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Abstract

An extensive noise analysis on an Uncooled IR camera was performed. Direct noise
measurements on individual bolometers were verified, and several new experiments
to reduce their noise were performed. The data shows that 1/f noise in bolometers
can be substantially reduced by changing physical characteristics of the device. Noise
tests on the overall system revealed the major sources of noise present in the system.
A simple model was developed to provide a framework for discussing the system noise
results. The major noise components were all identified and characterized.
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Chapter 1

Introduction

Infrared (IR) imaging systems have found wide use in military applications, and are
rapidly expanding in more commercial areas. Weapons sights and targeting systems
equipped with IR sensors enjoy a significant advantage over non-IR systems. Recon-
naissance and surveillance missions benefit from IR systems because they can operate
in total darkness and through some obscurants such as smoke. Fire fighters want te
use IR cameras to see through smoke, find fire burning behind walls, and determine
if a floor is about to collapse because of fire damage. Non-contact radiometry could
be used to monitor temperature-sensitive processes. Night-vision systems give drivers
better vision on the road and help planes land at night.

For several decades IR imaging systems operating at cryogenic temperatures have
been available. Recent advances in room-temperature microbolometer IR focal plane
arrays promise performance similar to cooled systems at a lower cost and with smaller
packaging. Bolometer arrays typically operate in the long-wave IR regime with wave-
lengths from 7-14 ym. Each bolometer is thermally isolated from its surroundings by
a small bridge, supported by two thin legs. Each pixel is about 50 pym x 50 pym in
area and 0.5 um thick, yet microbolometers can typically withstand thousands of g’s
of shock.

Despite improvements in microbolometer technology, sensors have not reached
theoretical performance levels. For a given set of optics, the ability to see an object

clearly is limited by the sensitivity and noise of a device. Reducing system noise will
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allow one to make out finer details and see smaller objects. The goal of this thesis
was to measure the relative contribution of various noise sources and then determine
what can be done to help reduce the noise. Both detector and read-out integrated
circuit (ROIC) noise are important and were considered, but bolometer noise was a
larger focus of the study.

Chapter 2 is concerned with testing individual bolometers without the compli-
cations of system noise. It begins with a brief review of bolometer terminology.
Construction and verification of the test setup used in measuring bolometer noise is
then discussed.

Chapter 3 presents the results obtained from testing a large number of bolometers.
Various models are fitted to the data in order to determine the cause of the noise.
Based on the results of testing, several new experiments were proposed to reduce
noise. The results of one experiment are discussed.

Chapter 4 develops a basic framework for noise in the investigated Uncocled sys-
tem. Two basic figures of merit for evaluating system performance are presented.
The results of the system model are compared with data on numerous focal planes
to ensure its validity.

Chapter 5 details how various components of the system noise were separated
from one another. The ﬁajor sources of system noise are identified and quantified.

Suggestions on how to reduce the effect of most major noise components are presented.

12



Chapter 2

Single Element Testing

2.1 Overview

One main reason for testing individual bolometers is to obtain measurements free
of the complications of system noise. If tests are only performed on a system level
with all noise sources present, then it is often difficult to determine if the bolometer
noise component has been correctly isolated. Constructing a test station capable
of reporting the Johnson noise of resistors from 10 to 50 k2 (roughly the range of
resistance found in actual bolometers) requires a very low-noise amplifier, mainly
because of the low frequencies involved. An ideal system would be able to measure
Johnson noise to well below 0.1 Hz, but anything which performs well to about 1 Hz
is adequate. |

A general block diagram of the system used to achieve a low noise measurement
is outlined in Figure 2-1. The test box is the most critical part of the testing. In an
actual system, the parts are biased to about 1 pWatt, so the test box must be able
to bias to this level. The test box also provides a gain of 1000 to bring the signal
to a measurable level and create relative immunity against noise sources entering
after its output. The two multimeters are used to record bias, measure bolometer
resistance, and monitor output voltage for calibration of the test circuit. The Model
113 pre-amplifier serves mainly as a high-pass filter at the low end of the frequency

measurement; the need for such 2 filter is discussed later. Since it has the capability,
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High HP3478A
%DUT multimeter
Low Test
)
Model 113
HighNode ,_| D% Out re-amp
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e HP3561A
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Analyzer

[ HP3458 A multimeter J

Figure 2-1: Test setup overview

the 113 amplifier can also be used for an additional gain of about 10 and low-pass
filtering. The HP dynamic signal analyzer measures the noise power spectral density
for bolometer noise.

There are several benefits to single element testing. As mentioned before, the
interpretation of the results is relatively straightforward. In addition, single-element
testing can be done at an early stage of device fabrication. If noisy parts are caught
early, then costly processing steps can be eliminated for bad parts. The rapid feedback
possible with this measurement enables a wide variety of testing to be performed in
a short period without worrying about system noise fluctuations.

Testing individual bolometers cannot completely substitute for system-level test-
ing. First, bolometers for testing are isolated so that metal contact probes can easily
reach them. From photographs of parts, it is apparent that isolated bolometers of-
ten undergo a slightly different amount of etching than clustered pixel bolometers.
Furthermore, test parts are located near the edge of an array, and only over a small
region. If there is substantial variation across a wafer, then a few test parts may mis-
represent the focal plane. System-level testing, backed solidly by testing of individual

bolometers seems to be the best solution.
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2.2 Bolometer Overview

A bolometer is a resistor whose resistance is a function of its temperature. Semi-
conductor bolometers usually drop in resistance as temperature rises, while metals
exhibit the opposite behavior. By measuring the fractional change in resistance, one
can measure a temperature change in the environment.

The bolometer technology investigated here was developed by Honeywell. A thin
layer of vanadium oxide (VO,) is sandwiched between two thin insulating layers. VO,
is a temperature-sensitive material, undergoing a larger fractional change in resistance
for a given temperature change than many other semiconductors.

In order to achieve high thermal isolation, each bolometer is suspended above the
substrate. Two small legs provide the only support for a bolometer (see Figure 2-2).
Despite its precarious position, a bolometer is actually quite rugged because of the

small scale.

Leg

7

Bolometer

Leg

Figure 2-2: Single bolometer

Several terms need to be defined before going into any analysis on bolometers. The
thermal coeflicient of resistance (TCR) is a measure of the percentage drop in resis-
tance per degree change in bolometer temperature. The equation for a semiconductor
is given as [10]:

16R

TCR = w57 ="T

(2.1)
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where [ and R, are constants dependent on a given semiconductor. Thermal capacity
(C) is a measure of how much heat a pixel holds. It is similar to electrical capacitance,
and is determined by device geometry and material. Thermal conductance (G) is a
measure of how fast heat is transferred between a bolometer and its environment. For
2 given bolometer technology in a vacuum, G is mainly determined by heat transfer
through the leg materials; radiative loss is negligible.

The response of a bolometer to a signal is given by [5]:

V,=IAR= IR(TCR)—g (2.2)

where I is the current through the device, R is the bolometer resistance, and P is the
power incident on the device.

Semiconductor bolometers with a negative TCR need to be tested with care; if one
biases them too high, then an unstable condition causing burnout can be reached. As
the resistance drops more current flows, leading to more Joule heating and a further
drop in resistance. The cycle can continue until the device burns itself out.

