-well 

process, transistors M l, M2 and M8 all experience the body effect. Even though the 

body effect will reduce the output swing and effect the gain of the circuit, PMOS 

transistors were chosen due to their inherent lower noise compared to the NMOS 

transistors.

v<M

M6 ||

v out
M8M l

vin n vln_p

vout da.

MdM3

Figure 3-14: Differential Amplifier with Output Buffer Schematic
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For the differential pair (Ml and M2) two figures of merit are considered, the gain and 

the common mode rejection ratio. The slew rate only needs to be better than the time 

response of the bolometer of 13ms. The bandwidth of the amplifier is not critical as the 

circuit is going to be running at frequencies between DC and the mid-range kilohertz 

(500kHz).

From [25] the gain of a differential amplifier is:

4 . = - ^ =  = g. M K 4) (3.16)vm vin _ n -  vin _ p

Where gm is the transconductance of either M l or M2, r02 is the output resistance of M2 

and r04 is the output resistance of M4. Also from [25] the gain can be written as:

„ _  2#
^  + /l4 V Ibias j

(3.17)

where X is the channel length modulation of the transistor. This shows that by lowering 

the bias current on the differential pair the gain can be increased. This increase in gain is 

done at the cost of bandwidth and slew-rate. The bandwidth and slew rate are not major 

concerns in this design, therefore a small current will be used.

Common mode rejection refers to the ability of the amplifier to reject a common signal 

applied to both inputs. This is found by connecting both input terminals of the 

differential amplifier to the same voltage (vc). From [25] the common mode gain is:
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vout _ da _ m4 _ 1 (3.18)
2gm4ro6

Equation 3.18 assumes that the NMOS load transistors of the differential amplifier are the 

same, gm3 =gm4. Looking at equation 3.18, it can be seen that the common mode gain can 

be reduced by increasing the output resistance of the current mirror. Using equation 3.16 

and 3.18 the common mode rejection ratio (CMRR) which is a ratio of the common mode 

signal to the gain of the amplifier is given by:

For the amplifier 5V was chosen for VDD and OV (or gnd) for VSS. Knowing that an 

expected minimum input differential voltage of 725pV and a maximum input differential 

of 22mV a gain of 100V/V (40dB) was chosen for the amplifier. To increase the CMRR, 

the current mirror was designed to have a large output resistance.

Using these design considerations and the design procedure shown in appendix B, initial 

values for the differential amplifier and the current mirror were obtained. For this design 

the body-effect was not taken into consideration. This was done because the calculation 

results were used as initial conditions, which were iterated using the simulator to achieve 

the desired result.

CMRR = 20log A  = 201og|gml (ro21| ro4)-2g, (3.19)
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3.3.2.2 Differential Amplifier Readout: Simulations

The differential amplifier designed was taken and put into a circuit with the Wheatstone 

bridge. Input radiation to the bolometer was set for a one degree temperature change in 

the temperature of the black body source, which is a 1.7 nW change in the radiation 

incident on the bolometer. Figure 3-15(a) below shows the output of the differential 

amplifier circuit, 3-15 (b) is the output from the bridge. The plots show that the 729p.V 

change in the bridge is amplified to 29.2 mV change at the output of the amplifier. For 

all the plots below a simulated chopping frequency of 10Hz was used.

-*■ Ar_out 
2.985

2.98

2.976

£  2 97 

> 2.965

2.96-

2.955-

2.95-

\ ............ ' \ :
1 ' ' ......... ........ ........ ----•--------------- '• " I

Delta V/= 29.277m V

I
i i . :

l .T I.,, H \ ' A J . - . 1  T •

\ i ........ [...... :......
-...........

/vin_p -X- /vin_n 

2.5001-

2.5-

2.4999-

2.4998-

■2.4997-

2.4996-

50.0 100 
time (ms)

150 200

1 .......i...... f...... i........?......i.......

:

e ftaV *  725.52uV\

K— - * ....... * ........ — * ....... > X— -X -
............................................

s 2-'
>

2.4995-

2.4994-

2.4993-

2.4992-
50.0 100 

time (ms)
150 200

Figure 3-15: Results o f Differential Amplifier with One Degree Change in Source Temperature
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The input radiation was then varied from 0 to 50nW; the differential output of the bridge 

as well as the output of the differential amplifier is plotted in figure 3-16.

-w  delta Vbut -X- delta Vin

5k 10 , 729.4m'V700-

300

200 '

100

40 500 10 30
p h ijn  (E -ff)

Figure 3-16: Input Radiation verses Output and Input Voltage for Differential Amplifier Readout Circuit

Examining the plot, one should notice that the response from both the bolometer and 

amplifier is linear. The response is linear due to the fact that the bolometer model is 

linear and does not contain any transient components. Figure 3-16 does show that the 

circuit is amplifying the differential signal from the bridge by 32dB, signifying that the 

circuit is functioning as expected.
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3.3.3 Current Mode Readout

The next circuit to be designed is the current mode readout. The schematic for the 

current mode readout configuration is shown in figure 3-17. The circuit presented has 

been modified from that presented in chapter 2 by taking the three input signals, sel i, 

selref and phi and converting them into one; sel_i. This makes it so that only one control 

signal is needed to for the circuit, thus reducing the complexity of the digital control 

circuitry required. Changing from three control signals to one does not make any 

difference in the function of the circuit. There are still two modes of operation. The 

calibration mode is entered when sel_i is low, where voltage Vref is sampled across C2 . 

When sel_i goes high the circuit enters the readout mode, where the voltage across the 

bolometer is transferred to the input of the opamp and then subtracted from the Vref signal 

giving an output.

bias selref = sel i

phi = sel _i

Figure 3-17: Schematic for Common Mode Readout
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In the circuit the transistors M l, M2, M4, M5, M6, and M7 are digital switches, and were 

all set to a standard size. From chapter 2 the gain of this circuit in the frequency domain 

is:

H (s )=  t ‘ c  (3.20)

^ ( s )C ,+ C 2

Where A(s) is the open-loop gain of the first opamp. The output of the first opamp is:

K = K „ - \ x ( o ) \ ( v n / - v Rt) (3.21)

H(0) is the low frequency gain and Vrb is the drop across the bolometer. If the opamps 

in the circuit are ideal (A(s) =oo) equation 3.21 gives:

H (s) = ^ l ± ^  (3.22)

Equation 3.22 shows that the gain is a ratio of the capacitor values. This means to make 

this circuit with high gain would require that one of the capacitors be much larger than 

the other. In the case of CMOS processing this is not feasible as large capacitors take up 

a significant amount of space. A conservative ratio of 1:4 was chosen, giving a gain of 5 

at low frequencies. Taking this ratio and entering it into equation 3.22 results in equation 

3.23 where AV = Vref- Vrb:

K = K „ s ( v n,/ - V , i ) = 4 ^ - 5 , ,  = 4 A V -V Sb (3.23)

The gain of this circuit is significantly smaller than the gain of the differential amplifier, 

but unlike the differential amplifier, the current through the bolometer can be controlled 

and switched on and off. This allows a larger current to be sourced as the self-heating is 

minimized by only having current flowing through the bolometer during the readout 

phase. By increasing the amount of current, ohms law dictates that for the same change
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in resistance a large change in voltage is experienced. If the bolometer is biased with a 

10pA current the same 1 degree change in the black body source will cause the 

bolometers output voltage to change by 3.3mV. Assuming Vref = Vrb when the 

bolometer has no radiation input, the output of this circuit according to equation 3.23 will 

be V rb. With a 3.3mV change in voltage across the bolometer, the output of the circuit 

will be 13.3mV. For this circuit if a larger change in output voltage is required, increase 

the current flowing through the bolometer, or adjust the capacitor ratios

3.3.3.1 Operational Amplifier Design

The heart of the current mode readout technique is the operational amplifier (opamp). As 

there was no opamp supplied in the DALSA design kit one was designed. The schematic 

shown in figure 3-18 is the two stage CMOS opamp used. A two stage CMOS opamp 

was chosen because it is easily implemented and designed to the needs of the circuit.

Like in the design of the differential amplifier, the operational amplifier should have a 

good common mode rejection ratio. The input offset voltage should be minimized, since 

during the calibration phase the output of the amplifier is used to set the voltage Vref onto 

C2 . Minimizing the input offset voltage will cause the voltage stored on C2 to be as close 

as possible to Vref.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50
VCld : ■

v _ b i a s
II M6M5

II MS

M l M2

v o u U D R  C c | 7 P-------- •» ; B * I I 1 ■ .■--](—H
: ■ M 16  : ; ;

M4

V G U

II M9

M3
M7

V S S

Figure 3-18: Two Stage Opamp Schematic

A block diagram of the operational amplifier is shown in figure 3-19. The first stage of 

the opamp is a differential-input stage with a single ended output. The next gain stage is 

a common-source gain stage with an active load, followed by an output buffer.

'c m p

out

Second Gain Output BufferDifferential
Input Stage Stage

Figure 3-19: Block Diagram o f Opamp
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The capacitor Ccmp is a compensation capacitor, included to ensure stability when the 

opamp is in a feedback configuration. A detailed design of the opamp is presented in 

appendix B.

3.3.3.2 Current Mode Readout: Simulations

Once the operational amplifier was designed and optimized it was used in the current 

mode readout scheme as seen below.

vdd!

T3TJ
b i a s T7I-o

vin voutl j*vout_bus

phUn

Figure 3-20: Complete Current Mode Readout Schematic

From the schematic, the values for vref, sel i and i_bias are all external to the chip. This 

allows for easy adjustment of the expected output of the circuit as well as the timing of 

the circuit.
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Setting i bias to 15pA, Vref to 1.5V and setting phi_in to emulate a one degree change in 

temperature of the black body source the resulting waveform is seen in figure 3-21. For 

this readout scheme, the radiation input was kept constant (no chopping) and the current 

through the bolometer was switched (chopped). In figure 3-21 there are two plots, one is 

when phi_in = 0 and the other is when phi_in = 1,7nW. The slope found at the peak of 

the curve is due to the discharge of C2 that holds the value for Vref. The input radiation 

was varied from 0 to 50nW, resulting in the plots seen in figure 3-22.

vcut_bus (phi_iri=0.00e+00) -* -v o u t_ b u s (phi_in=t.7Oe-D0)

D e l t a  v =—3 Q• 5; 2pV

100-

1  ■ 7 n

55.6 55.80 
tim e (m s)

56.0 56.255.4

Figure 3-21: Output of Constant Current Mode Readout as a function of input radiation.
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Expressions
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Figure 3-22: Input Radiation versus Output and Input Voltage for Constant Current Mode Readout 

Looking at figure 3-22, it is clear that the gain of the opamp is 78.59mV/16.02mV =

4.9V/V, confirming that the circuit is working as expected. The gain of this circuit is not

as high as the differential amplifier but because of the lower gain the output is valid for a

larger range of inputs. This means that the current mode readout has a very good dynamic

range.

3.3.4 Lock-in Amplifier Readout

The lock-in circuit is the most complex of the three designed. The lock-in readout circuit 

consists of five main parts seen below.

V o u tD A V out_M IX E R
V out_L N A

V2

VLO

W h e a ts to n e
B ridge

LNA M IXER
D ifferential
A m plifier L PF

Figure 3-23: Block Diagram o f a Lock-In Amplifier
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The lock-in circuit works by first taking the differential signal from the bridge and 

amplifying it. This is exactly the same as the differential mode readout circuit. Next the 

signal from the differential amplifier is amplified again and fed into the mixer where it is 

mixed with a local oscillator (LO) signal resulting in the expression seen in equation 

3.24.

Vou,_MDCER =  ^ ' f -0  [ COS (O W  + 0 ) L o ) ~  C0S ~ &LO )]  (3-24)

Where V lna and V lo are the amplitudes of the signals from the LNA and local oscillator 

(LO) respectively, and cobndge and cdlo are the frequencies at which the bridge and local 

oscillator are oscillating at respectively. For the lock-in circuit the oscillating frequency 

(to) of the bridge and LO are the same, this results in a component at 2co and another at 

DC:

(3.25)

The last block in this circuit is the low pass filter (LPF), whose only purpose is to filter 

out the component of the mixer output that is at 2co, resulting in:

V VV = LNA w  (3 26)out _ MIXER 2

The Wheatstone bridge and the differential amplifier have already been discussed in the 

differential readout circuit design. In this section the designs of the low noise amplifier 

(LNA), mixer and low pass filter (LPF) will be presented. Since the lock-in readout was 

being designed as the tape out deadline was approaching, the main issue in doing this 

design was time.
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3.3.4.1 Low Noise Amplifier (LNA)

A low noise amplifier is an amplifier that uses a parallel LC network to tune the 

amplifiers gain at a specific frequency. A simple schematic of an LNA is found in figure

The schematic contains both an inductor and a capacitor. This causes a dilemma as the 

DALSA process does not have any definitions for inductors. It is true that using the 

given information about the process, inductors could be designed and characterized using 

the metal lines. It was not done, as this would take time from the design of the circuit. 

The LNA is a necessary device if the circuit is to be implemented commercially, but for 

this test circuit it is not necessary. Therefore the differential amplifier was used as both 

the differential input stage and the gain stage. With the removal of the LNA the resulting 

block diagram is shown in figure 3-25 below

3-24.

vout

Figure 3-24: Simple LNA Schematic
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Vout MIXER
Vout DA

V2

VLO

W heatstone
Bridge

Differential
Amplifier LPFMIXER

Figure 3-25: Block Diagram o f Lock-in with LNA removed

3.3.4.2 Differential Amplifier

The next circuit in the block diagram is the differential amplifier. Due to time constraints 

the same differential amplifier used in the differential amplifier readout circuit was used. 

This is possible for two reasons; first the LNA has been removed meaning the differential 

amplifier now has to be the gain stage, secondly the design of the Gilbert cell mixer can 

be adjusted to accommodate the differential amplifier.

3.3.4.3 Gilbert Cell Mixer

After the differential amplifier the next block in the circuit is the mixer. The mixer down 

converts the amplified RF signal from the bridge by mixing it with a given local 

oscillator (LO) signal. The most popular mixer topologies are the single-balanced and 

the double-balanced Gilbert cell mixers, seen in figure 3-26.
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vddf

VOUT

L O +

L O -

rf:
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LO+

LO-
RF+ RF-

■(a) S i n g l e  B a la n c e d  M ix e r (b) D o u b le  B a la n c e d  M ix e r  ;

Figure 3-26: Mixer Schematics (a) Single Balanced, (b) Double Balanced

The single balance mixer is simpler than the double balanced mixer only requiring a 

single ended RF input. The disadvantage of the single balanced mixer is that it allows the 

LO frequency to feed through to the output, which is significantly reduced by using the 

double balanced mixer. It would be easy to implement the single balanced mixer with the 

single ended output of the differential amplifier. However, this was not done for fear of 

interference from the LO frequency. The operating frequency for this circuit is in the 

range of 200 Hz-1 kHz. At these are relatively low frequencies, the LO frequency is 

close to the desired IF output frequency, which could create unwanted interference, due 

to intermodulation.

The Gilbert cell tutorial written by J. P Silver [26] was used to design the mixer. To be 

able to design the mixer a few terms used in radio frequency (RF) design, need to be 

defined.
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• Conversion Gain: The ratio between the ouput signal and the RF signal

• Noise Figure: The ratio of the SNR at the output to the SNR at the RF input

• Input Referred ldB Compression Point: The point where the power level of the 

output, specified at a RF input power is ldB less than it would be in an ideally 

linear device

• Third Order Intercept (IM3): A measure of linearity, which is found by applying 

two tones, having equal amplitudes and an offset of some frequency to the input 

and plotting the fundamental output and the intermodulation output power as a 

function of input power. There is a theoretical point at which these two lines 

intercept called the third order intercept point (IM3).

• Noise Figure: The ratio of the SNR at the output port to the SNR of the RF port.

The schematic of the double balanced mixer used for this design is shown in figure 3-27.

ddl

M7 MG

M3 M4 MS M6

M l M2

M9 M 10

Figure 3-27: Double Balanced Gilbert Cell Mixer
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The mixer works by using M7 and M8 as load resistors. Transistors M3, M4, M5 and 

M6 called the upper quad, are switched on and off by the local oscillator (LO) voltage 

applied. Transistors M l and M2 form a differential amplifier and amplify the RF signal 

with respect to the switching of the upper quad. This amplification and switching are 

what mix the LO and RF signals. Using this knowledge the conversion gain is found to 

be:

^ T  = ~ rosgm i (3-26)
IF X

For this mixer the most important considerations are the ldB compression point and the 

IM3 intercept point. The gain is not an issue because signal input from the differential 

amplifier is already amplified. This relatively large signal from the differential amplifier 

can create unwanted non-linearity in the mixer. Therefore the conversion gain is set low 

which will reduce the probability of the higher order terms appearing at the output of the 

mixer. The calculations for the design of the mixer are found in appendix B.