Bolometer thermal characteristics determine the response time to a signal. 7, or
the effective thermal time constant, is g For the examined technology, 7 is usually
on the order of 10 ms, which substantially limits detector response time. For this
reason, the examined bolometers can only be used in slow refresh rate systems (on
the order of 60 Hz).

There are three main types of noise in semiconductor bolometers: white noise,
flicker noise, and thermal noise. The white noise is Johnson noise, and appears in all
resistors. Flicker noise has a 1/f noise spectrum and is usually linearly dependent
on current. Thermal noise is caused by random heat exchange with the environment.

The variance for each type of noise is given as [5]:

Vinte = ARTRBunite (2.3)

V12/f = a%%asBl/f (24)
4kT?

Vtiermal = _G—ngas (TCR)2 Birermal (25)
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where k is Boltzmann’s constant, T is the bolometer temperature, B, are the noise
effective bandwidths, a is an unknown proportionality constant, and Vj;,, is the bias
on the bolometer. The thermal noise was never observed because of its low level
(caused by a high G). Note that white noise can be easily separated from 1/f noise
because of their different spectral characteristics.

When evaluating system performance, a better figure of merit to use is noise
equivalent power (NEP). NEP derives directly from the voltage noise variance as
follows [5]:

G V.

NEP = ——

TCR Vpias (2:6)

where V/, is the noise voltage. Assuming TCR and G stay relatively constant for a

given process, a good noise figure of merit is V,,/Vias.

2.3 Test Station Equipment

A test box was designed and built to measure Johnson noise on bolometers down to
1 Hz. The basic design consists of an N-stage parallel bridge circuit. By choosing an
appropriate number of stages, one can optimize the noise characteristics of the overall
amplifier for a given bolometer resistance. Using standard low-noise op-amps, an 8-
stage design meets the required testing specification. One must be able to measure
the Johnson noise on a 10-50 k{2 resistor to frequencies less than 1 Hz.

A diagram of 2 of N stages of the bridge circuit is shown below in Figure 2-
3. Two inputs, “high” and “low,” are connected to the bolometer, or device under
test (DUT). Three outputs provide access to information which specify the operating
parameters of the circuit. The “bias monitor” is the voltage across the top of the
bridge, or approximately 11 times the voltage across the bolometer. The “hi monitor”
is a direct measure of the bias across the bolometer. The “out” node is where the
HP3561A makes its noise spectrum measurements. The DC level of the output gives
feedback as to when the circuit is balanced. A low-noise voltage reference provides
the bias voltage across the bridge. For the circuit to be balanced, the voltage across

the DUT must equal the voltage across each 1 k{2 resistor. Adjusting the 500 k2
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"blas monitor"\, Vs

"high and hi node”

10k 10k 10Rd

"out”

Tow Vout

1000k

Figure 2-3: Bridge circuit : 2 of N stages

potentiometer until the DC output is 0 volts balances the circuit.
Motchenbacher and Connelly [8] provide a differential amplifier noise model, en-
abling one to estimate the performance of the noise circuit. The model for a single

op-amp is shown below in Figure 2-4. Before drawing the equivalent noise model of

Enl
,.1 *
9

In

En2

Figure 2-4: Differential noise model for an op-amp

the circuit, a small simplifying assumption will ease the analysis. The point labelled
Vs in Figure 2-3 is approximately a voltage source with noise given by the voltage
reference noise divided by the biasing potentiometer resistor ratio. For small changes
in the DUT resistance the voltage at Vs will not change much, so the approximation
holds.

Figure 2-5 below shows a noise equivalent model for one stage of the amplifier.

18



For simplicity, each noisy resistor has been replaced with a voltage noise generator

and a noiseless resistor. For N-stages of Figure 2-5, and without connecting the

10Rd Rd

+ +
Ve

= Vi

— N
En2 +
10k 1k J*\‘F
E} =+ ka/ 1000k
Va Vb

Figure 2-5: Noise model of 1 stage circuit

Vs

op-amp outputs together, the voltage at the output of each stage is given by (for
i=1,2,..,N):

1101, 11010
V; = —100V, — 1000V; + 1(1) V. + 101 Vd+%vs+vf+

1101
1101 - (Epy — Eng) + N - 101 ORdInl — 107, (2.7)

Connecting all the op-amp outputs together through 10 k2 resistors, and modeling

each op-amp as a voltage source gives the following output voltage variance:

‘zl'\fi Var [Vi] (2.8)

Finding the total variance requires one to determine which terms are correlated for
the final sum. The correlated terms include V,, V;, and V; since each op-amp sees the
right half of the bridge in Figure 2-3 as the same. The current noise term involving

I,; is identical at each stage, so it does not average out. Uncorrelated terms include
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Var Vs, Vi, By, and In;. The total variance at the output thus reduces to:

10, 10
Vi & Vi SV 1002 + 10V + 10V +1/121 - V2 +
1 1.12-10° 1012 ’
N—Vf"’ + B+ N 10°R + 1 (2.9)

The voltage noise terrus are averaged out because they appear independently at the
output of each op-amp. The current noise (,;) of each op-amp increases the total
current noise of the circuit because all the terms are perfectly correlated (i.e., all the
noise current flows through the DUT).

To achieve the necessary performance, parts were selected for their low-noise char-
acteristics. Bypass capacitors installed on each voltage source reduced high—freciuency
noise. The OP497 op-amp was used in place of the AD745, even though the AD745
has better noise characteristics. Unfortunately, the AD745 had an unreasonably long
delivery time, thus making the OP497 the only feasible choice. Chopper amplifiers
also fell under consideration because of their low 1/ f noise, but were rejected because
of their high voltage noise. Too many stages would be required to reduce the voltage
noise to an acceptable level.

Metal film resistors were used because they exhibit significantly less 1/f noise
than carbon-based resistors. Three 9-volt batteries power the bridge circuit in order
to avoid ground loops and 60 Hz power-line noise. One battery powers the LM399
voltage reference, and the two others provide the positive and negative polarity for
each op-amp. The entire circuit is surrounded by a metal case which is tied to ground;
thus some EMI is blocked by the case. The performance of the LM399 is adequate
because its noise is not amplified at the output, as seen in Equation 2.9.

Carbon-based potentiometers, much like their resistor counterparts, are much too
noisy for noise-sensitive applications. Two choices remain: cermet and wire-wound
potentiometers. Wire-wound potentiometers tend to have the lowest noise, but are
difficult to find in high-resistance values (i.e., 500 k2); therefore, Cermet poten-
tiometers provide a good starting point. Selecting the potentiometer also required

some thought into ease of testing considerations. To keep the DC output voltage from
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changing less than 1 volt when V; = 4 volts, the percentage change in the potentiome-
ter resistance must be less than about 0.3%. In the worst case, the potentiometer
resistance is as low as 100 k{2, so adjusting to within 300 Q2 may be necessary. Placing
two 10-turn 10 k2 potentiometers in series with the 500 k2 potentiometer allows one

to adjust within 500 €2 for half a turn, which is more than enough resolution.

2.4 Environmental Sources of Noise

Even if the electronic circuitry of a test station has negligible noise, one must be
careful to reduce environmental sources of noise. Changes in the environment can
generate false signals which show up as noise. For a test station, repeatability of
measurements is a major concerr.

One potential source of noise is microphonics. Microphonics are small vibrations
in the environment which can produce noise in electronic circuitry. A common source
of microphonics is motors. For example, a vacuum pump motor operated across the
room from the test station generated a significant amount of noise.

Eliminating the microphonics noise allows one to get a better estimate of bolome-
ter noise. Placing the entire test setup on a granite block reduced vibrations substan-
tially. The granite block, with rubber padding beneath it, acts as a low-pass filter. A
flexible padding beneath the test box itself further reduced vibrational noise.

Air currents flowing over a Bolometer also posed a problem because they introduce
a substantial amount of noise. Reductica of air currents was accomplished in a few
ways. Enclosing the entire test setup in a box reduced air flow over the part; walking
near the test station no longer generated spurious noise signals. More strict tests
can be done to determine if environmental fluctuations are still a significant source
of the measured noise. Placing the bolometers in a vacuum completely changes the
amount of contact they have with the environment. If the measured noise is differ-
ent on bolometers in vacuum and bolometers in air, then environmental fluctuations
are a likely suspect. Another simple test involves measuring the noise on bolome-

ters connected to the substrate and bolometers suspended over the substrate with
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two thin legs (the standard configuration). If the noise changes dramatically, then
environmental fluctuations are a potential cause.

Light also affects bolometer noise measurements. The measured resistance of an
illuminated bolometer is different from the same bolometer in darkness. If a light
source is not steady during measurement, then the resulting signal shows up as a
substantial source of noise. For testing, the bolometers were kept in darkness.

Since a bolometer is thermally connected to its substrate, changes in substrate
temperature may show up as noise. One solution is to place the substrate on a large
block of metal; the large thermal constant of the metal prevents rapid temperature
changes.

Electromagnetic interference (EMI) can also contribute to measured noise. Most
commonly, radiated signals are picked up through loops of wire in the test setup.
Ground loops were mostly eliminated by using a battery powered test box, thus
reducing EMI. Placing the entire test setup in a metal box also reduced EMI since
the box acts as a Faraday cage. Power line noise was not much of a problem, because
the frequencies of interest were all below 40 Hz. The 60 Hz noise did not spill down

into the 40 Hz range.

2.5 Filtering Out Unwanted Noise Sources

The spectrum analyzer computes an estimate of the power spectral density (PSD)
over the frequency range of 0.1 to 40 Hz. A few artifacts may appear if care is not
taken to appropriately filter the signal before processing. In particular, both high
and low frequency content need to be considered to eliminate false results.

The signal from the test box must pass through a low-pass filter before it is
sampled to avoid aliasing. Fortunately the HP3561A spectrum analyzer handles the
anti-aliasing filter, so one does not need to worry about aliased noise.

Without a high-pass filter a low-frequency artifact shows up with a 1/f? spectrum,
thus covering the bolometer 1/f noise at low frequencies. The artifact arises because

the temperature of a bolometer tends to drift slowly over time. For example, the
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substrate may be changing temperature very slowly, or the bolometer may be heating
its surrounding environment. The 1/f2% spectrum is greatly reduced by filtering out
frequencies below 0.1 Hz.

Before sampling, filtering out frequencies below 0.1 Hz reduces PSD frequency
components up to 10 or 20 Hz. This strange situation arises because two different
time scales are involved in the measurement. In the continuous-time domain of the
analog filter, the drift component of the signal is a ramp multiplied by a long “box.”
The Fourier transform of a long box (and its derivative) is concentrated very close
to 0 frequency. Placing the drift through a high-pass filter with a cutoff of 0.03 Hz
eliminates a significant part of the frequency components and thus most of the drift.

In the HP3561A, however, sampling only occurs for 10 s at a time when measuring
frequencies down to 0.1 Hz. The slow ramp, if not filtered out in the continuous-time
domain, appears as a ramp over a very short period of time. The discrete-time Fourier
transform (DTFT) then becomes:

sin (w (M +1) /2)
sin(w/2)

(2.10)

where M = 400 is the length of the sequence and k is the slope of the 'ramp. The
DTFT has a much wider frequency content because of its short observation time.
On a log-log plot of the PSD, the slope of the noise looks like 1/f2. The numerator
of Equation 2.10 can be thought of as a modulation function, with the denominator
acting as the envelope of the waveform. Ignoring the zero values caused by the
numerator and remembering to square the function for the PSD, for w much less
than 7 the denominator has a slope approximately given by:

14

(sin(w/2))? ~ w? 211)

Filtering out the slow ramp with an analog filter removes the unwanted 1/f2 be-
havior in the PSD. Care must be taken to prevent the 1/f2 artifact from overwhelming
the real 1/f signal, so the signal was put through a high-pass with a cuton of 0.03

Hz (because it is the lowest cuton of the 113 pre-amp).
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2.6 Data Fitting and Reduction

The data from the spectrum analyzer contains contributions from several unwanted
noise sources, including test equipment noise. By fitting the data to a model and
subtracting out the test equipment noise, one obtains a reasonably accurate measure
of bolometer performance.

There are three main types of bolometer noise, all of which can be separately
identified by their PSD characteristics: white Johnson noise, which has a flat PSD;
flicker or 1/f noise, which has a 1/f spectrum; and thermal noise, which has a
spectrum like bandlimited white noise. As noted before, the unique spectral shape of
thermal noise was never observed, so it was not included in the model.

The test setup also contributes several types of noise to the measurement. Each
op-amp has some white noise and some 1/f noise. Drift noise, as discussed before,
may not be entirely filtered out by the analog high-pass filter, so it should be taken
into account. Its PSD is approximately a 1/f2 spectrum (ignoring the zero points).

The types of noise mentioned above suggest a PSD model of the form:
Spe = a? + b2/ f + %/ f2 (2.12)

where a2 is the white noise variance, b® corresponds to the 1/f noise variance, and
¢? belongs with the drift noise. For a positive bias on a bolometer, both a? and 4?
contain contributions from the bolometer and the test equipment. Separating the two
components is discussed below.

The HP3561A spectrum analyzer provides a noisy estimate of the PSD. The data
taken consisted of an averaged set of 16 periodograms, each with 400 frequency points,
using a non-overlapping rectangular window. Some simplifying approximations help
make the data fitting more tractable. First, each point of the data has an approx-
imately Gaussian distribution. The actual distribution of each point is chi-squared,
but it approaches the Gaussian distribution as more averages are performed. Also,
the 400 points in each window of the periodogram are assumed to be relatively un-

correlated between windows so that each average is independent.
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a?, b2, and ¢? can be found using a non-random parameter estimate method. Based

on the model in Equation 2.12, the vector of data points may be thought of as:

y=HT+w (2.13)
1 1/ 1/} a?

H= : , T=| B2 (2.14)
1 1/f~y /1% c?

where f,, is the n®* frequency point, 7 is a column vector of measured data points,
and W is 0-mean Gaussian white noise with a covariance matrix A,,.
In order to solve the equation, A, must be known. For Gaussian noise and large

N, it can be shown that [7]:

252 (%) w=0,7

. (2.15)
=52, (e7) otherwise

var{%lglj\} (efw)} = {

where K is the number of averages and I is the r** periodogram with N points. The
variance of each periodogram point in A, is approximately ¥ divided by the number
of averages performed (except at w = 0,7 ).