3.3.4.4 Low Pass Filter

The purpose of the low pass filter in this circuit is to remove the unwanted image 

frequency created when mixing the LO and RF signals. Initially it was hoped that the 

LPF could be integrated on chip but because the operating frequencies for the lock-in 

amplifier were required to be adjustable for testing, the LPF was put off-chip. Putting the 

LPF off-chip allows it to be adjustable to whatever frequency the mixer is running at.

Due to the readout problems faced, described in chapter 4, the LPF was never designed.
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The final schematic of the lock-in readout circuit is shown in figure 3-28. Looking at the 

schematic one should see that there are two differential amplifiers feeding into the Gilbert 

cell mixer. This was an oversight of the designer. The problem was that the output of the 

differential amplifier is single ended, but the input of the mixer is differential. It is 

possible to design a differential input and differential output amplifier, but at the time of 

this realization there was not enough time to design a new circuit. Therefore to be able to 

have a differential input to the Gilbert cell two differential amplifiers were used, one with 

the inputs inverted with respect to the other. This was the fastest solution to the problem.

v d d l

v s s l

vgldl

LO+

Figure 3-28: Complete Lock-in Readout Circuit

In figure 3-28 the inputs to the differential amplifiers, vin n and vin_p are fed the outputs 

from the bridge. Using the circuit shown in figure 3-28 circuit simulations were done to
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show that the differential amplifier and mixer combination worked. The results are 

shown in figure 3-29 below.

Periodic Steady State Response 

v Arif h=20; pss magOfieak)

428.5-

A$= 4.9x1 O’8. AV=606.984nV

428.3-

428.2-

428.1

428.0-

427.90-

427.8-
0 10 20 30 40 50

phijn  1 (E-9)

Figure 3-29: Output from Lock-in readout at 2kHz, for input radiation from 0 to 50nW 

The simulation above is from biasing the bridge with a 5 V source oscillating at 1 kHz and 

VLO with a 1.2V source an oscillating at 1 kHz. The radiation input to the bolometer 

was varied from 0 to 50nW. The output seen in figure 3-29 is at 2 kHz, because at DC 

the simulator was giving unreasonable results. From the output seen in figure 3-29 it is 

clear that the circuit is mixing, however it is not working as expected. Because this 

circuit was already designed it was included in the final chip design as an experimental 

circuit, in hopes that by creatively choosing the bias conditions a viable result could be 

acquired.
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3.3.5 Digital Addressing

As there are a limited number of output pads available on the chip, digital multiplexing is 

required for this circuit. The key is going to be keeping the digital circuits as simple as 

possible. Two questions need to be answered before an addressing scheme can be 

designed. The first is if there is going to be one readout circuit per bolometer or one 

readout circuit for multiple bolometers. The second is how many bolometers to put on 

the die. Figure 3-30 shows the two different ways that the bolometers and readout 

circuits can be connected.

Sel b1

Sel_b2

Sel b3

(a) O ne R eadout 
Multiple 

Bolometer

Output

R eadout
Circuit

Bolometer

Bolometer

Bolometer Bolometer
Sel_

R eadout Circuit

Bolometer
Sel.

R eadout Circuit

Sel_b1

Bolometer
Sel_

R eadout Circuit

(b) O ne Readout 
per Bolometer

Figure 3-30: Addressing Schemes (a) One Readout Multiple Bolometers (b) One Readout per Bolometer

It was decided to try both approaches to bolometer addressing. The constant current 

mode design would be implemented such that there was one bolometer per readout 

circuit. Both the differential and the lock-in readout circuits had one readout circuit for 

multiple bolometers.
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Five bolometers for each readout circuit resulting in a total of fifteen bolometers on the 

chip was chosen This number was chosen as it was the number of bolometer that would 

comfortably fit onto the die. To be able to address all 15 of the bolometers a 

demultiplexer was used as shown in figure 3-31 below. The demultiplexer is made up of 

a standard digital block found in the provided DALSA digital library, called decl4dl.

Figure 3-31: Schematic o f Digital Addressing Circuit

To use the demultiplexer depicted above, the four control signals PI, P2, P3 and P4 are 

used, where PI is the most significant bit and P4 is the least significant. Using these four 

control signals 16 bits can be addressed. Figure 3-32 shows a representation on how the 

bolometers will be laid out on the chip. The numbers in the boxes refer to the binary 

address of that bolometer and the small number is the decimal numbering used to identify 

each bolometer. Please note that the binary numbers starts at 0000, whereas the decimal 

starts at 1.
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1000
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0101

3

0010

16

1111

5

0100

2

0001
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1110

12

1011

1
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14

1101

11

1010

8

0111

13

1100

10

1001

7

0110

Figure 3-32: Bolometer Addresses

3.4 Circuit Layout

One of the main advantages of the type of bolometer chosen is that the circuitry can be 

put directly underneath the bolometer. This allows a higher packing density compared to 

a bulk-machined bolometer. The disadvantage is that the circuitry creates surface 

roughness that could affect the bolometer during fabrication. This section shows the 

layout of the complete chip and points out the locations of the individual circuit layouts. 

To see the individual circuit layouts please refer to appendix C
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3.4.1 Complete Chip Layout

The amount of space allocated by CMC Microsystems for this chip was 2 x 2  mm. The 

layout of the circuits was done using modular blocks. Each readout circuit was created 

individually along with any other required circuitry and was then all placed and routed 

onto a final chip layout. The final chip layout can is shown below.

WB V0U3LDA

tdM K ER

I_biaa-l0]

Tmtt-T Vin_p_BA

Figure 3-33: Final Chip Layout

There are some labels on the final chip layout, shown in figure 3-33. These labels 

correspond to readout or test circuitry on the chip and can be referenced as follows:
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A -  Differential Amplifier Readout Circuit 
B -  Constant Current Mode Readout Circuit 
C -  Lock-in Readout Circuit 
D -  Digital Addressing Circuitry 
E -  Bias Circuitry for Constant Current Mode Readout 
F -  Single Operational Amplifier Test Circuit 
G -  Differential Amplifier Test Circuit

3.4.2 Layout Versus Schematic

One of the most important things to do before sending a chip out to be fabricated is to a 

layout versus schematic (LVS). The problem in this case is that one of the initialization 

files used for the LVS was not setup properly. This meant that the LVS was not done 

before sending the chip out to be fabricated. Even though an LVS was not done an 

extensive manual check of the layout was done to make sure that there were no problems 

with the circuit. Along with the manual check each of the readout schemes were 

simulated to make sure that they functioned as designed. All circuits passed these tests. 

However, when the chip was returned it was found that the route used to supply the bias 

current to the differential and lock-in readout circuits was not run.

Even though a LVS was not done before the chip submission it was still considered 

beneficial to do a LVS. Upon further investigation a fixed initialization file was found on 

one of CMC Microsystems forums. It should be noted that at the time of this chip design 

and submission the CMC website was going through an overhaul, hence some links and 

features were unavailable. After the initialization file was changed an LVS was done for 

each of the readout circuits. They all passed.
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3.6 Summary

This chapter started with the design of a bolometer model that was used to design and 

simulate the readout circuits designed. To confirm the function of the bolometer model 

the simulated results were compared to measured results. Once the function of the model 

was confirmed, using an estimation of the amount of radiation incident on the bolometer 

the expected change in the bolometers resistance for the temperature range of 20C to 50C 

of a black body was calculated.

Using the estimated change in resistance of the bolometer, the differential amplifier 

readout, the constant current readout and the lock-in readout circuits were designed. In 

designing the circuits it was found that each had their own advantages and disadvantages. 

The differential mode readout was simple; however it had a very small dynamic range 

and was susceptible to noise. The operational amplifier had a very large dynamic range 

but because of the large operational amplifier required a lot of power to operate and 

added a lot of noise into the circuit. The lock-in circuit proved the most trouble some to 

design, however it implemented properly it has the potential to be very low noise and 

have a very high sensitivity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4 Bolometer Fabrication and Integration
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4.0 Introduction

The main objective of this thesis is to show that the bolometer designed by Ahmed H. Z. 

Ahmed can be integrated with a CMOS process. As stated in Chapter 3, a chip design 

was sent to DALSA via CMC to be fabricated. Sending the chip out to be fabricated 

meant that only die would be returned. The die returned had dimensions 3.5mm x 3.5mm 

which meant that modifications of Ahmed’s original process were required to permit 

fabrication.

After the die were received and inspected it became obvious that a layout error was made, 

in which a route to an output pad had not been run. This needed to be fixed. Since the 

dice were to be post processed the fix was added to the process flow.

This chapter outlines the process followed to fabricate the bolometers and fix the layout 

error. This chapter also describes the modifications involved to enable processing on die. 

For the complete process flow, refer to appendix D.

4.1 Bolometer Description

Chapter 3 looked at the bolometer from a modeling point of view. In this section, the 

sandwich-gap bolometer structure, introduced in chapter 2, is looked at from a functional 

point of view. During this discussion of the sandwich-gap structure the critical 

dimensions and physical characteristics of the bolometer are identified.
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4.1.1 Combined Detector and Absorber Structure

The sandwich-gap design used by Ahmed and described in chapter 3 is a combined 

detector/absorber structure. This technique uses the semiconductor layer to absorb the 

incident radiation, and was first introduced by the Australian Defense Science and 

Technology Organization (DSTO). This technique is best suited for high refractive index 

semiconductors where the required film thickness to form a quarter wavelength absorber 

is derived from equation 4.1

d  = i  (4.1)
An

For equation 4.1: d  is the thickness of the film, Ac is the IR radiation wavelength of 

interest, and n is the index of refraction. Being able to tune the frequency of interest by 

simply adjusting the thickness of the semiconductor layer is a great advantage of this 

structure. Figure 4-1 below shows a depiction of a simple detector-absorber design.

Figure 4-1: Detector/Absorber Structure

From [29] the general equation for the absorption (a) as a function of wavelength (A,) for 

the three layer structure in figure 4-1 is:

Top Metal Film

Infrared Reflector Detector/Absorber Layer

+ fs sin2 6 + ( f r + f s) cos2 6 > (4.2)
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Where

D = r u + i ) ( / . + 1) , , ]
2

sin2 6 + [f r+fs  + 2]
n n

cos2 0

f r -120 k  / Rr Rr is the sheet resistance of the IR reflector (4-3)
f s = \20n  / Rs Rs is the sheet resistance of the top metal
6 = Innd  IX n is refractive index of the absorber layer

A special case of this structure is when Rr = 0 which means/,'• -> oo. This implies the 

bottom metal layer is a perfect infrared reflector simplifying equation 4.2 to:

a(X) = ---------^ ----------  (4.4)
(l + f s) +n2 cot2 <9 V 7

Where the maximum absorption of 100% occurs when:

d  = + ̂  m = 0,l, 2... and f s = 1 which means R = 377f2/square (4.5)
An

It is not possible to get a sheet resistance for the bottom/reflector metal layer to be zero. 

Instead a sheet resistance Rr<10Q/D is necessary to get a good IR reflector.

4.1.2 Materials Used

The absorber layer is an a-GexSii-xOy semiconductor layer that was designed and 

characterized by Ahmed. This material was chosen because it would be compatible with 

an existing CMOS process. It had the potential to have a high TCR compared to other 

CMOS compatible materials and had a good noise performance compared to other un

cooled bolometers, shown in table 4-1 (taken from [4]).

Material TCR
(%)

Element 
Size (pm)

Rv (V/W) D*
(cmHz1/2/W)

x (ms)

v o x 2 50x50 12xl03 10s N/A
Poly-Si N/A 170x170 5000 10s N/A
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Poly-SiGe 2.2 50x50 900 108 1.6
N-well 0.5 80x80 1200 2.2xl08 3.2
Doped a-Si:H 2.5 50x50 N/A N/A N/A
a-SiC:H 4.5-6.6 500x500 4800 00 x o o

c

N/A
Ahmed’s a-GexSii-xOv 4.8 50x50 1.67x105 6.7xl08 15

Table 4-1: Bolometer Performance Comparisons

Next the material to be used for the top and bottom metal layers needed to be chosen.

The main concern for the bottom metal layer is to make sure that it has a very good 

thermal resistance. The only constraint on the top metal layer is that it has a sheet 

resistance close to 377Q/D. The choice to use Nichrome (80% Ni, 20% Cr) for both top 

and bottom metal layers was made as it had a high thermal resistance compared to 

aluminum. Nichrome was also preferred over titanium because of titanium’s higher 

reactivity in oxygen environments. Nichrome also showed good adhesion to both 

polyimide (see section 4.2.2) and the semiconductor layer [4].

4.1.3 Monitored Fabrication Parameters

During the fabrication of the bolometer certain parameters of the bolometer need to be 

observed and recorded to ensure that the bolometer will behave as expected. If this is not 

done then the expected outputs of the bolometer calculated in chapter 3 will not be valid 

and the readout circuits may not work. This brief section will summarize the parameters 

that need to be monitored during the fabrication of the bolometer.

4.1.3.1 Bottom Metal Laver

The bottom metal layer needs to have a low sheet resistance, to allow it to be as good a 

thermal reflector as possible, this implies that this layer needs to be thick. The bottom
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metal layer also forms the arms of the bolometer, and therefore the characteristics of this 

layer affect the thermal conductance. Chapter 3 showed that the thermal conductance is a 

function proportional to the cross sectional area of the arm and inversely proportional to 

the length of the arm. Since the arm length and width have been chosen to be 50pm and 

5pm respectively the only parameter controllable is the thickness. Thus, the thickness of 

the bottom metal layer needs to be controlled such that the thermal conductance is 

minimized and the sheet resistance is maximized.

4.1.3.2 Top Metal Laver

The two requirements on the top metal layer is that it be transparent to Infrared radiation 

of interest and has a sheet resistance of 377Q/D. Both of these requirements only affect 

the thickness of the layer. Therefore, the top metal layer, like the bottom metal layer 

needs it’s thickness controlled.

4.1.3.3 a-G evSii-vO y Laver

The a-GexSii-xOy layer the most critical layer on the bolometer. Its thickness needs to be 

a quarter wavelength of the infrared radiation frequency of interest. As the a-GexSii.xOy 

is an amorphous compound its resistance accounts for most of the resistance of the 

bolometer. The a-GexSii_xOy is also the layer that changes resistance as infrared radiation 

is absorbed. Therefore for the a-GexSii_xOy layer the thickness, resistance and TCR need 

to be monitored during fabrication.
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4.2 Bolometer Fabrication

There are five main steps in the fabrication of the bolometer, as seen in figure 4-2. The 

first step is not part of the actual bolometer fabrication but is needed to accommodate 

fabrication on die. Sections 4.2.1 through 4.2.6 describe the key points in each step of 

the fabrication process. For the complete fabrication flow of the bolometer please refer 

to appendix D.

Bottom Metal (NiCr) 
Sputter and Lift-off

Attach Die to Carrier Polyimide (PI 2610) 
Sacrificial Layer 

Deposition and Etch

Bolometer Release 
(Sacrificial Layer 

Removal)

Top Metal (NiCr) 
Sputter and Etch

Ge„Sii.xOy Deposition

Figure 4-2: Generalized Bolometer Process Block Diagram

4.2.1 Attaching Die to Carrier

The size of the die returned was only 3.5mm x 3.5mm making it hard to handle also the 

equipment used during fabrication would not be able to accept such a small piece of 

silicon. The solution was to attach the die to a carrier wafer.

Before the die could be attached to the wafer the material to attach the die needed to be 

found. This material must hold the die to the wafer for the duration of the process. This 

requires that it must withstand microstrip and acetone baths as well as the high 

temperatures used in the bolometer process. The material must be able to be deposited in
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such a way that the die will sit level as not to create issues during lithography. Finally, 

the material should be clean room safe. The table below shows the candidates 

considered.

Material Resist 
Microstrip 

and Acetone

Resist High Temp 
(320°C max)

Level Clean 
Room Safe

Photo Resist (Shipley 
S I800 series)

No No Yes Yes

Crystalbond Yes/No No Yes Yes
Epoxy (see below for 
more details)

Yes/No Yes/No Unknown Unknown

Polyimide (HD 
Microsystems PI 
2610)

Yes Yes Yes Yes

Table 4-2: Materials to Attach Die to Carrier Wafer

In searching for suitable materials an epoxy was thought to be a good choice but one 

could not be found that was both resistant to the chemical baths and high temperatures. 

The same statement holds true for Crystalbond (thermoplastic polymer from EMS).

The only suitable material found which was easily accessible was polyimide. In the 

initial trials with polyimide the die fell off. It was hypothesized that this was because the 

polyimide under the die was not curing due to a skin forming at the edges of the die 

keeping the solvent underneath the die from escaping. The following technique was 

developed, which works to keep the die attached through the duration of the bolometer 

process and beyond.
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1. Using a syringe deposit a small amount of polyimide onto the carrier wafer. Not 

having excess polyimide allows the die to sit flat. Also a small amount of 

polyimide will cure better than a large amount. Figures 4-3 show the deposition 

technique using a syringe, and 4-4 shows the amount of polyimide deposited.