The probability density function (PDF) of 7 parameterized by 7 is given as:
7 (§;T) e~ 1T A} (G- H7) (2.16)

To find the maximum-likihood (ML) estimate of Z, one must maximize py (7; Z). The

resulting ML estimate is:
bus = (HTAZ'H) ™ HTAL'Y (2.17)

The ML estimate is exactly the same as doing a weighted least-squares analysis of the
data (using a statistical weighting). A standard least-squares fit would give undue

attention to the lower frequency points because of their high noise levels. A weighted
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least-squares fit gives equal attention to all noise levels.

Two important figures of merit for any estimator are bias and error covariance.
The expected value of Z;;7 is Z, so it is an unbiased estimator. The covariance of
flML is:

As = (HTAG'H)™ (2.18)

The variance of a?, b%, and c? appear directly on the diagonal of the covariance matrix,
so finding an error bound is relatively straightforward.

It is sometimes more convenient to express results in terms of standard deviations
(a) instead of variances (a?). To convert the error bound of a2 to an appropriate

bound on @, let f = /2 and find how a small change in z affects f:

1
T

ﬂc— _ ! , thus  Var [ﬁ] ~

= gE Var [z] (2.19)

The above approximation only works if the variance of z is much smaller than its
mean value. Since 16 periodogram averages were performed, the variance should be
a factor of 16 below the mean, so the approximation is valid.

Some numerical simulation showed that the fit to data is somewhat lower than
expected. The main reason for the error is because points with low values are given
lower variance and thus a heavier weight. A spurious low point can drag down a
measurement. By running the fitting algorithm more than once, one obtains a more
accurate (i.e., less biased) fit to the data. The first iteration uses the data points over
the number of averages as the variances. Each successive iteration uses the fitted
curve of data points over the number of averages as the variances.

Once the noise data. is fitted to 42 and b2, the test station noise should be separated
from the bolometer noise. The bolometer 1/f noise separates easily from the test
station 1/f noise when one considers data at 0-bias and a positive bias across the
bolometer. There is no measured bolometer 1/f noise at 0-bias since no current is
flowing through the part; therefore, subtracting the 0-bias value of b? from the its
corresponding positive-bias value yields the part of b? from the bolometer alone.

Isolating the bolometer white noise is complicated because both the test station
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and bolometer white noise are independent of bias. The measured white noise variance

in a unit bandwidth is given by:

1.21
o2 =~ -lé—v,f- + 16i2R? + 4kTR (2.20)

where V;? is the op-amp voltage noise variance, and 32 is its current noise variance.
By observing the o2 for various values of R, one may approximately find V;? and
i2. In addition, the OP491 data sheet provides a rough idea of what the two values
should be.

2.7 Test Proceduré

The test procedure followed is easy and yet provides all the essential quantities of
interest. In addition, it gives a way to identify problem measurements during testing
and allows verification of data during analysis.

The resistance of a test bolometer is measured for a given bias voltage. The bias
voltage chosen is about 0.4 V (or about 0.04 V across the detector itself). The bias
voltage is low enough so that heating of the bolometer is relatively negligible. After
setting the bias, the bridge is balanced so the DC output level is 0 V. The top half of
the bridge resistance (Rc) is now 10 times the bolometer resistance. Rc is measured
by recording the voltage at the “bias monitor” node and then the current from the “hi
node” when it is connected to an ampmeter. The DUT resistance (Rd) is obtained
by taking the ratio of voltage to current.

Noise measurements occur at 3 bias points: 0, 1,and 1/4 uWatt. The 0 bias point
gives the test box 1/f noise alone, along with a good measurement of the bolometer
white noise. The 1 uWatt bias point is representative of the bias power used in actual
operation of the device. The 1/4 pWatt bias point is useful because the applied
voltage is half of its value at the 1 uWatt point. If the measured 1/f noise looks

approximately 1/2 of its original value, then the measurement is probably valid.
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2.8 Excess Noise

To verify the test station, noise on several metal-film resistors was measured. As bias
increased on the resistor, 1/f noise increased as well. The measured 1/ f noise should
remain constant over all bias values unless the DUT has 1/ f noise. Since metal-film
resistors have low 1/f noise, the test station generated the extra noise. Replacing a
part in the test box fixed the problem. '

The source of the extra noise was the 500 kQ Cermet potentiometer. Testing a
150 £ resistor allowed the bridge to be balanced using one of the two smaller 10 k2
potentiometers alone. No significant noise increase was observed from either small
potentiometer. Testing a 21.5 k{2 resistor and using the large potentiometer resulted
in a large increase in noise with increasing bias. Both burst noise and 1/ f noise were
present.

After a few other 500 k2 potentiormneters showed similar noise problems, a switched
resistor network solved the problem. Six switches and resistors created a discrete
potentiometer, with values between 0 and 480 k2 at 20 k2 intervals. The circuit is

shown in Figure 2-6.
T L2 XY s2 X

' 100k 250k 20k 50k
l IV\/ 50k /\/\/ /\/\/‘_ 10k ‘—/\/\/—"—"‘
~ ~VV 60.4k ~ 'A% 12.1k |
VWL S0 (AR

L0

Figure 2-6: Switched resistor network

2.9 Test Pad Contact Noise

The test bolometers are not accessed in the same manner that bolometers in an
array are. Test bolometers are wired directly to test pads on the side of a chip,
while normal bolometers receive on-chip amplification before being measured. Test

bolometers, because they receive no on-chip boost, are more sensitive to test pad
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contact noise. Even if the test pad contacts are noisy, it is of no interest for the
actual operation of the device.

A few different approaches were taken to verify that the measured 1/f nnise was
not due to contacts. First, data on normal metal-film resistors should show if there is
a problem with the test station contacts themselves. Next, 1/f noise in the test pad
contacts is a larger problem for low bolometer resistances. The noise figure of merit
is V./V, which is proportional to R,/R. An R, term caused by the test pad contacts
should be relatively independent of the bolometer resistance. For a given R,, lower
bolometer R increases the the noise figure of merit V,,/V if the problem is contact
noise. A plot of the noise figure of merit vs. resistance is given in the following results
section. In addition, the test pads were bonded with metal to another completely
different kind of contact. The tests were then repeated under similar conditions for
the same bolometers. If test pad contact noise were a problem, then some difference

in the measured noise should be visible.

2.10 Results

2.10.1 Resistance Measurement

The resistance measured by the test box approximately corresponds with the resis-
tance measured by an ohmmeter. Table 2.1 below gives a couple standard comparison

measurements between an ohmmeter and the test station.

Ohmmeter R(kS2 ) | Test Box R | Ratio
10.2 10.0 0.98
21.5 20.4 0.95

Table 2.1: Resistance verification

The accuracy of the test box has about a 5% error. One reason for its inaccu-
racy is that voltage and current across the resistor are not measured simultaneously;

loading of the test box by the current meter changes the operating point slightly.
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2.10.2 Drift Reduction

Passing data through a high-pass filter reduces the drift component of noise substan-
tially. Several parts have data both before and after the benefit of filtering. Table 2.2
below shows data for several representative parts, where “c” is the constant fitted to

the 1/f? noise component (see Equation 2.12).