Note the carrier wafer being used has a diameter of 2 inches.

Figure 4-4: Polyimide Dot on Wafer
Figure 4-3: Deposition o f Polyimide

2. Once the polyimide dot has been deposited on the wafer the next step is to 

carefully place the die on top of the dot, as can be seen in figure 4-5. To avoid 

scratching plastic tweezers were used to handle the die.
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Figure 4-5: Placing the Die On Top o f the Polyimide Dot

Once the die has been placed on the polyimide, place some pressure on the die to 

squeeze out any excess polyimide. The wide flat side of the plastic tweezers was 

used, but any flat object capable of gentle even pressure can be used. If too much 

pressure is used the circuitry could be damaged or the carrier wafer could break.

3. Next use the slow curing procedure for polyimide described in Appendix D.

To test out the curing process the polyimide was first cured as instructed by the 

manufacturer. Using a glass slide as the carrier and a dark field optical microscope, an 

image of the polyimide under the die was obtained as shown in figures 4-6 and 4-7.
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Figure 4-6: Bubbles o f Solvent under Die

Figure 4-7: Small Air Gaps under Die
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Figure 4-6 show the polyimide cured according to the manufacturer’s instructions and 4-7 

shows the polyimide cured using the slow process. In figure 4-6 there are many small 

bubbles in the polyimide, which are assumed to be the solvent. In figure 4-7 there are 

large gaps between the polyimide and the die, which are assumed to be air left as the 

solvent escaped. These figures confirm that curing the polyimide using the slow 

procedure yields a die that is not going to fall off the carrier wafer.

4.2.2 Sacrificial Laver. Deposition and Etch

The first step in the fabrication of the bolometer is to deposit a sacrificial layer that will 

create a plateau onto which the bolometer will be formed. Once the bolometer has been 

formed the last step will be to remove this layer to leave an air gap between the 

bolometer and the substrate.

Polyimide was chosen to act as the sacrificial layer as it could be applied by spin coating 

will provide surface planarization. This surface planarization is important as the 

bolometers are being patterned on top of CMOS circuitry. Figure 4-8 illustrates a layer 

of polyimide deposited on the substrate containing the CMOS circuitry. As discussed in 

chapter 3 there are contact pads that connect the bolometers to the CMOS circuitry 

underneath.

Polyimide

Substrate w/ CMOS cicuitry ^ \C o n ta c t Pad to
Circuitry

Figure 4-8: Polyimide Deposition
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The thickness of the polyimide layer is not critical, but it should be thick enough to 

properly planarize the surface of the die and allow for an air gap between the bolometer 

and the substrate. A 2.1 pm thick layer of polyimide was used.

Once the polyimide is cured, it is masked using a thick layer («4pm) of photoresist and 

etched in an oxygen plasma. The resulting structure can be seen in figure 4-9.

Polyimide

Substrate w/ CMOS cicuitry Contact Pad to
Circuitry

Figure 4-9: Cross Section o f Bolometer with Polyimide layer Patterned

There were two major problems that arose because the processing was being done using 

die. The first was that in some areas of the die the polyimide layer was deposited over 

circuitry; to be more specific metal lines. These metal lines caused a faster etch rate of 

the polyimide in the oxygen plasma. The increase in etch rate is thought to be due to the 

metal lines accumulating a potential charge in the plasma. The increased etch rate 

problem was fixed by increasing the thickness of the photoresist mask over the polyimide 

and carefully monitoring the etch time.

The second problem was that when spinning the polyimide and the thick photoresist layer 

an edge bead formed. Edge bead is a bead of thicker material that accumulates at the 

edge of the die or wafer when spin coating due to surface tension. When processing on 

wafers, the edge bead is not a big problem as it is the edge of the wafer. In this case the
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edge bead was infringing on the area where patterning was to be done. The edgebead 

needed to be either eliminated from forming or significantly reduced. In the processing 

of this bolometer, two methods were used depending on circumstances. If the thickness 

and surface roughness of the film was not critical a paintbrush was used to deposit a film 

of the required material, as illustrated in figure 4-10. The concern when painting the film 

was surface roughness due to the bristles of the paint brush. Resist was deposited using a 

paintbrush only if it would planarize sufficiently during the hardbake to allow for 

processing

Figure 4-10: Painting Film onto Die

If the thickness of the film was crucial, a fixture called a “Die Clamp” was created to 

allow spin coating of the film. A schematic for the die clamps can be seen in figure 4-11, 

and an image of the die clamps around the die can be seen in figure 4-12.
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Clamp 1

Die

C lanip 2

1 I 1 1 t‘
Figure 4-11: Schematic o f  Die Clamps Figure 4-12: Die Clamps around Die

From the schematic it can be seen that the die clamps are the exact thickness (t) of the 

die. This is significant to their function. The die clamps work by moving the edgebead 

from the edge of the die to the edge of the die clamps. The thickness of the die clamps 

can be slightly smaller than that of the die but not larger as this would create a larger edge 

bead. The only other critical dimension is L, the length of one side of the die, this must 

be either exactly the same as the length of the die or slightly smaller. If it were larger it 

would create a gap between the die and the clamp. Clamp 1 and Clamp 2 are exactly the 

same except that one is rotated to sit on the other side of the die. The die clamps 

presented in figure 4-12 were manufactured at Carleton’s Science Technology Center.

The idea of die clamps was initiated by Margaret Buchannan and Darren Goodchild at the 

NRC as they used pieces of the wafer the same thickness of the die to surround their die 

for processing.
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Another solution to the edge bead problem would be to use a spray coating system to 

deposit the films [21]. This method could work but the equipment to do this was not 

available at Carleton’s fabrication facility.

4.2.3 Bottom Metal. Sputter and Lift-off

Once the polyimide structure is patterned the next step is to pattern the die with a dual 

resist coating to allow for the use of a lift-off technique after the metal is deposited. Lift

off was used because, a well controlled wet etch for NiCr was not available. After the 

resist was pattered a 150nm layer of NiCr was sputtered. The NiCr was deposited by DC 

magnetron sputtering using a 3” 99.999% pure NiCr target in an Ar environment. From 

the discussion above, this layer needs to be a good IR reflector and have a good thermal 

resistance; 150nm was found to be sufficient by Ahmed. An arm length of 50pm was 

used as this was the length that Ahmed had the most success with. Figure 4-13 below 

shows the cross section of the bolometer after the NiCr layer has been deposited and 

patterned.

Bottom Metal Layer 

/

Substrate w/ CMOS cicuitry ^ C o n ta c t  Pad to
Circuitry

Figure 4-13: Cross Section o f Bolometer after Bottom Metal Layer Deposition

As this NiCr layer is the connection between the bolometer and the circuitry it has to 

make an ohmic contact to the contact pads. To do this any native oxide growth on the 

aluminum contact pad needs to be removed. This was done using a sputter etch. In a
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sputter etch the Ar atoms are bombarded at the die, which ^discriminatingly removes 

material from the top of the die. This serves to remove the oxide and since this is done in 

the same vacuum as the NiCr sputter, an ohmic contact is made. This is the key to 

integrating the bolometer with the underlying circuitry. If the contact is not ohmic then 

the resistance of the bolometer will not be read properly by the readout circuitry.

As mentioned above a dual lift-off coating was used for the lift-off of the metal layer. 

The dual resist coating is comprised of a lift-off resist covered by a photoresist. When 

developed this creates what is called a re-entrant structure and can be seen in figure 4- 

14(a) below.

(a)

= n )  5 =
r Z l

Figure 4-14: (a) Proper Resist Profile, (b) Improper Resist Profile

During the lift-off process there was a problem in which the metal was not properly 

lifting off and leaving “runners” as can be seen in figure 4-15 below.

■

Figure 4-15: Optical Image o f  Fallen Runner from Bottom Metal Lift-off
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This problem is caused when the dual resist structure is not properly defined. Looking at 

figure 4-14(b) if the bottom resist (lift-off resist) is not developed enough the NiCr will 

collect along side it and create the runner. It was found that if a higher softbake 

temperature is used the undercut rate during the developing of the photoresist is 

increased. Using the higher bake temperature created a better defined re-entrant structure 

which fixed the problem.

4.2.4 GevSii-.Oy Deposition

The GexSii-xOy layer which is the active layer of the bolometer was deposited by 

simultaneously sputtering a 3”, 99.999% pure silicon target and germanium target in an 

argon and oxygen environment. As discussed before the critical parameter for this film is 

that its thickness is 770nm so that it is tuned for a wavelength of 10pm. Figure 4-16 

below shows the bolometer cross section after the GexSii.xOy deposition.

GexSii.xOy layer x
Layer

Substrate w/CMOS dcuitry \ C o n M  Pad t0

Circuitry
Figure 4-16: Cross Section o f Bolometer with Active Layer Deposited

The only issue for this layer was that a sputter etch was not available before sputtering 

the GexSii-xOy layer. Thus to reduce the amount of native oxide growth on the bottom

Polyimide
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NiCr layer the time between the lift-off procedure and the GexSii.xOy sputter was 

minimized.

4.2.5 Top Metal Sputter and Etch: GexSii_xOy Etch

Now that the active (GexSii_xOy ) layer is deposited the top metal layer can be deposited. 

From the discussion in sections 4.1.1 the sheet resistance of this layer needs to be at 

377Q. For a sheet resistance of 377Q the top metal needs to be 5nm. The thickness for a 

layer that thin would be hard to control when sputtering. It was found by Ahmed [4] that 

subsequent oxygen plasma etches increased the resistance of the top metal layer. This 

enables the usage of a thicker layer of NiCr. Therefore a 15nm layer was deposited using 

a 3” 99.999% pure NiCr target using DC magnetron sputtering. Before deposition a 

sputter etch was done, again to remove any oxide growth. Once the top metal layer was 

deposited and patterned it was used as a hard-mask to etch the GexSii_xOy layer in an 

electron cyclotron resonance (ECR) using a SF6/02 microwave plasma. The cross section 

of the bolometer after this step can be seen below in figure 4-17:

Top Metal Layer

Bottom Metal Layer

Polyimide

Substrate w/ CMOS cicuitry
Circuitry

Figure 4-17: Cross Section after Top Metal Deposition and GexSii_xOyEtch

In the original process written by Ahmed, this step was done using lift-off. The major 

issue with using lift off was because of the GexSii-xOy layer Acetone had to be used for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86
lift-off. The Microstrip 1165 bath (see appendix D) used for the lift-off of the bottom 

metal would dissolve the GexSii_xOy layer. This meant that the dual resist structure could 

not be used as the lift-off resist is not soluble in acetone. Using a single resist layer and 

acetone made it difficult to get proper removal of the small features that needed to be 

lifted off in this metal layer. Figure 4-18 shows that the little holes in the middle of the 

bolometer have not been removed in some instances.

Center
removed

Center not 
removed .

Figure 4-18: Top Metal Layer Lift-i

To fix this problem instead of using lift-off, an etch was done. As a controllable wet etch 

was not available a sputter etch was done. The top metal layer was so thin (15nm) that it 

only took 15min using the sputter etch. This method worked extremely well.

, Not Working
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4.2.6 Bolometer Release

This step is fairly straight forward. Since the polyimide layer can be etched using oxygen 

plasma the completed bolometer was placed into an oxygen plasma for the required 

amount of time and the polyimide layer was removed. It should be pointed out that the 

hole in the center of the bolometer is used in this step as it allows the plasma to reach 

under the bolometer to etch the underlying polyimide. The free standing bolometer cross 

section can be seen in figure 4-19 below.

Top Metal Layer

Bottom Metal Layer

Substrate w/ CMOS cicuitry
Circuitry

Figure 4-19: Final Bolometer Cross Section

Even though this step is simple there are a lot of forces that act on the bolometer once the 

support underneath is removed. As discussed before the thermal resistance between the 

bolometer and the substrate needs to be as high as possible. To have a high thermal 

resistance the bolometers should not touch the substrate. The potential for collapse of the 

bolometer is reduced by using a dry plasma etch to remove the sacrificial layer, which 

avoids liquid surface tension forces that tend to pull surface micromachined structures 

toward the surface during wet etches. The arms of the bolometer are thin, which creates 

concerns that they may not support the weight of the bolometers. Figure 4-20 shows the 

supporting arm of the bolometer is straight, indicating that the bolometer has not
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collapsed. For small structures like this bolometer surface forces and film stress are 

generally larger than inertial forces

1um

Figure 4-20: Bolometer Arm

Figure 4-21: Released Bolometer touching Substrate
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Figure 4-21 shows that the bolometers are curling. The curling of the bolometers was the 

main problem faced in releasing the bolometers. The curling of the bolometers is 

believed to be from stresses between the three layers. One solution would be to do film 

stress measurements on each layer and adjust the deposition parameters accordingly. 

Another solution would be to do an anneal but the question becomes what temperature 

and how high. A solution to this problem has not been found.

4.3 Mask Alignment

Throughout the fabrication process of the bolometers, the photo resist was exposed using 

a mask aligner to shine ultra-violet (UV) light through a photo mask. After the resist was 

exposed to the UV it was developed in a developer leaving behind the pattern sought.

The photo masks used to make the bolometer were made at Carleton University’s 

Fabrication Facility using emulsion plates (representations of the masks uses can be seen 

in appendix E).

Two problems arise in using this technique for processing the bolometer. The first is the 

alignment of the bolometer and the circuitry underneath. If the arms of the bolometer do 

not align properly with the contact pads to the readout circuitry underneath the circuit 

will not work. This problem was fixed by using alignment marks. If the full chip layout 

(figure 3-35) is looked at, one should notice that there are four boxes, like those seen in 

figure 4-22, in each comer of the chip. Next, looking at one of the masks found in 

appendix E, there will be either a box or a cross in the comer of the mask, depending on
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if the mask is a positive or negative mask (also seen in figure 4-22). By lining up the 

marks on the chip with those on the mask the resulting pattern will be properly aligned.

Figure 4-22: Alignment Marks

The second problem is a scaling error specific to the process used at Carleton University 

to make the emulsion plate masks. The problem is that the equipment used to pattern the 

emulsion plates uses British imperial units. This causes issues since the in the program 

used to create the masks one unit is supposed to equal 2.50pm, instead it equals 2.54pm. 

This scaling error was fixed by scaling the masks for the bolometer accordingly.

Once these two issues were overcome the integration and proper alignment of the 

bolometer and underlying circuitry was a function of properly fabricating the bolometers.

4.4 Fixing Layout Error

As mentioned in the introduction to this chapter a layout mistake was made in which the 

Vbias voltage used in both the differential amplifier and the lock-in amplifier circuits (see 

chapter 3) was not run out to a pad. The repair was done quite simply as since the die 

was going to be processed as part of this thesis the fix was simply added to the flow. The 

route that needed to be fixed was run in the top metal layer and was easily accessible. If 

the process route to be fixed was not in one of the top metal layers it might not have been 

possible to fix the error.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

With respect to the bolometer process flow described above the repair was done after the 

die was attached to the carrier but before the sacrificial polyimide layer was deposited. In 

brief the repair is as follows:

1. A hole was etched through the passivation layer down to the metal. The hole was 

masked using photoresist and etched in a reactive ion etcher (RIE) in a CF4/O 2 

plasma.

2. Once the hole was etched the die was patterned for lift-off and approximately 

800nm of aluminum was sputtered on, making sure to sputter etch before the 

deposition, for reasons discussed in section 4.2.2.

3. Finally the lift-off was done. The results can be seen in figure 4-23.

Please note that the notch seen in the aluminum line just above the pad is from a mask 

error and not a processing error.

Figure 4-23: Image o f Fixed Layout Error
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4.5 Summary

This chapter introduces the combined absorber/detector structure for the bolometer. This 

structure requires the active a-GexSii-xOy layer to be tuned to the IR wavelength of 

interest.

A brief overview of the fabrication process is provided. First a plateau of polyimide is 

deposited. The bottom reflector metal layer is patterned on top of the polyimide making 

sure to create an ohmic contact with the readout circuitry below. The a-GexSii.xOy layer 

is then deposited, followed by the top metal layer. Both layers are etched; the top metal 

using an ECR, the a-GexSii_xOy using a sputter etch. The polyimide layer is then 

removed allowing the bolometer to stand on its own, completing the fabrication of the 

bolometer. Finally the alignment of the bolometer and circuitry is discussed followed by 

a description of the repair of the layout error.
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Chapter 5: Testing Results

5.0 Introduction

In chapter 3, three readout circuits were designed and sent out for fabrication. Chapter 4 

presented a procedure to fabricate the bolometers onto the 3.5 mm x 3.5 mm die received 

from CMC. This chapter presents the testing of the readout circuitry, the bolometer and 

the bolometer integrated with the circuitry.

During these tests, it was found that the black box digital cells from the DALSA’s digital 

library were not functioning as expected. This meant that the bolometers could not be 

addressed and therefore the circuit could not be tested as designed. It was then decided to 

use a two-chip approach one chip containing the bolometers and the other containing 

readout circuitry. As the only complete readout circuit pinned out was the differential 

amplifier, it was the only readout circuit tested with bolometers. The constant current 

mode readout and the lock-in readout could have been tested but this would require either 

many added fabrication steps to pin-out the circuits or a significant amount of external 

circuitry to replicate the circuits using commercial chips.

5.1 Test Readout Circuits

In chapter 3, a complete differential amplifier readout circuit was pinned out, as was an 

operational amplifier. These were installed to asses the function of the readout circuits 

before fabricating the bolometer. If the circuits did not work time would not be wasted 

fabricating the bolometers onto the die.
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To test both the op-amp and the diff-amp circuits, a Wentworth M901 probe station was 

used to probe the in/output pads of the die. A Hewlett Packard (HP) 4155 A 

semiconductor analyzer drove the DC inputs, a HP 33120A Function/Arbitrary 

Waveform Generator drove the AC inputs and the output was displayed on a Tektronix 

TDS3014 four-channel colour oscilloscope.

5.1.1 Operational Amplifier

The first circuit to be tested was the operational amplifier. Figure 5-1 illustrates how the 

six connections for the op-amp are connected for testing.

VDD

Vin_p

Vout

Vin n

vss
Vbias

Tektronix TDS3014 
Oscilloscope

HP 33120A 
Function Generator

HP 4155A 
Sem iconductor 

Analyzer

Figure 5-1: Opamp Test Setup

The pins VDD, and VSS were set to 2.5 and -2.5 volts respectively using the HP 4155A’s 

VSU outputs. Vbias and Vin_p were set to 1.25 and 0 volts respectively using the HP 

4155A’s SMU in/outputs. Vout was connected to channel 1 of the oscilloscope with the 

internal impedance of the scope set to 1M£2. The output of the function generator was
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split and connected to both Vin_n and channel 2 of the oscilloscope with the internal 

impedance set to 50C2.

The first test done was a simple functional test, a 30Hz, 800mV peak-to-peak AC signal 

was driven into the Vin n input of the opamp. The resulting waveforms were saved 

using the floppy drive of the oscilloscope and can be seen below in figure 5-2.

Opamp Functional Test (30Hz)
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Figure 5-2: Operational Test o f Op-amp

Figure 5-2 shows that the op-amp can only pull-up to 2.35V and pull-down to -1.5V. 

This is because of the output buffer. Figure 5-2 also shows that the output is not 

symmetrical with respect to the input signal. This is due to an input offset and can be 

fixed by changing the value of vin_p to compensate. From this quick result, it appears 

that the op-amp is operating properly.
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Next, the gain and bandwidth of the amplifier needed to be tested. This was done under 

the same conditions as above except a very small signal input was fed in to the op-amp, 

the frequency of the input was varied from 50Hz to 5MHz and the output was recorded. 

From that data it was found that the gain was 54dB and the unity gain bandwidth was 

approximately 4 MHz. This result is not very good as the opamp had a simulated a gain 

of 75dB and a unity gain bandwidth of 4.6MHz. To get the best result the bias voltage 

should be adjusted to get more gain from the circuit. Time was not spent on doing this as 

the main concern at this point was functionality.

5.1.2 Differential Amplifier

As mentioned in the fabrication section bias current for the differential amplifier was not 

connected. Instead of going through the complete process of repairing the problem, the 

passivation layer was etched to expose the top metal layer. Using a very sharp probe tip, 

the 5pm line was probed to source the bias current.

VDD

V i n p

Vout

Vin n

VSS

Vbias

HP 33120A  
Function Generator

Tektronix TDS3014  
Oscilloscope

HP 4155A  
Semiconductor 

Analyzer

Differential
Amplifier

Figure 5-3: Differential Amplifier Test Setup
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Figure 5-3 shows that, the differential amplifier was setup exactly the same as the 

operational amplifier. VDD, VSS, Vin_p and Vbias were set to 2.5, -2.5, 0, and 1.25 

volts respectively. Using the function generator the input wave Vin n was driven and 

varied using the function generator and the resulting outputs were displayed on the 

oscilloscope. It was found that the gain of the amplifier was 23dB and the 3dB bandwidth 

was found to be approximately 3MHz. This result is in line with the result obtained from 

the opamp. The 23dB gain is less than the 34dB simulated and the 3MHz bandwidth is 

less than the 4.6MHz bandwidth simulated. Like in the case for the operational amplifier, 

the results are not good but they are encouraging as no optimization has been done.

5.2 Fabrication Tests

Once the function of the readout circuits was confirmed, the bolometers were fabricated. 

During fabrication, a few key attributes of the bolometer needed to be tracked to so that 

the bolometers would function as expected. The thickness of the bottom and top metal 

layers were measured and adjusted accordingly. The thickness, resistivity and 

temperature coefficient of resistance (TCR) of the GexSii-yOy layer was measured and 

adjusted as needed. For these measurements, the bolometers were fabricated on blank 

wafers, as the number of die was limited.

5.2.1 Bottom Metal Laver

The bottom metal layer is the first layer deposited. This layer supports the bolometer 

when the sacrificial layer is removed, acts an infrared reflector and is the only connection 

between the bolometer and the readout circuitry. In the fabrication section, the thickness
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of 150nm was chosen, as this was a good compromise between thermal resistance and 

infrared reflectivity. Using a Tencor Alpha-Step 300 profilometer the bottom NiCr layer 

was measured to have an average thickness 1520A. This thickness is very close to the 

required 15 Onm (1500A).

5.2.2 GevSiuyOy Laver

The GexSii-yOy is deposited onto the bottom metal layer and it is the material that 

changes its resistance and acts as a quarter wavelength absorber. The thickness, the 

resistance and the TCR are the important attributes of this film as it acts as both the 

infrared absorber and the temperature sensitive material.

5.2.2.1 GevSii.yQy Laver Thickness

The central wavelength of interested for this absorber is 10pm. This means that the 

thickness of the film must be 770nm. Using the Tencor profilometer, the average 

thickness of the film was initially found to be 8 lOnm, so the length of the sputter was 

reduced. After reducing the sputtering time, an average thickness of 774nm was 

measured.

5.2.2.2 GexSii .YOy Resistivity and Temperature Coefficient of Resistance

The larger the TCR the larger the change in resistance experienced for the same change 

in temperature. The problem is that when the TCR is increased the resistivity of the 

GexSii-yOy layer also increases. A TCR of -4%/K as was found to be a good balance
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between resistivity and TCR as was shown by Ahmed [28]. From Ahmed’s thesis, for a 

TCR of -4%/K a resistivity of 3.8x104 Qcm should be expected.

To measure the resistivity a Van der Pauw (VDP) cross was chosen. Thus, the sheet 

resistance (Rs) of the film is given by:

Rs =
n

In 2
(5.1)

Where, I is the sourced current and V is the measured voltage across the VDP cross seen 

in figure 5-4.

Van d e r P a jv  C -oss

Figure 5-4: Van der Pauw Cross Sheel Resistance Measurement

From the sheet resistance the resistivity (p ) is calculated as seen in equation 5.2, where t 

is the thickness of the film.

P  = Rst (5-2)

Before the sheet resistance of the bolometer could be measured a test wafer was created. 

The test wafer was made by first depositing a film of GexSii-yOy on a wafer that had 

either a layer of silicon dioxide or silicon nitride to insulate the GexSii.yOy film from the 

substrate. The GexSii-yOy was then etched using a poly-etch solution and a 0.5pm thick 

layer of aluminum was evaporated and patterned using lift-off. The aluminum was
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patterned to leave contact pads at the comers of the VDP structure. The thickness of the 

GexSii-yOy layer was later measured using the Tencor profilometer.

Using a Karl Suss PM6 probe station and a HP 4155A semiconductor analyzer the VDP 

structure was biased with a constant current, using two SMU in/outputs and the voltage 

across it was measured, using two VMU inputs. The current sourced across the VDP 

cross was varied between -lOOnA and lOOnA , while the voltage was recorded. Using 

this method the resistivity of the GexSii-yOy layer was found to vary between 2xl03 Qcm 

and 4x10 Qcm for different samples, with an average resistivity of 3.54x10 Qcm at 

room temperature (290K). This result is an order of magnitude less than Ahmed’s 

reported value of 3.8x104 Qcm. The answer to the discrepancy was found to be in how 

the sheet resistance was measured from the VDP structure. It was found that Ahmed had 

measured the sheet resistance as shown in figure 5-5 where the current source and the 

voltage source had a common ground.

Van ilcr Pauv C ross

Figure 5-5: Ahmed’s Sheet Resistance Measurement
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By using this configuration, the path the current will take is not easily identified, and 

therefore the voltage measured cannot be used in equation 5.1 for calculating the sheet 

resistance from a Van der Pauw structure. To confirm the measurements an alternate 

setup was created to measure the VDP structures. The HP4155 was used to source the 

current but a Keithley 2010 Digital Multi Meter (DMM) was used to measure the voltage. 

Using this setup the resistivity was measured to vary between 2x10 and 4x10 with an 

average resistivity of 3.12x103. This result confirms the initial measurement using the 

HP4155 exclusively. Next the TCR of the GexSii-yOy film was calculated by relating the 

resistance to the temperature.

For a semiconductor bolometer, the resistance as a function of temperature is given in 

equation 5.3, where k is the Boltzmann constant, T is the temperature in Kelvin and Ea is 

the activation energy of the GexSii_yOy layer.

R(T)  oc exp
y k T j

(5.3)

Equation 5.3 is only true when the mobile charge carrier density across the activation 

energy gap (Ea) is controlled by thermal excitation, which is the case for bolometers.

If the sheet resistance is measured at different temperatures a function p(T) can be found 

from equation 5.2 and 5.3. Equation 5.3 shows that the slope of the line ln[p(T)] vs 

l/(kT) is the activation energy of the bolometer. Knowing that in the GexSii_yOy layer, 

thermal excitation controls the mobile charge density the TCR (a) can be derived as:
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(5.4)

To get the resistivity (p) as a function of temperature the GexSii-yOy samples were placed 

on a Temptronic TP0315B temperature controlled chuck. The temperature was varied 

from 20°C to 100°C and using the HP4155A the voltage and current across the VDP cross 

were recorded, resulting in the plot seen in figure 5-6 below.

Van Der Pauv Cross Measurements

T = 20°C T = 40°C-

0.5

£  0
CO(C
I  -0.5

0.2 0.4 0.6 0.8-0.8 -0,6 -0.4 -0.2
Current (A) ■7

x 10
Figure 5-6: Van der Pauw Cross Measurements for 750nm thick GexSii_yOy film.

Looking at figure 5-6 there is a slight transient during the first few measurements around 

the 0 A mark. This is thought to be because a proper ohmic contact between the 

aluminum pad and the GexSii.yOy layer had not formed. This nonlinearity will skew the
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results slightly but for this measurement it should not be an issue. Using the data from 

figure 5-6 the activation energy was calculated by plotting the resistivity as a function of 

temperature. Then ln(p) with respect to 1/T was plotted as seen in figure 5-7 below. For 

the plot below the error was calculated to be approximately 5%, where temperature of the 

chuck was found to be the largest source of error in the measurement.

Finding Activation Energy
4

3.5

3

9)
2.5

O
a . 2

1.5

1

0.5
2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5 3.6

Figure 5-7: Plot o f ln(p) vs 1/T

Calculating the slope of the plot in figure 5-7 and using equation 5.4 the TCR was found 

to vary from -4.1 %/°K to -4.5 %/°K, with an average value of -4.24 %/°K. During initial 

TCR testing it was found that the TCR was slightly low, around -3.9%/°K. To fix this 

during the deposition of the GexSii-yOy film the amount of oxygen in the vacuum was
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increased to increase the TCR. This phenomenon was reported by Ahmed [4] and is 

shown below in figure 5-8.

Oxnen<xmlaM(yt% 0 5
Figure 5-8: TCR and Resistivity vs. Oxygen content, taken from [4]

Oxygen content (y)%

5.2.3 Top Metal Laver

The sheet resistance of the top metal layer is crucial. It needs to be as close to 377Q/D as 

possible for maximum absorption of the IR radiation, which requires a thickness of 

around 5nm. In chapter 4 it was stated a NiCr film of thickness 5nm would be very hard 

to control, therefore it was chosen to use a thickness of 15nm. Using the Tencor 

profilometer a thickness of between 18nm and 20nm was measured for the NiCr film. 

This is very close to the 15nm wanted. Since the sputtering time was only 1 min long, it 

would be hard to reduce this and still be able to predict the thickness of the resulting film.

5.2.4 Complete Bolometer Tests

Once the bolometer was completely fabricated its resistance needed to be measured and 

the ohmic contact between the bolometer and circuit needed to be confirmed. From the 

resistivity measurements the resistivity of the GexSii_yOy layers is significantly less than
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originally expected. Recalculating, the resistance of the bolometer should now be 

49.6kQ, where p = 3.54x10 . To measure the resistance and the validity of the ohmic 

contact the Wentworth probe station was used to place a probe on the VSS pad and 

another on one side of the bolometer as illustrated in figure 5-9.

Probe Tip

Probe Tip
Route in M1 of
CMOS process

Bolometer

Arm Arm PadPad

Figure 5-9: Probe Setup to Measure the Resistance o f a Bolometer

If an ohmic contact has not formed between the bolometer and circuitry it will show up in 

the results as a non-linearly. Using the SMU in/outputs of the HP4155A a current was 

sourced and concurrently the voltage across the bolometer was measured. The current 

across the bolometer was varied from -20pA to 20pA and using ohms law the resistance 

was calculated as seen in figure 5-10.
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Figure 5-10: Measurement o f the Resistance o f a Bolometer
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Figure 5-10 shows that the resistance of the bolometer measured is 40kQ, which is very 

close to the 49.6 kQ expected. When measuring the resistance of the bolometer it varied 

from 33 kQ to 40kQ with an average resistance of 36.3 kQ. The difference between the 

measured resistance and the calculated resistance is due to the simplifications in the 

calculations. This result confirms the validity of resistivity measurement for the GexSii_ 

yOy done in section 5.22.2. Figure 5-10 also confirms that the contact between the 

bolometer and the circuit is ohmic as the voltage response obtained is linear.

5.3 Integrated Bolometer and Circuit Tests

Once the function of both the readout circuits and the bolometer had been confirmed, 

the bolometer was fabricated on top of the readout circuitry. This resulted in a single 

chip IR sensing solution. Figure 5-11 shows an example of a bolometer on top of the 

CMOS circuitry. As mentioned in chapter 4 there are problems with the bolometer
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release procedure in that the bolometers are touching the substrate creating a lower 

thermal resistance. As this problem wasn’t fixed, it was decided to first test the 

bolometers with the sacrificial polyimide layer in place, then release the bolometer and 

compare the results.

a a g i B a

HU

ft!
Figure 5-11: Image o f Bolometer on top o f CMOS Circuitry

Testing of the readout circuits could not be done on a probe station, as the number of 

probes required would not fit on the station. Therefore the dice were packaged.

5.3.1 Packaging the Dice

To test the chip, it was mounted on a ceramic 40 pin DIP and bonded using a West Bond 

7400 A ultrasonic wire bonder. If the chip were to be used commercially a vacuum 

package should have been chosen, as this would significantly reduce the heat exchange 

between the substrate and bolometer. In chapter 4 the die received from DALSA were 

attached to a wafer, to allow for easy processing. A side effect of this was that the die
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could not be removed from the wafer without damage. Therefore the carrier wafer was 

trimmed around the die and the combination of die and carrier wafer was mounted on the 

package. This meant that the die slightly protruded from the top of the package. The 

following discussion looks at the testing of the single chip bolometer and readout system.

5.3.2 Differential Readout Testing

The circuit to be tested first was the differential amplifier circuit. The circuit was setup 

as shown in figure 5-12.

|Vbridge I Vbias | VDD

Digital Control (D1-D4 

R ^ = — : I
Vin n

Vin_p

Single Chip 
Readout

Vout

" " | V S S

Figure 5-12 Test Setup for Differential Amplifier, Single Chip

The digital control inputs were driven using a single pole double throw dip switch, which 

allowed for manual control of the digital addressing. The dip switch was set to switch 

between VDD and VSS. VDD was set to 5V using a HP E3630A power supply, VSS 

was set to ground (0V), Vbias was set to 2.75 volts using a Keithley 2400 source meter, 

Vbridge was modulated using a HP 3312A function generator, generating a square wave 

and generic resistors at a value of 22kQ were used for the bridge. This setup allows the 

voltage sources VDD and Vbias as well as Vbridge to be varied. To view the response of 

the circuit, the nodes Vin_p, Vin n and Vout were all connected using lOx 1MQ probes
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to the Tektronix digital oscilloscope. This is where the problems with the digital control 

circuitry were observed. When a bolometer was addressed with respect to the chart seen 

in figure 3-34 of chapter 3, nothing happened. After some tweaking with the voltages an 

output could be seen when VDD was reduced to 2.25V, but the address used was not 

correct. The result from the testing at the reduced VDD voltage can be seen in figures 5- 

13 and 5-14.