Part ID | Type | “c”-107, no filter | “c”-10", with filter
20.08.04 | F2 1.26 0.60

F3 0.98 0.28
20.11.10 | F2 1.23 0.28

F3 ’ 1.07 0.23
20.11.05| F2 2.36 1.03

F3 0.50 0.18

Table 2.2: Drift reduction

Drift noise initially is comparable with the 1/f noise at low frequencies, and thus
it clouds a visual assessment of the noise. Reducing the drift noise component by a

factor of 2-3 makes the noise look more 1/f and improves the 1/f fitting routine.

2.10.3 Validating the White Noise

Verifying that the white noise measured by the station is approximately correct helps
validate the data collection process. Extracting the white noise of a bolometer requires
a knowledge of the voltage noise of the op-amps. According to the OP491 specification
sheet, current noise should only provide a 1/ f component at low frequencies. Equation
2.20 shows the major components of white noise in the system. |
Two methods were used to compute the white noise of the test box. First,
measuring the noise on a known low-resistance juetal-film resistor gives the volt-
age noise almost exactly. In this case, the measured white noise on a 150 2 resistor
was a total of 6.4 nV/v/Hz. The actual white noise on the resistor is theoreticaily
V4kTR ~ 1.6 nVv/Hz, thus the total voltage noise is about 6.2 nV/ vHz. According

to Equation 2.20, the variance on each op-amp is 16 times greater, so the noise per
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root hertz is 4 times greater, or approximately 25 nV/ vHz.

To further verify the voltage noise measurement, white noise data on 100 parts was
compared with the theoretical white noise value for each part. On average, the extra
white noise was about 6.2 nV/\/E; therefore, the two results agree very well. The
OP491 data sheet confirms that the estimated voltage noise is reasonable. The data
sheet specifies a typical voltage noise of 17 nV/v/Hz and a maximum of 30 nV/v/Hz.
The measured 25 nV/v/Hz lies comfortably in the data sheet range.

Figure 2-7 shows the distribution of ratios between the measured white noise (mi-

nus the test box voltage noise) and the theoretical white noise. The actual standard
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Figure 2-7: Histogram of measured / theoretical white noise

deviation on the measurements is about 4%, even though the predicted standard de-
viation is only about 1%. The measured resistance used for the theoretical white

noise value is only good to within £5%, and so it introduces more uncertainty.
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2.10.4 Repeatability

One important aspect of any test is the ability to repeat results. The repeatability
measurements done carry the idea even farther, as the parts were tested under two
completely different environmental conditions. Bolometer response is very sensitive
to the thermal conductance with its surroundings, thus testing the parts in air and
in vacuum is a solid test to see if environmental fluctuations matter. In order to test
parts under vacuum, the bolometer test pads had to be wire-bonded to a chip. As
discussed before, if test pad contact noise were a problem then some difference should
be observable in the measured noise.

The three conditions tested were: “Standard”, “New Contacts”, and “Vacuum.”
The “Standard” configuration means that the bolometers were tested in air with the
normal test pad contacts. The “New Contacts” configuration was after the bolometer
test pads had been wire-bonded to a chip, but the test was still performed in air. The
“Vacuum” configuration occurred when the “New Contacts” parts were placed under
a vacuum.

The graph in Figure 2-8 shows a normalized noise figure of merit (Vn/V) for each
wafer tested. There are several parts on each wafer. For each part, the mean of
Vn/V was taken across all measurements in different conditions. The Vn/V for each
test was then divided by the mean. In an ideal case with perfect measurements, the
resulting normalized noise figure of merit would be 1 for all the data points. With
uncertain measurements, however, there will be some spread around 1. The vertical
line in the graph is 3 standard deviations of the maximum predicted error (ignoring
error in the calculated mean), so basically all of the data points should fall on the line.
A small part of the data from the “Standard” configuration is more variable because
it was not tested inside a box. When people walked by, the noise would increase a
little bi, thus giving a few scattered high points on the graph which do not lie within
the predicted error. A single high point is enough to disturb the calculated mean and
cause a few points to fall below the error bound as well.

As shown in Figure 2-8, the results from the two thermal environments are ba-
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sically the same. The unchanged results given a large change in the environment
strongly suggest that environmental fluctuations do not contribute significantly to

the measured 1/f noise.
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Figure 2-8: Repeatability test

2.10.5 Excess Test Box 1/f Noise

The 1/f noise of the test box alone should not change with bias. By testing a metal
film resistor with low 1/f noise, one can see if any resistors in the test box exhibit 1/f
noise. The first round of tests showed that 1/f noise increased strongly with bias (see
Figure 2-9). Replacing tke 500 k2 potentiometer with the resistor network described
in Section 2.8 virtually eliminated the problem; 1/f noise becomes independent of

bias (see Figure 2-9).
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Figure 2-9: Test box 1/f noise and bias

2.10.6 1/f Dependence on Current

1/f noise typically scales linearly with current. Since all parts were tested at two
biases (plus a 0-bias), it was easy to verify that the measured 1/f noise did in fact
scale linearly with applied voltage (and thus current). Figure 2-10 shows a normalized
noise plotted versus a normalized bias voltage. For each part, the two measurements

were normalized to the noise and bias level of the lowest measurement.
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Figure 2-10: Linear dependence of 1/f noise on current

2.10.7 Contact Noise

Test pad/test probe contact noise does not affect the measurements taken. As seen
in Figure 2-9, normal resistors showed no excess 1/f noise; therefore, they had no
test probe contact noise. In addition, lower resistance parts should be more affected
by contact noise. Figure 2-11 shows that AR/R actually decreases as R decreases,
thus test pad contact noise is not present. Further evidence that contact noise is not

a measurable source of noise is presented later.
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Chapter 3

Bolometer Tests

3.1 Overview

Verification of the test procedure paves the way for extensive testing on parts in hopes
of finding the cause of 1/f noise. The magnitude of the 1/f noise can be put into
system models where its relative importance can be determined. The main goal of
testing is to find how much 1/f noise affects system performance, and how to reduce
its impact.

There are several advantages to single element testing over system testing. Parts
that do not work in an actual system can still be characterized by a robust test station.
The wider range of experiments possible gives more information on determining how
to reduce 1/f noise. Also, the rapid feedback possible allows more data to be collected
without spending time and money on building entire systems. Analysis of single
element testing is much simpler than analyzing an entire system.

The main strategy consisted of testing a large number of parts fabricated over
an extended period of time. If any change is visible, then it may be correlated back
to a change in a processing parameter. The main process changes observed include
variations in pixel geometry, resistance, thickness, and stress. Except for thickness,

most process variations are present on every wafer manufactured.
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3.2 Background on 1/f Noise

Flicker noise, or 1/f noise, has been observed in a wide range of systems, from
the height of the Nile river over the last century to semiconductors. Despite its
ubiquitous presence, there is no unified theory for its source in semiconductors. Its
main characteristic is a 1/f power density spectrum (PSD) down to any measurable
frequency. 1/f noise is usually observed as a voltage or current fluctuation. Clarke
and Voss [9], however, showed that it is really a resistance fluctuation that causes 1/f
noise.