V in  n

V in _p

O
LU LUCO

CD
^  CO

LU LU 
x -  05 
t-  CM

LU LU LU LU
CO T— 
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CO CO CO CO
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CM CN

Figure 5-13: Single Chip, Differential Amplifier Testing, Bolometer at Ambient Temperature
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Figure 5-14: Single Chip, Differential Amplifier Testing, Bolometer Excited with IR from Heat Gun
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For figures 5-13 and 5-14, VDD = 2.25V, VSS = 0V, Vbias = 1.06V, Vbridge was a 

200mV pk-pk square wave at 60Hz with a 1.2mV DC offset. In figure 5-13 the 

bolometer is at ambient temperature, this result is expected as the value of R chosen is 

smaller than the expected 40kQ of the bolometer. This generates a difference between 

Vin_p and Vin_n (the output from the bridge) and therefore a large output is obtained. In 

figure 5-14 the bolometer is exposed to heat from a heat gun, causing the resistance of the 

bolometer to drop closer to the value of the load resistors in the bridge. As expected the 

output voltage decreased. This result proves that the bolometer has been successfully 

integrated with the readout circuitry. The problem with this result is that there is no 

certainty as to which bolometer has been addressed and because of the low VDD (2.25 V) 

the output was being clipped.

5.3.3 Digital Circuit Problems

As the digital circuits used in the design are black box cells from DALSA and are 

therefore proprietary, the schematics and layout cannot be presented in this thesis. There 

are two problems with the digital circuits. The first is that they are not addressing 

anything until VDD is dropped below 2.25 volts, when VSS = 0V. Having such a low 

rail-to-rail voltage is a problem since the circuits were designed for 5 V operations. At 

2.25V rail-to-rail both the constant current mode circuits and the lock-in amplifier 

circuits will not have enough voltage to keep all transistors in saturation. The second 

problem with the digital circuits is that they are not addressing as expected.
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5.3.3.1 Addressing Discrepancies

Now that a problem had been encountered and narrowed down to the digital circuitry 

focus turned to the supplied black box (decl4dl) cell used to make the digital addressing 

circuitry. The addressing issue was solved by running a simulation of the functional view 

of decl4dl block in cadence, which revealed that two gates were connected in a different 

manner compared to the schematic diagram. To confirm the new addressing, resistors 

were used in place of the bolometers and an Altera DE2 board controlled the digital 

circuits. VDD and VSS were supplied using a HP E3630A power supply. The outputs 

were measured using a Tektronix oscilloscope with 1MQ lOx probes placed on the 

resistors. Using this setup, shown in figure 5-15 below the new addressing numbers were 

confirmed.

 -  -
. . . . .  .  -

Figure 5-15: Testing Digital Addressing
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5.3.3.2 Digital Switching Problems

Once the digital addresses were confirmed the next step was to find out if the digital 

circuits were actually at fault for operating at the low voltage. To do this one must probe 

down on to one of the output lines from the digital circuit, to measure it directly. To 

probe down onto the output lines of the digital circuit the passivation layer was removed 

using a CF4  plasma etch, this exposed the top metal layer of the DALSA CMOS process. 

The setup used to test the digital circuits is shown in figure 5-16 below. As the number 

of pins needed to drive the digital circuitry would over populate the Wentworth probe 

station, after the passivation layer was removed the die was packaged and the pins 

required to drive the digital circuits were bonded out.

Figure 5-16: Probing Digital Control Circuitry
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For the setup shown in figure 5-16, using the HP4155A the pins VSS, D l, D2, D4 were 

connected to OV(ground). This allowed both VDD and D3 to be connected to the SMU 

in/outputs of the HP4155A. For clarity, D l through D4 are the inputs to the chip that tell 

the digital circuit which address to output. To test the output of the digital circuits, the 

probe was carefully dropped onto 3pm wide metal line that should go high when D l, D2, 

D3, D4 equal 0,0,1,0. This probe was connected to the VMU input of a HP4155A, 

called Vdigout. This setup allowed both YDD and the input D3 to be varied 

independently. Figure 5-17 below is the result when VDD is swept from 0 to 5V and D3 

is held at 5V. Figure 5-18 is the result when VDD is held at 5 V and D3 is swept from 0 

to 10 V.

4.5

4
3.5 Vdigout

3

2.5 

2
1.5

D3 = 5V

1

0.5

0

°  <y> O <V> <0 * o? (3- »S>
V D D  ( V )

Figure 5-17: Digital Output when D3 = 5V and VDD is swept from 0 to 5V
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Figure 5-18: Digital Output when VDD = 5V and D3 is swept from 0 to 10V

For the output shown in figure 5-17, the output of the digital circuit should be zero until 

VDD becomes greater than the threshold voltage of the digital circuit (1.2V). Once past 

the threshold, the transistors will be in saturation and the output should follow VDD until 

VDD/2 > D3, this occurs at VDD = 10V. This is not the case in figure 5-17. The output 

is undefined until 1.2V is reached, then Vdigout follows VDD until VDD = 4.7V where it 

drops to OV. It is expected that the switching threshold for the digital circuits to be 

VDD/2 = 2.5V. Figure 5-18 illustrates that the switching threshold is not 2.5V but 6V 

when VDD = 5V. This result is very confusing. This suggests a problem in the layout of 

the digital circuits.

A layout versus schematic test (LVS) to compare the layout of the digital circuitry and 

the schematic was not possible as the digital schematic used a hierarchical design. Thus, 

a manual analysis of the layout was done comparing it to the schematic and it was found
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that the layout matched the schematic except for two gates, which were wired differently. 

This difference was discovered earlier and explains the difference in addressing but not 

the operational problem. A dead end has been reached in finding the problem with the 

digital circuits. Instead of spending more time on pursuing the problem with the digital 

circuits it was decided to use two chips instead of one. One chip would contain the 

bolometers and another would contain the readout circuitry. The bolometers would be 

addressed using dip switches.

5.4 Bolometer and Readout Circuit Tests and Results

The only readout circuit that can be used with two chips is the differential amplifier 

circuit. Using the two chip configuration does conflict with the main objective of 

creating a single chip readout. However, it has been shown in section 5.3.1 that the 

single chip readout scheme works but because of the uncertainty in the digital addressing 

the option of using two chips has become mandatory to obtain any useful results.

5.4.1 Measurement Setup

To relate the input to the measured output of the circuit the amount of radiation being 

emitted to the bolometer needs to be known. An Electro Optical Industries Inc. black 

body source set at 1000°K with adjustable apertures was used at the Institute for 

Microstructural Sciences of the National Research Council of Canada. Figure 5-19 

shows the setup used to test the bolometers and is setup as follows:

• The black body has an aperture that is adjustable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

• A Stanford Optical Chopper SR540 chops the radiation from the black 

body as discussed in section 2.3.

• The bolometer is placed a known distance away from the black body.

• A laser is used to align the bolometer to the center of the opening in the 

black body.

With this setup, three physical variables can be adjusted, the aperture of the black body, 

the chopping frequency and the distance of the bolometer from the source. Moving the 

bolometer and changing the opening of the black body serve the same purpose of 

reducing the amount of radiation incident on the bolometer. It was decided not to move 

the bolometer but adjust the aperture. This is because a ruler was used to measure the 

distance between the bolometer and source whereas the different apertures of the black 

body were precision made and calibrated.

Radiation Chopper 
(a d j ii sta b le Freq u en cy)

Opening in Black 
Body to lim it 
Radiation (Size is 
Adjustable) V

Breadboard 
Containing 
Package with 
Bolometer

Figure 5-19: Test Setup with Black Body Source
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Using this setup the responsivity and thermal resistance of the bolometer are measured. 

Also using this setup the response of the bolometer and differential mode readout circuit 

is measured. Each of these measurements is done twice once with the sacrificial 

polyimide layer holding up the bolometer and then again with the sacrificial layer 

removed. When the sacrificial layer is removed the bolometers curl touching the 

substrate as discussed in chapter 4. By measuring the response of a bolometer before and 

after release will give insight into how much touching the substrate effects the bolometers 

thermal contact, compared to the sacrificial polyimide layer. Using this information the 

effectiveness of removing the sacrificial layer can be assessed.

5.4.2 Bolometer Responsivity

To measure the responsivity with respect to frequency the bolometer was placed in series 

with a generic 22kQ resistor and was biased with a constant voltage of 1,24V using a HP 

6218A power supply as seen in figure 5-20.

r  y \ /£  Black Body 
R ri Radiation

Figure 5-20: Measuring Resistivity o f  Bolometer
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The bolometer was placed 1.22” away from the black body with an aperture size of 

0.100”. The voltage across the bolometer was then fed into a Tektronix oscilloscope 

using a 1MQ lOx probe that was set to AC couple the input voltage from the bolometer, 

and trigger on the chopping frequency. By triggering on the chopping frequency, the 

oscilloscope would only display the change in voltage with respect to the chopping 

frequency. The oscilloscope was also set to average the input from the bolometer which 

reduced the noise and produced a clean view the output from the bolometer. Figure 5-21 

below is the output from the bolometer with averaging turned on and figure 5-22 shows 

the output with the averaging turned off. The averaging function on the oscilloscope 

reduces the noise in the output by averaging multiple points of the output together.

Voltage A cross  Bolom eter Averaged
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Figure 5-21: Voltage Across Bolometer with Aperture at 0.100, Fchop = 100Hz, d = 1.22”, Averaging ON
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Figure 5-22: Voltage across Bolometer with Aperture at 0.100, Fchop = 100Hz, d = 1.22”, Averaging OFF

It is clear that averaging the signal significantly improves the output. The source of the 

ripple seen in figure 5-21 was not explicitly located; however it is assumed that it is from 

background noises added to the circuit. This assumption is made because no special 

effort was made to shield the circuit from the external environment during these tests.

The responsivity was measured by keeping the aperture of the black body and the 

distance of the bolometer from the black body constant, while varying the chopping 

frequency from 10 to 200Hz. The plots below were generated by taking the response of 

the bolometer from the input radiation and dividing it by the calculated (see section 3.2.2) 

amount of incident radiation onto the bolometer.
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Figure 5-23: Measured Bolometer Responsivity

Figure 5-23 shows that the response of the released bolometer is almost exactly the same 

as the un-released bolometer. To be able to make some more comparisons the same 

conditions were simulated using the bolometer model and added to the plot as can be 

seen in figure 5-24 below. For both plots 5-23 and 5-24 the error in measurement for the 

data presented for the released and un-released bolometer was calculated to be 10%. For 

these plots the largest source of error was the measurement of the distance between the 

black body and the bolometers.
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x 1Q4 Responsivity Measurements

Released
Un-Released
Simulation

>

100 120 140; 160
Frequency (Hz)

200180

Figure 5-24: Measured Bolometer Responsivity with Simulated Responsivity

Compared to the ideal case both the released and unreleased have relatively poor 

performance. This is as expected as both have very poor thermal isolation from the 

substrate. From this analysis, it can be said the response of the released bolometer and 

unreleased bolometer should be good enough to produce usable outputs. From this 

analysis it can also been that it may be advantageous to use the unreleased bolometers, 

compared to those that touch the substrate. The advantage of not releasing the bolometer 

is two-fold, the bolometers become more robust from the support of the sacrificial layer, 

and cheaper to manufacture as a fabrication step can be removed. However, the thermal 

time response of the circuit will allow less ambiguous way of seeing difference in 

response time of the released and unreleased bolometers.
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5.4.3 Bolometer Thermal Time Response

To calculate the thermal time response the measurements made for the responsivity are 

used. From chapter 2 the responsivity is defined as the ratio of the electrical output 

signal of the detector to the input radiation power. The voltage responsivity can then be 

written as:

Where V0 is the voltage change in the bolometer from the input radiation and ®i„(l+(Dx) 

is the result of the input <J>in being chopped at a frequency of co, and x is the thermal time 

response of the bolometer. If measurements of V0 are taken at two different chopping 

frequencies keeping everything else the same the following ratio can be written:

Using equation 5.6 the thermal time response for the released bolometer is approximately 

14.1 ms and the thermal time response for the un-released bolometer is approximately

14.0 ms. The time response of the released bolometer is slightly better than the 

unreleased one. This agrees with what has been seen in the previous section. Using this 

data a comparison of the thermal resistance of these bolometers can be made. To make 

this comparison one must assume that thermal capacitance of the bolometer is completely 

contained in the semiconductor layer. Knowing that x=CthRth, were Cth is the thermal 

capacitance and Rth is the thermal resistance and knowing the same bolometer was used 

to measured both the released and unreleased results seen above. Therefore Cth is the

y . Volts/Watt (5.5)1/2

^ ( p i ) 2 l + co2r2 
Rvl{a>2)2~ ^ c o y

(5.6)
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StimC for both bolometers tin cl Treleased̂ Xunreleased then l̂ -ilirclcascd̂  Î -thunrcl cased • This shoWS 

that the released bolometer does have a better thermal resistance than the unreleased 

however this is only a marginal difference.

5.4.4 Total Circuit Response

A new circuit was built to allow the testing of the bolometer and differential mode 

readout on separate chips. Using the same black body setup discussed in section 5.4.1 the 

differential amplifier circuit was tested. The new circuit using two packaged die is 

shown in figure 5-25 below.

VDD

Vbias

Vb ridge
....

Figure 5-25: Two Chip Readout Board

The package with die exposed contains the bolometers and the other contains the readout 

circuitry. The Wheatstone bridge is made up of 22kQ resistors connected to the
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bolometers through the dip switches as shown in figure 5-26. This way the response of 

different bolometers can be tested.

Vbridge

Vin n
Vin_p

SW1

bolometer bolometer bolometer

vss
Figure 5-26: Wheatstone Bridge using Switches to Address Bolometers

For this circuit the main goal was to first get an output and secondly compare the output 

responses of both a released and un-released bolometer. For the measurements, VDD, 

VSS, Vbridge and Vbias were set to 5, 0 (gnd), 1.25 and 3 volts respectively. VDD and 

Vbias were each connected to a Keithley 237 high voltage measure unit, VSS was 

connected to ground and Vbridge was connected to a HP 3218A power supply. The 

voltage across the bolometer and the voltage from Vout were then fed into a Tektronix 

oscilloscope using 1MD lOx probes that were set to AC couple the input, and trigger on 

the chopping frequency. The oscilloscope was set to average the inputs to give a cleaner 

output. Figure 5-27 and 5-28 below show the outputs when averaged and not averaged, 

for an un-released bolometer at 100Hz chopping frequency at a distance 1.22” away from 

the black body with an aperture size of 0.100”.
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Figure 5-27: Circuit Testing Results with Aperture at 0.100, Fchop = 100Hz, d = 1.22”, Averaging ON
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Figure 5-28: Circuit Testing Results with Aperture at 0.100, Fchop = 100Hz, d = 1.22”, Averaging ON

Looking at these two plots, there is a significant difference between the averaged output 

and the un-averaged. From the un-averaged output it can be seen that the output from the 

differential amplifier is discemable from noise where the input signal from the bridge is 

not, showing that there is some common mode rejection in the differential amplifier.
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This result also points out that some post processing will need to be done if this readout 

scheme is to be used commercially.

If the current setup is taken and only the aperture size of the black body is changed, the 

output with respect to aperture can be obtained. Using equation 3.14 the aperture size can 

be related to the amount of radiation incident on the bolometer. The available calibrated 

aperture sizes used on the black body were 0.025”, 0.05”, 0.100”, 0.200”, 0.400” and 

0.600”. Using this information a plot of incident radiation power versus output voltage is 

produced seen in figure 5-29.

Bolometer Measurements
0.35

Chopping Frequency = 100Hz

0.3

Vout Released

0.25

Vout

£ 0-2
QjCJ?
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|  0.15
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0.05

Incident Power (micro^Watts)
Figure 5-29: Measured Circuit Response for Different Inputs and Outputs o f the Amplifier Powers with 
Fchop = 100Hz
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Figure 5-29 clearly shows the response of the released bolometer is much better than the 

un-released bolometer. This is difference is due to the lower thermal resistance of the 

released bolometer. This plot also shows that the differential amplifier circuit is working, 

as the original output from the bridge has been amplified. It would have been great to 

have been able to test the other two readout circuits in the same manner. Due to the 

amount time and additional work needed to get the other readout circuits to a position 

where they could be tested, this will not be done. For the plot in figure 5-29, the 

measurement error was calculated to be 10%. For this plot the largest source of error was 

found to be the measurement of the distance between the black body and the bolometers.

5.5 Noise

The noise in the bolometer has been discussed in the introduction chapter and has since 

been ignored. The noise in the circuitry has been mentioned during the circuit design but 

has also been largely ignored. This brief section will present the noise considerations 

done for this thesis. To measure the noise from the bolometer, it should be connected 

directly to a spectrum analyzer to measure its spectral response. This could not be done 

because the bolometer was not isolated from the underlying circuitry. It would have been 

possible to fabricate a bolometer that could be used for the test but this would require 

new masks to be designed and the time needed to fabricate the bolometer. However 

Ahmed had done noise measurements and from his thesis [4] the following plot of noise 

voltage versus chopping frequency for the bolometer was taken.
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Figure 5-30: Calculated Noise Performance o f the Bolometer.

Figure 5-30 shows that the majority of the noise is at very low frequencies. The noise 

measurement of the circuit was not done because of time however the noise was 

simulated using Cadence. The noise spectrum for the differential amplifier readout 

circuit is shown in figure 5-31.
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Figure 5.31: Simulated Noise Response for Differential Amplifier Readout 

Comparing the noise spectrum of the differential amplifier readout to that of the 

bolometer it is clear that the noise in the bolometer and circuitry are very similar. Thus to 

minimize noise the noise in both the bolometer and circuitry should be reduced.

However, it is much easier to design low noise circuitry than it is to redesign the 

bolometer and it has been shown that by using a readout circuit that uses a differential 

input the noise from the bolometer can be reduced. Therefore to reduce the noise in the 

system, the noise in the circuitry should be reduced, and the noise from the bolometer 

should be reduced by using circuit techniques.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130
5.6 Summary

This chapter presents all the testing results for the complete thesis. It begins by 

describing the testing done on the test circuits prior to fabricating the bolometer. These 

tests are followed by a listing of the tests done during fabrication to make sure the 

bolometers would function as designed. In doing these measurements it was found that 

the resistivity of the bolometer reported by Ahmed was not the same as the resistivity 

measured. The reason for this was found to be in the way the measurement was done. 

Later the resistivity measurement presented in this thesis was confirmed by a resistance 

measurement of the bolometer.

After both the bolometer and readout circuitry were tested individually, they were 

integrated and the resulting single chip solution was tested. In testing the single chip 

solution it was shown that the CMOS circuit was had been successfully integrated with 

the bolometer, but it was also found that the digital circuits did not work. Some trouble 

shooting was done to find a solution to the problem with digital circuit, but a solution was 

not found. Instead of wasting time, a two-chip solution was decided upon, resulting in 

only the differential mode amplifier being testable. Also at this point it was decided to 

test both released and un-released bolometers since the bolometers were not releasing 

properly.

During testing it was found that the responsivity, thermal time response and thermal 

resistance of the released bolometer and unreleased bolometer were very similar with the 

released having slightly better results. When doing the tests with both the bolometer and
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readout circuit it was found that the released bolometer produced a much better result 

than the unreleased. These tests showed that the readout circuit worked to amplify the 

signal from the bolometer. The last part of this chapter briefly looks at the noise in both 

the bolometer and the circuitry. In this brief look at noise it is found that the majority of 

the noise in this system is produced by the circuitry.
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6.0 Summary and Conclusion

This thesis is comprised of two main topics, the bolometer and the readout circuitry. The 

main goal of this thesis was to take the GexSii-xOy micro-bolometer structure designed by 

Ahmed H. Ahmed [4] and design readout circuitry to integrate with it. This integration 

created a single chip that could both detect and readout infrared radiation. In working on 

this thesis, two secondary objectives appeared; the first was to design and compare 

bolometer readout circuits and the second was to fabricate a bolometer on a die 3.5mm by 

3.5mm.

To achieve the objective of comparing bolometer readout circuits, three readout circuits 

were designed. The circuits designed were the differential mode, constant current mode 

and the lock-in readout circuits. To be able to design these three circuits such that they 

would be geared to work with the bolometer an AHDL model for the bolometer was 

made. After the three circuits were designed it became obvious that each had its own 

advantages and disadvantages. The differential amplifier was simple, consumed little 

power and had a relatively high gain. The operational amplifier had a large dynamic 

range, and was the most adjustable of the three circuits, but it was very power hungry and 

didn’t have very good gain. The lock-in circuit has the best potential for low noise 

performance however it is very complex and requires time to design properly.
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After the circuits were designed, a chip 2mm by 2mm was laid-out and sent to CMC to be 

fabricated in the DALSA CMOS 0.8C process. The main objective of this thesis was to 

show that the CMOS compatible bolometer designed by Ahmed [4] could be integrated 

with an existing CMOS technology. Sending the chip out for fabrication meant that a die 

3.5mm by 3.5mm would be returned, creating the first problem faced in this thesis. 

Fabrication of a micro-machined bolometer is complicated on a wafer, but to do so, on 

die would create even more challenges. The main challenges faced by fabricating on die 

were, the size of the die, the size of the photoresist edge bead and aligning two different 

processes so that they would integrate. These challenges were overcome; the size of the 

die was increased by attaching it to a carrier wafer, the edge bead was overcome by using 

a custom made fixture and the alignment was done using alignment marks. The only 

challenge not overcome during the fabrication of the bolometer was the release of the 

bolometers. When the sacrificial supporting layer was removed to release the 

bolometers, the bolometers curled and touched the substrate. Touching the substrate 

substantially reduced their thermal resistance. Thus the secondary objective of 

fabricating the bolometer on a die was achieved.

Before the bolometer was fabricated on the die, many tests were run to first check the 

function of the bolometer and the function of the readout circuits. Once the function of 

both was confirmed they were integrated to create a single chip infrared readout and 

bolometer solution. During the initial tests of the chip it was proven that the integration 

of the bolometer and readout circuit was successful. This success was not without it 

problems, as it was found that the digital addressing circuitry designed did not work to
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specification. Due to the malfunction of the digital circuitry, a dual chip solution was 

created to get results. Using the dual chip solution meant that only the differential mode 

readout could be tested, as it would require a considerable amount of work to get the 

constant current mode and lock-in readouts pinned out to be tested. At this point it was 

also decided that a comparison of the released bolometers, which touched the substrate to 

those that had not been released should be done. In testing the released and unreleased 

bolometers it was found that they both behaved similarly with the released one having 

slightly better performance characteristics. It was also found that the majority of the 

noise in a system containing CMOS circuitry and a bolometer is from the circuitry. In 

using the dual chip solution to test the bolometer with a black body source it was proven 

that the differential mode readout circuit worked. In conclusion it has been shown that 

the CMOS compatible GexSii-xOy bolometer designed by Ahmed H. Ahmed is indeed 

compatible and can be integrated with an existing CMOS process.
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Appendix A: The Bolometer Model

Linear Bolometer AHDL Description

// $Date: 2005/07/20 13:00:00 $ 
// $Revision: 1.0 $
// $Author: Faisal K. Saleh $

/ / -----------------------------------
// bol_lineal_hdl 
/ /
// - extremely simplified lineal model of a bolometer 
/ /
// vout_p,vout_n: controlled voltage terminals [V,A]
// phi_in: represents the amount of radiation input in volts [IV = 1W]
/ /// INSTANCE parameters
// epsilon = emmisivity of the material 
// Gth = thermal conductance of bolometer [W/K]
// Cth = thermal capacitance of bolometer [J/K]
// ohmega = chopping frequency [rads/sec]
// alpha = Temperature Coefficient of Resistance [degrees/Kelvin]
// Ro = resistance of bolometer at To [Ohms]
/ /
// MODEL parameters 
// {none}
/ /
module temp_ctrl_res_hdl(phi_in, vout_p, vout_n) (epsilon, ohmega, 
alpha, w, g, 1, d,resistivity,thermal_conductivity, arm_l, arm_d, arm_w, 
num_legs, heat_capacity)
node [V, I] phi_in;
node [V, I] vout_p, vout_n;
parameter real epsilon;
parameter real ohmega;
parameter real alpha;
parameter real w;
parameter real g ;parameter real 1;
parameter real d;
parameter real resistivity;
parameter real thermal_conductivity;
parameter real arm 1 ;
parameter real arm_d;
parameter real arm w;
parameter real num_legs;
parameter real heat_capacity;

{ real deltaT
real DTnum;
real DTden;
real deltaR
real Rtot ;
real Ro ;
real Cth;
real Gth;
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initial {
Ro = (resistivity*2*d*g)/ [w*(2*d*d+g*l)];

Cth = heat_capacity*[w*(g+2*l)-g*g]*d;
Gth = num_legs*thermal_conductivity*arm_d*arm_w/arm_l;

analog {
DTnum = V(phi_in)*epsilon;
DTden = sqrt(pow(Gth,2)+pow(ohmega,2)*pow(Cth,2)); 
deltaT = DTnum/DTden; 
deltaR = alpha*deltaT;
Rtot = Ro* [1 + deltaR];
V(vout_p, vout_n) <- Rtot*I(vout_p,vout_n);

}

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B: Detailed Circuit Design
140

B.O Introduction

This appendix steps through the design of each of the three readout circuits presented in 

chapter 3. This is done such that the reader can gain a better understanding of the design 

as well as enabling future designers to take the circuits presented and improve on them 

with little effort. This chapter however does assume the reader has some background in 

CMOS circuit design.

B.l Design Constraints

For any CMOS circuit design there is a given and set constrains that the designer must 

use. In this design, there are two sources of constraints, the first is from the DALSA 

CMOS technology chosen and the second is from the bolometer itself. Due to the 

proprietary nature of the DALSA technology some of the variables used in the design 

will be represented with equivalent variable names as described below. The second 

source of constraints on the circuit design is from the bolometer itself. The behaviour of 

the bolometer is a function of its composition and the radiation incident on it. Before 

diving into the design of the three readout circuits the constraints introduced by both the 

technology chosen and the bolometer are discussed.
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B.1.1 Technology Constraints

The technology chosen for this design was the DALSA CMOS 0.8C process. This is a 

5V, 0.8(a,m process with transistor threshold voltages at 0.65 and -0.65 volts for NMOS 

and PMOS transistors respectively [22]. To properly design the CMOS circuits the 

threshold voltages along with the oxide thickness and mobility of the gate poly later 

needs to be known. The vales for the mobility and oxide thickness are found in the 

DALSA datasheets and will be represented in this document by px and toxx respectively, 

where x = n for NMOS and x = p for PMOS transistors. Using tox the oxide capacitance 

Cox is calculated as seen in equation B.l below.

Cox = ~ 2 -  (B.l)
tox

s0 and sox are the dielectric constants of vacuum and silicon dioxide respectively. Using 

these technology dependant transistor characteristics basic transistor sizing can be done 

for the readout circuits.

B .l.2 Bolometer Constraints

For the design of the differential and lock-in readout circuits, the behaviour of the bridge 

due to the resistance change of the bolometer needs to be known. For the constant 

current readout, only the resistance change of the bolometer needs to be known. All 

these values have been discussed in full detail in chapter 3 for measuring bodies at 

temperatures from 20°C to 50°C. Table B-l below is a summary of the necessary output 

values of the bolometer and Wheatstone bridge to enable the readout circuits to be 

designed.
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Change in: 1°C change in radiating body 30°C change in radiating body

Bolometer Resistance 300 Q 1 0  kO

Bridge Output 725.6pV 21.5mV

Table B - l : Expected Bolometer and Bridge output for Circuit Design

The calculations used to fill table B-l can be found in chapter 3. The Wheatstone bridge 

had 5 V across it with 5mA flowing in each branch. The bridge output shown above is the 

difference in voltage between the two branches of the bridge, as can be seen in chapter 3.

B.2 Differential Amplifier Readout

The simplest of the three readout schemes is the differential mode readout. Figure B-l 

shows that the differential readout circuit comprises of a Wheatstone bridge, a differential 

amplifier and an output buffer.

VoutVput DA

V2

W heatstone  
R ridge*

Figure B - l: Block Diagram o f Differential Readout Circuit

B.2.1 Wheatstone Bridge

The bridge chosen for the differential mode readout is the unbalanced bridge shown 

below in figure B-2. For this bridge to work effectively the values for Rl have to be as 

close to Rb as possible. From the discussion in section 3.4.1 of chapter 3, the resistance 

of the bolometer is 532kQ, therefore the resistance of Rl is also set to 532kQ.
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Vin+

V2

Vin
Figure B-2: Unbalanced Wheatstone Bridge 

From section 3.4.1 it is shown that when the bridge is biased with 5V the minimum

differential output of 725.6|TV and a maximum differential output of 21.5mV are

expected.

B.2.2 Design of the Differential Amplifier

The schematic for the differential amplifier is shown below in figure B-3. The gain of 

the differential amplifier was chosen to be 40dB = 100V/V giving a minimum output of 

72.5mV and a maximum output of 2.15V. Having the gain at this level reduces the 

chances of distortion since the DALSA process is a 5V process and the output is not 

expected to go beyond 2.15V. From the assumptions almost all the data required to 

choose the W/L values for the transistors in the circuit are known. The only value still to 

be chosen is the current that will flow through the transistors in the circuit.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

vdd.

II M5 M6 II M7 II

V out
M8M2M lvln EL vln_p

•■c
I b l a s

v o u t da

M4M3

VBH

Figure B-3: Differential Amplifier Schematic

Figure B-3 illustrates that the current that will be sourced to the differential amplifier will 

be through the current mirror created by M5 and M6 . For the initial calculations a 

current of 2 0 pA was used.

Before designing the differential amplifier, the current mirror needs to be designed. For 

simplicity, transistors M5 and M6  made exactly the same. Figure B-3 shows that an 

external current source is used to sink the current to the first part of the current mirror; 

this was to add a layer of flexibility when testing. Since M5 is the same as M6 , the 

design of the current mirror is simple. Using the current equation for a MOSFET
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(equation B.2) and assuming that there is only a 1Y drop across the source and drain of 

transistor M5, the W/L ratio of M5 and M6  can be calculated.

1 f  /  \ 2= (B.2)

The next step is to calculate the required W/L values for the differential pair and the 

active load of the amplifier. To do this the small signal characteristics of the differential 

amplifier is going to be used. As discussed in chapter 3 section 3.3.2.1 the only small 

signal characteristics of the differential amplifier of concern to this design are the gain 

and the common mode rejection ratio. From [23] the gain of a differential amplifier is:

V , vout da , ,, \ _
A  = —  =  ------- ^ (rg2 l k 4) (B-3 )

vi„ vin _ n - v in  _ p

Where gm2 is the transconductance of M2, r0 2 is the output resistance of M2 and r0 4 is the 

output resistance of M4. The common mode gain is:

A _ vout _ da _ Y g mS, _ 1 (R4)
2 ro6 2  gm4ro6

vc is the common mode input voltage, knowing that gm3 =gm4 . Equation B.7 and B . 8  

combine to give the common mode rejection ration:

CMRR = 20 log

Where,

A
A.

= 20log |gml(ro2 ||ro4 )-2gw4 ro6| (B.5)

8m= m s -V m ) (B.6 )

r- - y * .  ( b - 7 )
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(B.8 )

Knowing the desired gain is 100V/V and choosing a CMRR of 60dB, the W/L ratios of 

M l, M2, M3 and M4 can be calculated. Choosing, M3 and M4 to be the sane, the 

transconductance of the two can be calculated using equation B.5 is used as follows:

Choosing the voltage drop across the source and drain of M3 to be IV, using the 

transconductance calculated above and equation B . 6  the (W/L)3  can be calculated. For 

the active load,

Next the W/L values for M l and M2 need to be calculated. Since this is a differential 

amplifier, M l and M2 are sized the same. Using the W/L value for the active load and 

using the gain equation B.3 the transconductance for the differential pair can be 

calculated.

When designing the current mirror it was assumed that there would be a IV drop across 

M5 it can also me assumed that a IV drop will be found across M6 . This means that at 

the source of M2 will be at 4V. Knowing that the Wheatstone bridge is biased with 5 V 

and both RB and RL of the have the same resistance when there is no infrared radiation 

present the voltage divider created by RB and RL will feed a potential of 2.5 V to the gate

CMRR = 20log\Av -2gm4ro6\ 

60dB = 20log I0 0 y -2 g m4ro6
(B.9)

Av = S mi ( r o2\\roA)

(B.10)
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of M2. Using this information, the transconductance calculated in B.l 1 and equation B . 6  

the W/L value for M l and M2 can be calculated.

The final step in this design is to calculate the values used for the output buffer. The 

output buffer is a common-drain amplifier (seen in figure B-3). The gain of the output 

buffer is always less than 1 , and is calculated as follows:

1

= _ 1  (B. 11)
vout _ da _ L  + _ L  1+ W A

Sml g m 8 W7L7

The output resistance is given by

— II—  (B.12)
gml SmS

Knowing that the gain of this circuit is 1 and that an estimated load of lkQ wanted to be

driven, the values for the output buffer were calculated. Now all the pieces of the

differential amplifier readout have been roughly calculated. The next step is to refine 

these values using the simulator.

B.2.3 Simulation of Differential Amplifier with Output Buffer

Using the Cadence design environment, the initial calculations for this circuit were

refined to give the following values for the transistors:

Transistor W/L
M l,M2 24.4pm/800nm
M3,M4 2.6pm/2.3pm
M5,M6 15pm/2.4pm
M7 5.6pm /2.4pm
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M8 16pm/2.4pm

Table B-2: Transistor Values for Differential Amplifier 

The characteristics of the differential amplifier can be found in table B-3 below. Figure

B-4 below the gain and bandwidth of the amplifier; figure B-5 shows the common mode

rejection of the amplifier.