Hooge’s empirical model characterizes a wide range of noise in metal films with
only a single fitting constant. The formula for the normalized resistance PSD is given

by [11]:

Se(f) _ @ (3.1)
R? Nf

where Sgr(f) is the resistance PSD, R is the resistance, o ~ 2 - 1072 is a fitting

parameter, and NV is the number of carriers in the sample. Although Hooge’s model

works well for metal films, it doesn’t always work for other materials. Hooge’s formula

is commonly thouéht of as a volume effect, since N is proportional to the volume of
the resistor.

Another important set of experiments on 1/f noise came from Clarke and Voss.

They hypothesized that 1/f noise may arise from spontaneous temperature fluctua-

tions in a material. The temperature fluctuation model has an interesting consequence

for bolometers, since a higher TCR. (temperature coefficient of resistance) will lead

to more noise as shown below:

éRE = (TCR)AT (3.2)

where %—l@ at 1 Hz is equivalent to the noise figure of merit. The above equation is
a direct result from the definition of TCR (see Equation 2.1). As evidence for their
model, Clarke and Voss observed that manganin, which has a TCR of virtually 0, has

no measurable 1/f noise. The temperature fluctuation model is also a bulk effect; it
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goes down as volume increases.

3.3 Tested Parts

Standard test bolometers are fabricated on the side of every wafer to allow resistance,
TCR, and other basic parameter measurements. Testing standard parts has the
advantage of being able to examine parts ranging over a wide period of time. With
a large amount of data, correlations between processing parameters and noise are
more likely to show up. Unfortunately, the test bolometers were not designed with
noise measurements in mind; therefore, sometimes different test pixels do not give
significantly different information.

For the test pixels, a few basic parameters were varied. The parameters include
geometry, contact area, and isolation/stress. None of the pixels are rectangular, but
for simplicity their shape can be approximated with a rectangle having some effective
width and length. Before etching, pixels are connected directly to the substrate. After
etching, pixels are suspended above che substrate by two thin legs. On each wafer,
pixels connected to the substrate and suspended pixels are present. For standard
testing, the 6 types of pixels are: F2, F3, F2L, F3L, F5, and F6. The differences in

important parameters for each pixel type are given in Table 3.1.

Pixel | [ (shortest) | Weontact | Suspended? | R
F2 15 38 yes 14
F3 15 38 no 1

F2L 27 19 yes 4

F3L 27 19 no 2.7
F5 14 22 yes 1.5
F6 14 22 no 1.1

Table 3.1: List of part types

A “yes” to “suspended?” means the pixels have been etched away from the sub-
strate, R is the approximate resistance, [ is shortest distance between the two contacts,

and Weontact 1S the width of the contacts (or size along the bolometer width). The
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resistances given are relative to the smallest vaiue.

One important feature of Table 3.1 is that the resistance for parts with the same
geometry (e.g., F2 and F3) is not constant. To suspend parts above the substrate, a
layer of material is etched out. After etching, the resistivity of a part changes.

There are a number of difficulties with Table 3.1. First, the effective width and
length of any pixel is not known. The values in the table give a length and width
which should be roughly proportional to the actual size of the device. Also, pixels have
corners, meaning that the current flow through them is not uniform. For simplicity,
all models assume that the current flowing through a device is uniform. Next, the
two contacts do not have a constant distance between them. It is often difficult to
find the exact fraction of the contact area that has a significant amount of current
flowing through it relative to the rest of the contact. From pixel design to pixel design
multiple things change at the same time, thus clouding analysis. In future tests, only
one variable should be changed between pixels. Designing a simple geometry (i.e.,
rectangular) would further clarify test results.

Two new pixel types were also tested. Fortunately the new pixels have varying
thicknesses, an ideal test for differentiating between noise models. The two new pixels
are L1 and L2. The L1 pixel is the same as the F2L pixel and serves as a control in the
experiment. The L2 pixel is somewhat smaller than the L1 pixel. The approximate
properties of each pixel are summarized in Table 3.2 below. The three wafers, V1712,
V1812, and V1912, have V Oz thicknesses of about 1000, 500, and 250 Angstroms,

respectively.

Pixel Name | [ (shortest) | Weontact | Suspended? | R
F1 27 19 yes
F2 13 12 yes 2.8

>

Table 3.2: List of new part types
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3.4 Simple Noise Models

A few models of 1/ f noise are needed to gain a straightforward understanding of the
behavior of 1/f noise under different assumptions. The goal of such models is to
help analyze data and find out where the noise is coming from. In addition, having
a simple model allows one to envision many different process variations which will
distinguish between different types of noise.

One likely model for 1/f noise is a bulk effect, where the noise is generated

uniformly throughout the resistor. For a bulk effect, the noise can vary as:

Va

1
NF = X —== 3.3
Vbius A" |4 ( )
where V;, = 1/Sy(f = 1), Vhi,s is the voltage across the resistor, and V is the volume

of the sample.

The two basic quantities returned from each measurement are the noise figure
of merit (NF) and resistance (R). The NF is related to the resistance through two
equations. The resistance of a bolometer is:

where p is the resistivity, and [, w, t are the length, width, and thickness of the device,
respectively. Combining Equation 3.3 with Equation 3.4 results in the following

relation:

1 _VR
wlt /P
Unfortunately, Equation 3.5 depends on the length of the bolometer . When testing

NF o (3.5)

various geometries, it is nice to normalize out the effect of having different lengths so
that intrinsic material quality can be compared. Using Table 3.1, one can multiply
NF/ V'R by its approximate length to get rid of the dependence on I.

Another way to view noise is with a simple circuit model. Often, a simple resistor-

based model is much clearer than a formula. For example, one can find the effect of
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doubling the thickness of a resistor. Let the initial noise figure of merit be ¥ = & =
«. Doubling the thickness of a sample is equivalent to having two resistors connected
in parallel, each with the same noise and resistance. The variance of the noise current
through each resistor adds, so the new noise figure of merit is 1;1 = % As;'before,
the noise goes down as the square-root of the thickness.

Another model for noise is a surface layer picture. The material near the surface
of a bolometer undergoes a more rigorous treatment than the bulk, so it may be
more noisy because of damage. Bolometers are especially sensitive to surface effects
because they are typically extremely thin (on the order of a few hundred Angstroms
thick). The circuit model for a surface layer effect is two resistors in parallel. One
resistance is due to the surface layer and generates noise, while the other resistance
is the bulk resistance with no noise.

Assuming the bulk and surface resistivity are the same, the noise figure of merit

works out to be:
1

1
Jult, 1+ ty/ts

where w is the width of the bulk and surface, [ is the length of both sections, ¢, is the

NF x

(36)

bulk layer thickness, and t, is the surface layer thickness. Using the above equation,

the following relation between the noise figure of merit and R arises:

NF o« — |5t /R (3.7)

VA

Again, thickness is fixed, so the length can be normalized out in the same fashion
using Table 3.1.