Attribute Simulated Value
Gain 34dB
Bandwidth 4.6MHz
CMRR 76dB

Table B-3: Brief Summary o f the Differential Amplifier Chracteristics

Diffamp Gain

35.0-

32.5' 22.7H z, 34.11 dB

30.0-

4 .6 1 5 M H z,-2 .9 9 7 d B

o
5-

25.0-

22.5-

20 .0 -

freq (Hz)

Figure B-4: Gain and Bandwidth o f Differential Amplifier
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—  CM RR

1.004kHz, 75.99dB

13.1 kHz, -2  96dB

freq (Hz)

Figure B-5: Common Mode Rejection Ratio o f Differential Amplifier 

B.3 Constant Current Mode Readout Circuit

The constant current mode readout is described in chapter 3 section 3.4.3. The current 

mode readout, amplifies the change in voltage across the bolometers as incident radiation 

in absorbed. In section 3.4.3 the design considerations for the circuit is described, 

however the design of the operational amplifiers used in the circuits is not fully 

described. This section of the appendix presents the calculations used to choose the 

transistor values for the operational amplifier used in the current mode readout circuit. 

For this readout circuit VDD = 5V and VSS = OV (gnd). Figure B- 6  below is the 

schematic for the operational amplifier without the cascode current mirror shown in 

figure B-7. The first step in designing the operational amplifier is to design the current 

mirror.
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vdd ::

M5

II I"I3

Ml M2 VOU

Ccmp
II M9

M 16

M3
M7

vss
Figure B-6: Two Stage Opamp Schematic

v_biasM 10

M i l

M 14 M 12

M 15
M 13

Figure B-6: Cascode Current Mirror for Opamp
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B.3.1 Cascode Current Mirror Design

The cacscode current mirror was chosen for the opamp because of its extremely stable 

transconductance. To design the current mirror the amount of current it is required to 

source is needed to me known. For the opamp a current of 20pA was chosen. A 1:1 

transistor ratio for the current mirror is wanted, requiring the current flowing through 

each branch of the current mirror to be 20pA.

For the resistor Rb a drop of 0.5V is estimated, as this will give enough headroom for the 

three transistors above it. For proper matching and simplicity M10 = M l 1 and M14 =

M l 2. It is found that the transconductance of M l 3 shown in equation B.13 is determined 

only by geometric ratios and is independent of any other parameter [2 2 ].

Looking at equation B.13 there exists a special case where if (W/L) 15 = 4 (W/L)i3 the 

transconductance of M l 3 can be written simply as:

This shows that the transconductance of M l 3 is stable as long as RB is stable. Due to all 

the transistors having current dependencies on each other the transconductance of the rest 

of the transistors in the current mirror as given as follows.

For M14 and M12

2 1 _ m

(B.13)

(B.14)
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=  | ( y / £ ) i 44 ,4  .. 
g”‘4 ■l(ir /L)n l [„, y g ‘ " g- °  (B.l5)

.■.(W/L)a = ( W / L l

ForMIO and M il

£>13

There is now enough information to calculate the values for each of the transistors in the 

circuit. First to make the left branch of the circuit match the right branch:

V GSU =  V GS15 + 20M  ■ Rb (B.17)

Knowing (W/L) 15 = 4(W/L) ]3  gives:

2 fiA I 2 20//A + 2 0 ■ R!t (B.18)
1 (W/ L )a yM.Ca -4(W /L)a

Choosing (W/L) 13 and solving equation B.18 for Rb results in a value for RB. From 

equation B.14, gmi3 can be calculated. Using gmi3 the values for the rest of the transistors 

in the circuit can be calculated.

B.3.2 Operational Amplifier Design Overview

Once the current mirror has been designed the next step is to design the operational 

amplifier. A block diagram of the operational is found in figure B-8 . The first stage of 

the opamp is a differential-input stage with a single ended output. This is the same 

implementation used in the differential readout circuit. The next gain stage is a common- 

source gain stage with an active load. This is all followed by an output buffer. The
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compensation capacitor Ccmp is included to ensure stability when the opamp is used in a 

feedback configuration.

Differential Second Gain
Input Stage Stage

B-8: Block Diagram o f Opamp

Output Buffer

In general the most important parameter in the design of an opamp is the gain. The 

higher the gain the better the response from the circuit. The open loop gain of the opamp 

is the product of the gains from the individual amplifiers and is given by:

4 *  = 4 4 4  (B 19)

The gain of the differential amplifier is given by:

4=Sm  i ( ro2l k 4)

From [23] the gain of the second gain stage is

4 = - g m i ( roi\\r,x)

The output buffer is given by:

(B.20)

(B.21)

4  =•
i+ \W%L,

!W7L7

(B.22)

Using these equations the total open loop gain of the opamp can be calculated.
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Next the frequency response of the amplifier is going to be expressed. The frequencies of 

interest are those below the unity gain bandwidth of the amplifier and it is in this region 

where the compensation capacitor Ccmp dominates the frequency response. Looking at 

the block diagram B - 6  the first gain stage is driving a dominantly capacitive load. Using 

Miller’s Theorem the equivalent capacitance (Ceq) is given by:

C ^ = C i, ( 1  + /I2 )« C c, 4  (B.23)

The gain of the first stage can now be re-written as:

A  =  § m l

\
1

To2 II r04
SCeq J

(B.24)

For the in band frequencies of interest, Ceq dominates and therefore the gain can be 

rewritten as:

A = ~ p ~  <B-25)
S^cmpA

This now a total opamp gain of:

4v = 4 4 4 = - & i - 4 4  (B.26)
S<̂cmpA2

The output buffer has a gain around 1 therefore A3 « 1, simplifying B.26 to:

A =_SinL_ /B 27)
sCcmp

This the unity gain frequency ((Du) of the amplifier can be approximated by setting 

|Av(jcou)| = 1, giving:

(B.28)
cmp
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To this point there has been no consideration any inherent offset voltage, and the 

common mode rejection of the circuit has not been looked at, which has been identified 

as being important considerations in the design.

First reducing the offset voltage is explored. The schematic show in figure B-9 below 

contains the two gain stages of the amplifier without the compensation capacitor and 

output buffer.

veld

;v_biqs
n M6M5

vou

M2
g i »vin- p  m

vout_DP

M4M3
M7

V S S

Figure B-9: Operational Amplifier Gain Stage Schematic

For the schematic in figure B-9, when vin_p = vin n, the output should be at mid-rail 

(VDD+VSS)/2. This will happen when the output of the differential stage (Vgs7) causes
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the current in M7 to equal the current in M6 . Therefore, to ensure that no input-offset

voltage is present: [2 0 ]

{ W i l l  <W I L ^  (a2 9 )
( W / L \  ( W/ L)

To get this result the final buffer stage was ignored, which will also add an offset. But 

the voltage shift from this stage is minimal and can be refined during simulation.

Looking at the common mode rejection ratio, only the differential stage has a differential 

input. To calculate the CMRR of the opamp, the open loop gain is taken and divided by 

the common-mode gain Ac of the differential amplifier (equation B.4), multiplied by the 

gain of the second stage, giving:

CMRR = 20 log OL_

: J
= 20 log (B.30)

A  A

This shows that the common mode rejection of the opamp is determined entirely by the 

differential amplifier and thus can be reduced by increasing the output resistance of the 

current mirror.

B.3.3 Operational Amplifier Design

Using the equations describing the operational amplifier the design can be presented. As 

the first stage in the amplifier is the differential amplifier it shall be the first to be 

designed. Equation B.28 which describes the unity gain frequency of the amplifier can 

be rewritten as:
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Knowing from the design of the current mirror that a current of 20pA is going to be 

sourced ((W/L) 5 = (W/L)n)and that M l gets half that current means that IDi = 10pA. As 

the unity gain of the operational amplifier is not required to be very high it is set to 

200Hz. The value of Ccmp is very much dependant on the design technology and how big 

it can be made. A value of 5pF was chosen as this should be large enough to without 

requiring M l to be too large. Using these values and equation B.31 (W/L)i = (W//L)2  

was calculated.

Now that the differential pair has been designed, using the equations derived to minimize 

the output offset voltage the active load of the differential amplifier as well as the 

common source amplifier (second gain stage) can be calculated. As the second gain 

stage is the place where most of the gain produced it makes sense to try and increase the 

amount of gain from this circuit. The easiest way to increase the gain from this circuit is 

to increase the amount of current. Therefore a current of 40mA was decided upon for the 

second gain stage, resulting in (W/L) 6  = 2(W/L)n. For transistor M3=M4, to maximize 

the voltage swing of the differential amplifier it is chosen that the voltage drop Vds3 = IV 

which means that Vqs3 = 1V. Knowing the current flowing through Vgs3 is lOpA, 

(W/L)3=(W/L) 4  can be solved using the current equation for a MOSFET in saturation. 

Taking the values for (W/L)4, (W/L)5, (W/L) 6  the value for (W/L) 7 can be calculated 

using equation B.29.
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The output buffer was designed in a similar manner to the output buffer of the differential 

amplifier. It was roughly calculated then refined during simulation.

B.3.4 Simulations of Operational Amplifier

Using the simulator the calculated transistor sizes were refined to maximize gain, reduce 

the offset voltage and minimize the common mode rejection ratio. The final transistor 

values after simulating are found in table B-4 below:

Transistor W/L
M l,M2 8  pm/3.3 jam
M3,M4 2pm/2.4pm
M5 15pm/2.4pm
M6 30pm /2.4pm
M7 6.2pm /2.4pm
M 8 60pm / 1 pm
M9 12.4pm /3.3pm
M16 2 pm /800nm
M10, M i l ,  M12, M13,M14 15 pm /2.4pm
M15 57pm/2.4pm

Table B-4: Transistor Values for Opamp and Current Mirror

The characteristics of the operational amplifier can be seen below in table B-5. Figure B- 

1 0  below shows the gain and phase of the opamp.

Attribute Simulated Value
Gain 75.75dB
Bandwidth 5MHz
CMRR 108.9dB
Vout offset 26mV

Table B-5: Brief Summary o f Operational Amplifier Characteristics
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v_out_mag -X- v_out_phase

6.025MH2, -eeDndB

10° ID1 ID2 103 104 105 ID6 107 ID8 109
freq (H2)

Figure B-10: Opamp Gain and Phase Plots

The simulation results and operational amplifier characteristics shown above are only 

those that are of significance to this design. From the simulation results it is can be said 

that operational amplifier designed will work adequately when inserted into the readout 

circuit.

B.4 Lock-in Readout Circuit

The lock-in readout circuit described in chapter 3 is the most complicated circuit 

designed in this thesis. The block diagram seen in figure B-l 1 shows that the lock-in 

readout circuit is composed a Wheatstone bridge, differential amplifier, mixer and low 

pass filter (LPF). As discussed in chapter 3 at the time of this design time was at a 

premium, and therefore circuits that were already designed were reused to save time. The 

first two blocks of the lock-in circuit make up the complete differential mode readout. To
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save time the differential mode readout circuit was copied and put into the front end of 

this circuit. The LPF for this circuit, as discussed in chapter 3 was put off chip. This 

means that the only circuit still to be designed in is the mixer.

Vou1 MIXER
Vout DA

V2

VLO

W heatstone
Bridge LPF

Differential
Amplifier MIXER

Figure B -l 1: Block Diagram for Lock-in Readout 

B.4.1 Mixer Design

A schematic of the double balanced Gilbert Cell mixer used for this design is shown in 

figure B-12. As stated in section 3.3.4 the LO input frequency to this circuit will be from 

an external oscillator, and the RF input will be from the differential amplifier.
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vddl

M7 M8,,

HE?—
]F+

M3 M4 M5 M6:UJ+

RF+

Ml M2

M9 M l O

Figure B-12: Gilbert Cell Mixer Schematic

Since the differential amplifier is going to be used, the same 20mA current source is 

used, VDD = 5V and VSS = 0V. From the design of the differential amplifier it is known 

that the expected RF input will be a sine wave with a DC offset of 2.8V with amplitude 

that varies from 72.5mV of 2.15 V. The amplitude varies because of the change in 

resistance of the bolometer from the input radiation varying from 0 to 50nW.

Knowing that the AC signal from the differential amplifier is going to vary from 72.5mV 

and 2.15V and assuming that it is driving a 50Q load, the input power to the mixer is 

calculated to mixer to vary from -30dBm to -lOdBm. Thus the ldB compression point 

needs to be above -lOdBm, so a value of -5dBm was chosen. As a rule of thumb used in
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RFIC design the IM3 is approximately lOdBm greater than the ldB compression. Thus, 

the IM3 point should be at OdBm.

From the design tutorial written by J. P. Silver [24] the following equations for the ldB 

compression point and IM3 intercept were taken:

V
/> * 0 . 2 9 ^ ^  

A
1 + fhV0od

4 VsatL ;
1 + od

2 V J L j

3 f t
1 + fhKod

4 VsatL ;
1+ thK

\ 2
od

2 VsatL y

(B.32)

(B.33)

Where, Vsat is the saturation voltage of the transistor, V0d = Vqs-Vth and L is the length 

of the transistor. These equations are all for the transistors that form the differential pair. 

The variable pi is given by:

f t *  f t +2 9VsatL (B.34)

Knowing that the value of the ldB compression point is 20dBm, the gate voltage on Ml 

has a DC value of 2.8V, and assuming that there is a 0.8V drop across the M9 using 

equation B.32 the length of the transistor can be found. Also knowing that there will be 

20mA flowing through M l the W/L ratio can be found using the transistor current 

equation. Since M1=M2 the transistors for the differential pair have been found.

V 2 V
=  1- 122 -

IF *  V
(B.35)

Using equation B.35, knowing the conversion gain is that the W/L ratio for M l is known 

the W/L ratio for M7 and M8  can be found.
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To choose the values for M3 through M6  is simple knowing that they act as switches, 

VGS-VT >0, so a value of 0.2 was chosen. Knowing that the current flowing through 

each is 20mA/2 the W/L values can be calculated using the transistor current equation. 

For transistors M3 through M6  minimum L was chosen.

B.4.2 Mixer Simulations

Using the simulator the calculated transistor sizes were refined to maximize the ldB 

compression point. The final transistor values after simulating are found in table B- 6  

below:

Transistor W/L
M l,M2 200pm/2.4pm
M3,M4, M5, M6 50pm/2.4pm
M7, M 8 15pm/2.4pm
M9, M10 100pm /2.4pm

Table B-6: Transistor Values for Opamp and Mixer

The characteristics of the mixer can be seen below in table B-7.

Attribute Simulated Value
Conversion Gain 5dB
ldB Compresion -8 dBm
IM3 Intercept -3 dBm

Table B-7: Brief Summary o f Mixer Characteristics
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Appendix C: Circuit Layout

This appendix presents the layouts for each of the main blocks in the circuit. Each of the 

layouts presented below were created using Virtuoso in the Cadence design environment.

C. 1 Differential Amplifier Readout

This is the differential amplifier used in the differential amplifier readout circuit as well 

as the lock-in readout circuit.

I

vir+ n

vilT

* *  ̂ W

Figure C -l: Differential Amplifier Layout
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C.2 Constant Current Mode Readout

This is the opamp used in the constant current mode readout circuit is shown in figure C-

2. As the same bias circuitry can be used for multiple opamps, the bias circuitry was 

layed out separately seen in figure C-3. In the final chip layout, the bias circuitry was 

connected to multiple opamps to save space and reduce complexity on the chip. Figure 

C-4 shows the final layout of the constant current mode readout circuit, minus the bias 

circuitry.

Figure C-2: Single Opamp Layout

Figure C-3: Opamp Bias Circuitry
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Figure C-4: Complete Constant Current Mode Readout, without Bias Circuitry

C.3 Lock-in Readout Circuit Layout

The Lock-in Readout Circuit shown below makes use of two differential amplifiers 

shown in figure C.l. The differential amplifiers can be seen on the left side of the layout.

7| ^  - . rtl >
I ■ I • * i ' * “

' -x '-x ' ' - S '-

Figure C-5: Lock-In Readout Circuit
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C.4 Other Circuits

Other than the readout circuits shown above the only two other circuits on this chip worth 

mention are the digital addressing circuitry not shown because the cells used to make 

them are proprietary and the electro static discharge (ESD) protection circuitry shown in 

figure C-6 .

V c m t

Figure C-6: ESD Protection Circuitry

C.5 Complete Chip Layout

Using the Layouts shown above the complete chip layout was made and is presented in 

figure C-7. Looking at the layout one should notice that each of the comers of this chip 

layout as four boxes creating a cross between them. The boxes are used during the 

bolometer fabrication to align the masks of the bolometer to the circuitry below.
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Figure C-7: Complete Chip Layout
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Appendix D -  Detailed Bolometer Fabrication Process Description

D.O Introduction

This appendix describes in detail the steps taken to fabricate the bolometer on die as well 

as the steps taken to fix the layout error. The fabrication procedure is organized in three 

main steps; attaching the bolometer to the die, fixing the layout error and fabricating the 

bolometer. The masks used to pattern each layer of the bolometer as well as those used 

to fix the layout error can be found in appendix E.