Several observations need to be made about the above equations. First, for a fixed
thickness, there is no way to distinguish between a surface layer and a bulk effect by
varying width and length alone (and given only NF and R). Next, the surface layer
model (Equation 3.6) predicts that noise will go down as 1/t; when ¢, >> t, and noise
will go down as t, if ¢, > t,. The ratio of the bulk thickness to the surface thickness
determines how fast the noise drops as the thickness of a sample increases. Again,

for simplicity the model assumes that the resistivity of the surface and bulk are the
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same, even though it may not be true in an actual bolometer.

Contacts are an observable source of noise in many devices, so another potential
model involves contacts. As previously described, the test pad contacts were ruled
out, but the contacts on the actual bolometer were not discussed. The circuit model
based on contacts is two resistors in series, with the contact resistance given by R,
and the bulk resistance given by R,. For simplicity, the two contact resistances are
lumped together into one resistor. The bulk of the bolometer is assumed to contribute
a negligible source of noise.

The approximate NF, given that the measured contact resistance is much lower

than any bolometer resistance, is given by:

1 R
NF x ————"2 3.
x VATel ontact R, ( 8)

Note that as the bolometer resistance drops, contact noise becomes a larger problem.
It is approximately true for all the measured devices that the contact width is the

same as the bolometer width. With this assumption, the following relation arises:

1 )(3/2)

NF (
wl,

(3.9)

For the contact model, a plot of NF normalized by R is more appropriate than a plot
normalized by vVR. As the width of the device goes up, NF/R should drop. Since all
the contact lengths are the same, one can use Table 3.1 to normalize out the width
of the device (by multiplying by w®?).

For all the above models, resistivity does not affect the noise figure of merit. If one
assumes that the noise varies with the carrier concentration (N) as 1/v/N instead
of with the volume as 1/ V'V, however, resistivity plays an important role in noise
measurements. The noise figure of merit is now given as NF \/m . Solving for

the new dependence of NF on R and assuming a bulk effect model gives:

NF \/j}lg (3.10)
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If the noise figure of merit is a function of resistivity, then all the p terms disappear
when NF is divided by v/R. Since resistivity changes when parts are etched, it is

possible to distinguish between the volume and carrier concentration models.

3.5 Estimating Geometry with Noise

One extra application of noise measurements is that they allow one to estimate the
length and width of a bolometer’s electrically active area. If the model for noise is
known, then the results are relatively straightforward to interpret. If the approximate
length and width of a pixel are known, then the estimation based on different models
serves as a validation check for each model. If one has a simple pixel, then its length
and width are easily compared to more complicated geometries; thus, one can get a
better estimate of the properties of complicated geometries.

The three basic models for noise are developed in Section 3.4. For a bulk noise
effect, Equations 3.3 and 3.4 lead to a set of equations for length and width as given

below:

vR 1 p
loc—ﬁ and wOCNF\/}—%'; (3.11)

The exact relation between [ and the two measured quantities R and NF may be found,

but it is often more useful just to compare how the length and width change from a
standard simple geometry. If one pixel is rectangular and another has a complicated
shape, then taking the ratio between the lengths of the two pixels gives an effective
length for the complicated geometry. Note that the width equation depends on p and
t while the length equation does not; therefore, the width should only be compared
between pixels having the same resistivity and thickness.

Similar equations may be found from the various other noise models. For com-
pleteness, the length and width equations are given below in Table 3.3.

Several features of the above models are worth noting. First, it is not possible
to distinguish between the bulk and surface layer model from length and width esti-
mates alone. By varying thickness, however, the difference becomes apparent. The

contact model, as before, has a very different behavior than the other two models. Its

44



Model w l
Surface layer x 5N£

Contact | (1—\,—;;}—2)2/3 (ﬁ) 2/3

Table 3.3: Length and width estimates

properties easily distinguish it from the bulk and surface models, even if only width

and length variations are present.

3.6 Results

The results come in two main segments. The ﬁrst part is a large amount of data from
standard parts, which can only distinguish between bulk/surface layer and contact
effects. The second part is a small amount of data on non-standard parts with varying
thickness, thus enabling one to distinguish between surface layer and bulk effects. The
surface layer model fits all the available data most closely. Unfortunately, the small
data set coupled with the relatively large number of unknown parameters means that
no model is certain. More tests need to be performed. The tests do, however, show
that noise can be substantially reduced by changing certain pixel parameters.

Over 100 parts were tested at 3 bias voltages for the standard geometries, namely
F2, F2L, F3, F3L, F5, and F6. The two basic parameters extracted from each set
of 3 measurements are a noise figure of merit (NF) and resistance (R). Figure 3-1
shows the two parameters plotted against one another. For the standard parts, the
results fall into two groups. Each group’s noise varies with resistance, but not with
resistance between groups.

The plot of the noise figure of merit normalized to pixel length and resistance
is shown in Figure 3-2. The relative pixel lengths were taken from Table 3.1. The
relatively flat result is in agreement with Equations 3.5 and 3.7, thus indicating that
a bulk or surface layer model is appropriate. Furthermore, because the F2/F3 and

F2L/F3L groups have the same normalized noise in the plot despite their completely
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Figure 3-1: Experimental results on standard parts

different resistivity, a model in which noise varies with resistivity (see Equation 3.10)
seems appropriate. If all the resistance variation is due to carrier concentration and
not thickness or mobility variations, then the Hooge model fits well. Note that the
relative height of the groups may be slightly off because the part width and lengths
are only known approximately.

The contact model is ruled out by Figure 3-3’s disagreement with Equation 3.9.
If a contact model were valid, then the resulting plot would be flat within a given
type of pixel, even if the widths were totally unknown.

Given the validity of the bulk or surface layer noise model, it is possible to estimate
the ratio between the width and length of each part using Equation 3.11. Since the
width equation is not independent of p, only pixels that are both etched or both not

etched are compared. Table 3.4 gives a summary of the relative lengths, and Table
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Figure 3-2: Bulk model scaling on standard parts

3.5 gives the relative widths. The information agrees fairly well with the shortest
lengths and contact widths given in Table 3.1. The length ratio between F3L and F3
should be around 1.8, and should be the same for the ratio between F2L and F2. The
length ratio between F6 and F3 (or F5 and F2) should be about 0.9. The width ratio
between F3L and F3 (or F2L and F2) is about 0.5, and the ratio between F6 and F3
(or F5 and F2) is around 1.2. The approximate agreement between pixel sizes and
predicted pixel sizes gives more weight to the bulk/surface layer model for noise.
Based on the above results, several new experiments were proposed. Time only
allowed for a small subset of the proposed experiments, which involved testing parts
with different thicknesses. The thickness experiment consists of a small set of data
taken from 3 wafers. The overall plot of the noise figure of merit versus resistance is

shown in Figure 3-4. The most striking feature of the plot is the much wider range
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Figure 3-3: Contact model scaling on standard parts

of variation in NF. NF goes down as the thickness increases.