D.1 Common Terms

Below is a summary of terms and procedures that are used consistently in the description 

below.

CWDA...................... Carrier Wafer with Die Attached.

Dehydration Bake A bake done to drive off water from surface to allow for proper

adhesion of photo resist 

De-Scum...................This removes any rough edges left from developing the resist. The

de-scum is done in a Technics Planar Etch II using an O2 plasma.

Expose Refers to the act of exposing the photo resist to a UV light through

a photo mask. At the fabrication facility at Carleton University the

act of exposing is done using a Karl-Suss MA6  Mask Aligner

Hard bake Refers to the act of placing the die or wafer on a hotplate at a given

time and temperature to hard set the resist.

HMDS Hexamethyldisilizane an adhesion promoter for photo resist
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Paint...........................The act of using a paintbrush to deposit a film. Used instead of

spinning to avoid edge bead

PI 2610...................... A Polyimide manufactured by HD Microsystems.

Polyimide.................. This is used interchangeably with PI 2610

Puddle Deposit..........This refers to using a pipette to deposit a pool of material onto the

die or wafer. This is normally done before spinning.

Spin............................Using the Solitec Spinner to spin a film onto the surface of the die

or wafer

Soft bake................... Refers to the act of placing the die or wafer on a hotplate at a given

time and temperature to soft set the resist.

VM651 ...................... An adhesion promoter mixed in a ratio of 1000:1 (VM651: DI

Water) used in conjunction with polyimide PI 2610, manufactured 

by HD Microsystems

D.2 Attaching Die to Carrier Wafer

1. Place carrier wafer on Solitec spinner

2. Puddle-deposit VM651 adhesion promoter onto carrier wafer and let stand for 30s
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Figure D - l: Wafer on spinner with VM651 puddle deposited

3. Spin dry at 4000 RPM for 30s, no spread

4. Soft bake at 105°C for lmin

5. Using a dropper deposit a drop of VM651 on the back of the die to be attached to 

the wafer.

6 . Carefully blow dry the die using a compressed N2 and soft bake for lmin at 105°C

7. Using a syringe loaded with PI 2610 deposit a small dot of polyimide onto the

center of the carrier wafer as shown in figure D-2.

Figure D-2: Deposition o f Polyimide Dot
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8 . Carefully, place the die onto the carrier wafer on-top of the polyimide dot, seen in 

figure D-2. Then place even downward pressure on the die to ensure good 

contact is made, as illustrated in figure D-3.

-  If more than one die is being attached the orientation of the die with 

respect to the flats on the wafer should be the same for all.

-  Don’t put too much pressure down or the carrier wafer may break

-  It is preferable to use plastic tweezers so that the die does not get

scratched.

Figure D-3: Placing Die on Polyimide Dot

9. Using the following procedure the polyimide is slowly cured on a programmable 

hotplate

a. 30m in atll5 °C

b. 5m inatl50°C

c. Ramp temp to 350°C at 4°C/min

-  The programmable hotplate at Carleton can only go a max of 3 12°C.
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-  An aluminum surrounding for hotplate was used, which restricts the 

airflow around the hotplate, allowing it to ramp up evenly.

d. Hold at 350°C for 30min

e. Let cool on hotplate until temperature reads the same as room.

From this point on all processing is done using the Carrier Wafer with Die Attached 

(CWDA). This combination of die and wafer will now be referred to as CWDA.

D.3 Fixing Layout Error

D.3.1 Patterning Mask for Hole through Passivation Laver

1. Dehydration Bake CWDA in oven for 30min at 250°C or leave overnight at 100°C

2. Spin HMDS at 4000 RPM for 30s with spread at 1000 RPM for 10s

3. Soft bake at 105°C for 1 min

4. Using a paintbrush, paint an even layer of Shipley S1811 photo resist onto the die

5. Soft bake for 2 min at 105°C

6. Expose using mask E. 1.1 (see appendix E) for 1.5 min

7. Develop for lmin in MF321

8. Rinse in DI water for 1 min

9. Blow dry using N2 gun

10. Check under microscope to make sine that there are no problems with the resist 

film and that the edges and comers are properly covered. Also check to make 

sure the mask has been properly aligned.

11. Hard bake for 5min at 125°C
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12. De-Scum the resist in the Technics plasma ethcer for lmin under the following 

conditions

-  Power: 100W

-  Pressure: 0.3 T

-  Gas: O2 , flow rate adjusted to give a pressure of 0.3T

D.3.2 Etching Hole in Passivation Laver (1.5um etch)

13. In the MARCH RIE system etch the passivation layer for 5 min under the 

following conditions:

-  Power: 350W

-  Pressure: 0.5T

-  Gas: CF4/O2 (95%/5%) at a rate of 50 SCCM

14. Strip resist in Micro-Strip 2001 (MS2001) as follows:

-  Two baths (bathl and bath2) of MS2001 were used and brought to a 

temperature between 70-80°C

-  First the CWDA was placed in bath 1 for 5 min then placed directly into 

bath 2 for 5 min (Ultrasonic was not used)

15. Cascade rinse for lOmin

16. N2 blow dry

D.3.3 Patterning Lift-off mask for Aluminum Path

17. Dehydration Bake CWDA in oven for 30min at 250°C or leave overnight at 100°C

18. Spin HMDS at 4000 RPM for 30s with spread at 1000 RPM for 10s
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19. Soft bake at 105°C for lmin

20. Using a paintbrush, paint an even layer of Shipley LOR 10B

21. Soft bake at 190°C for 5 min

22. Spin S1811 at 4000 RPM for 30s, with spread at 1000 RPM for 10s

23. Soft bake at 105°C for l min

24. Expose 25s using mask E.1.2 (see appendix E)

-  Note: This is a negative mask as the metal will be removed via lift-off

25. Develop in MF321 for 1 min 15 s

26. Rinse in DI water for 1 min

27. N2 blow dry

D.3.4 Sputtering Aluminum (»0.6pm thick layer)

28. Place CWDA in Materials Research Corporation 8620 (MRC) and let base 

pressure reach lxlO'6 T or less.

29. Sputter Etch to remove any oxidation for 1 min under the following conditions

-  Power: 80W RF

-  Pressure: 8 mT

-  Gas: Ar at a flow rate of 60 SCCM

-  Chiller: Minimum setting (5°C)

30. Pre-sputter for 5min and Sputter for 15min under the following conditions using 

an Aluminum target

-  Power: 125W DC

-  Pressure: 8mT
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-  Gas: Ar at a flow rate of 60 SCCM

-  Chiller: Minimum setting (5°C)

D.3.5 Aluminum Lift-off

31. Heat two beakers (Bath #1 and Bath #2) of Micro Chem 1165, to 60-70°C

32. Take Bath #1 and place into ultrasonic and turn on ultrasonic.

33. Place the CWDA into Bath #1 for 5 min

34. Then repeat with Bath #2 for 5 min in the ultrasonic

35. Cascade rinse for 10 min in DI water

36. N2 blow dry

D.4 Patterning Bolometer 

D.4.1 Attaching Die Clamp

1. Paint a thin layer of S1811 on the carrier wafer around the die. This resist layer 

will be used to attach the die clamps

2. Carefully place the die clamps such that they surround the die tightly, shown in 

figure D-4. Making sure that the orientation of the clamps is correct.

-  Make sure that there is enough resist to adhere the clamps. If there is too 

much resist the clamps will not adhere since the resist underneath the 

clamps will not cure.
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Figure D-4: Die Surrounded by Clamps

3. Soft bake at 105°C for 1 min

4. Using a microscope double check to make sure the die clamps are as close to the 

die as possible and are oriented properly.

-  If the clamps are not properly attached use some acetone and remove the 

clamps and try again.

5. Some resist may come up between the clamps and the die. Carefully remove this 

using a swab dampened with acetone.

6. Hard bake at 125°C for 5 min.

D.4.2 Polyimide Deposition and Patterning (2pm thick layer!

D.4.2.1 Polyimide Deposition

10. Place CWDA on Solitec spinner

11. Puddle Deposit VM651 adhesion promoter onto carrier wafer and let stand for 30s 

as can be seen in Figure A-l
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12. Spin dry at 4000 RPM for 30s, no spread

13. Soft bake at 105°C for lmin

14. Place CWDA on Solitec spinner

15. Puddle Deposit polyimide PI 2610 and let spread for 3-5 min

16. Spin PI 2610 for 30s at 4000 RPM

17. Using the following procedure cure the polyimide on a programmable hotplate

a. 1.5 min at 115°C

b. 1.5 min at 150°C

c. Ramp temp to 350°C at 4°C/min

-  The programmable hotplate at Carleton can only go a max of 312°C.

-  An aluminum surrounding for hotplate was used, which restricts the 

airflow around the hotplate, allowing it to ramp up evenly.

d. Hold at 350°C for 30min

e. Let cool on hotplate until temperature reads the same as the room.

D.4.2.2 Patterning Polyimide

18. Dehydration Bake CWDA in oven for 30min at 250°C or leave overnight at 100°C

19. Using the edge of the tweezers carefully score along the boundary between the die 

and the die clamps. This is so that the die clamps can be easily removed, once the 

resist has been spun.

20. Spin HMDS at 4000 RPM for 30s with spread at 1000 RPM for 10s

21. Soft bake at 105°C for lmin

22. Spin S1818 at 800 RPM for 30s, no spread
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23. Remove the die clamps by applying a force away from the die shown in figure D-

5.

Figure D-5: Removing Die Clamps 

24. Soft bake at 105°C for 2min

25. Expose for 1.5 min using mask E.2.1 (see appendix E)

26. Develop in MF321 for 1 min 30 s

27. Rinse in DI water for 1 min

28. N2 blow dry

D.4.2.3 Etch Polvimide

29. The polyimide is etched in the Technics plasma etcher for 16 min under the 

following conditions

-  Power: 300W

-  Pressure: 0.5T
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-  Gas: O2 , flow rate adjusted to give pressure of 0.5T

30. Polyimide de-scum in MARCH RIE for 1.5 min under the following conditions

-  Power: 300W

-  Pressure: 0.5T

-  Gas: O2 , at a flow rate 60SCCM: flow setting of 293 on MARCH

31. Strip resist in Micro-Strip 2001 (MS2001) as follows:

a. Two baths (bathl and bath2) of MS2001 were used and brought to a 

temperature between 70-80°C

b. First the CWDA was placed in bath 1 for 5 min then placed directly into 

bath 2 for 5 min (Ultrasonic was not used)

32. Cascade DI rinse for lOmin

33. N2 Blow dry

D.4.3 Bottom Metal Laver Patterning. Sputter and Lift-off (15Onm thick)

D.4.3.1 Patterning for Lift-off

34. Dehydration Bake CWDA in oven for 30min at 250°C or leave overnight at 100°C

35. Spin HMDS at 4000 RPM for 30s with spread at 1000 RPM for 10s

36. Soft bake at 105°C for 1 min

37. Using paintbrush, paint a thin layer of LOR 3 A

38. Soft bake for 5 min at 180°C

39. Spin S1811 at 4000 RPM for 30s with spread at 1000 RPM for 10s

40. Soft bake for 1.5 min at 105°C

41. Expose using mask E.2.2 (see appendixE) for 25s
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42. Develop for lmin 15s in MF321

43. Rinse in DI water for 1 min

44. N2 blow dry

45. Check under the microscope to make sure that the proper double resist structure is 

seen. In other words a lip of S1811 over the LOR is seen where the resists have 

been patterned.

46. De-scum in Technics for 1 min at 100W in O2 at 0.5T

D.4.3.2 Sputter NiCr

47. Place CWDA in Materials Research Corporation 8620 (MRC) and let base 

pressure reach lxlO'6 T or less.

48. Sputter Etch to remove any oxidation for 1 min under the following conditions

a. Power: 80W RF

b. Pressure: 8 mT

c. Gas: Ar at a flow rate of 60 SCCM

d. Chiller: minimum setting (5°C)

49. Pre-sputter for 5min and Sputter for 7.5 min under the following conditions using 

a NiCr target

a. Power: 75W DC

b. Pressure: 8mT

c. Gas: Ar a flow rate of 20 SCCM

d. Chiller: 15°C
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D.4.3.3 Lift-off

50. Heat two beakers (Bath #1 and Bath #2) of Micro Chem 1165, to 60-70°C

51. Take Bath #1 and place into ultrasonic and turn on ultrasonic.

52. Place the CWDA into Bath #1 for 5 min

53. Then repeat with Bath #2 for 5 min in the ultrasonic

54. Cascade rinse for 10 min in DI water

55. N2 blow dry

D.4.4 Sputter GeYSii-vOy Laver (770nm thick!

56. Place the CWDA into the Varian System, set the chuck temperature to 50°C and 

wait till the base pressure reaches lxl0"6 or less

57. Sputter the GeSiO layer for 2 lmin as outlined below

a. Targets: #1 = Si, #2 -  Ge

b. Power:

i. Si -  40W RF

ii. Ge -  200W DC (f=100kHz, pulse width = 1056ns)

c. Pressure: 4mT

d. Gas:

i. O2 flow rate of 1.25 SCCM

ii. Ar flow rate of 20 SCCM

e. Chuck Temperature: 50°C
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D.4.5 Top Metal Laver Sputter. Patterning and Etch (15nm thick!

D.4.5.1 Sputter NiCr

58. Place CWDA in the MRC and let base pressure reach lxlO'6 T or less.

59. Sputter Etch to remove any oxidation for 1 min under the following conditions

a. Power: 80W RF

b. Pressure: 8 mT

c. Gas: Ar at a flow rate of 60 SCCM

d. Chiller: Minimum setting (5°C)

60. Pre-sputter for 5min and Sputter for 1 min under the following conditions using 

an NiCr target

a. Power: 75W DC

b. Pressure: 15mT

c. Gas: Ar a flow rate of 20 SCCM

d. Chiller: 15°C

D.4.5.2 Patterning

61. Dehydration Bake CWDA in oven for 30min at 250°C or leave overnight at 100°C

62. Spin HMDS at 4000 RPM for 30s with spread at 1000 RPM for 10s

63. Soft bake at 105°C for 1 min

64. Paint a thick layer of S1811

65. Soft bake for 2 min at 105°C

66. Expose using mask E.2.3 (see appendix E) for 1.5 minutes

67. Develop for lmin 15s in MF321
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68. Rinse in DI water for 1 min 15s

69. N2 blow dry

70. De-scum in Technics for 1 min at 100W in O2 at 0.5T

D.4.5.3 Sputter Etch

71. Place CWDA into the MRC and let base pressure reach 1 x 10~6 T  or less.

72. Sputter etch for 5 min (2min ON, 5 min OFF) to remove the 15nm thick NiCr 

layer under the following conditions. The etch was not done for 5 min 

continuously as this could over heat the CWDA, instead it was done in ON/OFF 

intervals.

a. Power: 100W

b. Pressure: 8mT

c. Gas: Ar at a flow rate of 60 SCCM

d. Chiller: minimum setting (5°C)

D.4.6 Ge^Sii-vOy Etch

73. Using the 15nm top NiCr layer as a mask the GexSii-xOy Layer was etched in an 

ECR for 7.5min under the following conditions

a. Power:

i. Microwave: 326W (3W reflected)

ii. RF: 10W (0W reflected)

b. Pressure: 6mT (base pressure 3.0xl0'6)

c. Gas:

i. Ar: 0 SCCM
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ii. SF6: 3.65 SCCM

iii. 0 2: 2.21 SCCM

d. Backside Helium Set point =1.0

e. Temperature = -30°C

D.4.7 Bolometer Release

74. The bolometer is placed into a Plasma Preen II microwave plasma etcher for 30 

min under the following conditions

a. Power Level: High

b. Pressure: 0.5T

c. 0 2 = 200 SCCM

Note: The release process was not perfected. The process listed above effectively 

removed the polyimide holding up the bolometer. However, once the polyimide was 

removed the bolometers would curl and touch the substrate.
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Appendix E: Fabrication Masks

E.l Masks to Fix Layout Error

E.1.1 Mask for Hole through Passivation Laver

Figure E -l: Mask for Hole Through Passivation Layer
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E. 1.2 Mask for Path
Note this mask will be dark fields as it is for lift-off
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Figure E-2: Mask for Path to Repair Routing Error

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



188
E.2 Masks for Bolometer Process

E.2.1 Mask for Polyimide Laver

Figure E-3: Mask for Polyimide Layer
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E.2.2 Mask for Bottom Metal Laver

Note this mask will be dark field as it is for lift-off

Figure E-4: Mask for Bottom Metal Layer
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E.2.3 Mask for Top Metal Laver

5®!

Figure E-5: Mask for Top Metal Layer
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