Since the contact model has been ruled out based on previous experiments, the
plot proving its failure for the experimental parts is not shown. Different thicknesses
should allow one to distinguish between the surface layer and bulk models of noise,
however. A plot of NF/+/R normalized by length is given in Figure 3-5. For thin parts,
the noise follows the bulk model and is constant. For very thick parts, however, the
noise goes down faster than the bulk model predicts. The surface layer model explains
the data in this case. For thin parts (V1812 and V1912), the surface layer thickness
extends throughout the entire sample; therefore, the phenomenon is essentially bulk.
For thick parts (V1712), the surface layer is more comparable to the bulk thickness,
so noise goes down slightly faster than the bulk model predicts, as shown in Equation

3.7. If the thickness is increased enough, then the noise figure of merit will be inversely
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Part 1 Relative to Part 2 | Relative Length
F3L / F3 1.5
F6 / F3 1.0
F2L / F2 1.7
F5 / F2 1.1

Table 3.4: Relative lengths

Part 1 Relative to Part 2 | Relative Width
F3L / F3 0.6
F6 / F3 0.9
F2L / F2 0.6
F5 / F2 1.0

Table 3.5: Relative widths

proportional to the thickness of the sample; otherwise for small thicknesses, NF' goes
down as the square root of thickness.

Despite the apparent success of the surface layer model, one must observe that
only 3 real data points with thickness are available. Further testing needs to be
done before any final conclusions are reached. There are many experiments under
consideration. Further thicknesses need to be measured, along with different surface
preparation techniques.

In conclusion, the measurements on a large number of test pixels ruled out contacts
as a source of noise completely. The preliminary experiments begun with thickness
variations suggest that noise is confined to some region near the surface of a bolometer.
Noise does appear to be a function of resistivity, so the Hooge model is a good
candidate for explaining the results. In any case, noise can be substantially reduced

by increasing the volume of the bolsineter.
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Chapter 4

System Noise Background

4.1 Introduction

In an ideal system, measurements would ounly be limited by fundamental detector
noise. Any real system, however, contains some amount of extra noise. The noise of
the investigated Uncooled system is broken down into two parts: detector noise, and
read-out integrated circuit (ROIC) noise.

One needs a system model in order to analyze and evaluate noise actually viewed
by users. A system noise model also allows one to determine what noise terms need to
be measured. Once the required measurements are done, one can see how improving
noise in various parts of the system affects the overall performance. Noise terms
which particularly hurt overall performance can be identified and worked on first.
In addition, a system noise model determines how much all the bolometer noise
measurements from the previous part matter.

Models such as FLIR92 [3] already predict the performance of an IR system from
basic noise and system parameters. Every system is unique however, so a model of

the specific ROIC used is more useful than a generalized model.
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4.2 Types of System Noise

Image noise can be separated into a few basic types. Spatial noise is usually defined
as noise that does not vary much with time. Any fixed pattern appearing on the
screen is spatial noise. Temporal noise is noise that depends strongly on time. It
fluctuates a large amount from frame to frame.

Although the two groups above are useful in general descriptions of noise, finer
characterization of noise is needed. The three main dimensions noise correlations exist
in are rows, columns, and time. D’Agostino [3] gives a good overview of the three types
of noise correlation and defines operators useful in separating the components from
each other. Row noise is when there is a uniform variation along an entire row, but
each row is different. Column noise is the same as row noise, but oriented vértically
instead of horizontally. For simplicity, noise variations in time will be characterized
as “white” for quickly fluctuating or “1/f” for slowly varying noise.

Any combination of the above three dimensions may exist, giving a total of 8 pos-
sibilities. For example, detector white noise is not correlated along rows or columns,
so it is referred to as white noise. If an entire column fluctuates slowly, then the noise
is 1/f column noise. If an entire row fluctuates rapidly, then it has white row noise.
The causes of each type of correlated system noise are mainly left for future work,
but a few ideas are presented later.

Not all noise terms are equally important to users of a system. Eye/brain averaging
of scenes tends to pick up on noise which is correlated in time or space [6]. White
noise tends to get averaged out, so it has a lesser importance. Common system figures
of merit do not always take this into account. The FLIR92 model, when analyzing
human perception of a noisy image, takes into account the eye/brain integration. The
modél can predict how well an observer will be able to make out fine details in an
image. All observers are different, however, so there is some variation in the results.
Even lighting conditions in the room during testing can affect how much noise is

integrated out of an image [1].
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4.3 System Figures of Merit

System figures of merit usually tend to be very dependent on the exact setup of the
system. Lens size, refresh rate of the screen, and even lighting conditions can matter
in a measurement. The two most widely used figures of merit for infrared systems
are described below.

The minimum resolvable temperature difference (MRTD) is a purely human test
of system performance. It is defined as the minimum temperature difference between
a 4-bar target and background needed for a trained observer to resolve the image.
Typically a person looks at the 4-bar target through the IR system being evaluated,
and turns down the temperature difference between the target and its background
until the target is no longer visible. The experiment is repeated several times. The
measurement is a function of target size and orientation. For a trained observer, the
measurement results are usually fairly repeatable. The MRTD measurement is a good
test for real performance, since the effect of artifacts in the image such as row and
column noise is always included.

A computable figure of merit more suitable for routine testing is the noise equiva-
lent temperature difference (NETD). NETD is the temperature difference of a scene
needed to give a unity signal to noise ratio. Sometimes it is divided into spatial and
temporal components in an attempt to better model human preferences. Unfortu-
nately it weights row and column noise the same as pixellated noise, so it may not
lead to an accurate prediction of MRTD. From a user standpoint, MRTD is a better
predictor of system performance. From a routine testing standpoint, NETD is faster

and easier to measure.

4.4 ROIC Description

The read-out integrated circuit (ROIC) is a standard silicon-based circuit. The
bolometer devices are grown directly over the ROIC. The ROIC measures the IR

signal from each bolometer and sends ‘the data off-chip in a digital format. Figure
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4-1 shows the basic block diagram of the ROIC circuitry for a single bolometer pixel.
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Figure 4-1: ROIC block diagram

The ROIC first biases each pixel to a voltage Vg, for a short period of time.
Global heating compensation is done to correct for the bolometer change in resistance
caused solely by bias heating (see the next section). A coarse offset, adjustable for
each pixel, accounts for process variations in resistance. The offset, calculated on a
uniform image, tunes the output of each bolometer to approximately the same value.
By canceling out process variations, the dynamic range of the system is improved.
Next, a pre-amplifier feeds the bolometer signal into an analog to digital (A/D)
converter. Once in a digital format, the data is passed to the interface electronics
and shipped off-chip to a signal processing board.

The circuitry in the ROIC is divided into rows and columns. The system scans
down rows reading out about 320 values at a time. All detectors in a row are biased
during the same period. All detectors in a column are read out by the same pre-amp
and A/D circuitry. Noise correlations along a given direction can thus be traced to
either the row or column circuitry.

The signal processing card, or SPC, provides fine offset and gain correction. Coarse
correction on the ROIC only roughly cancels bolometer resistance variations. Fine
offset correction on the SPC digitally corrects the image so it is uniform. A uniform
black shutter (see Figure 4-2), controlled by the SPC, is used to get a uniform image

for correction data. The SPC first records a frame looking at the shutter, then stores
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whatever value is subtracted from each pixel value to get the output exactly in the
middle of its range. A fine offset correction is done every few minutes to correct for

slow drifts in pixel offsets.

Shutter (not to scale)

)Vindow Vacuum

g

Ve

Lens SPC

Bolometer Array

Figure 4-2: Lens and shutter location

Gain correction adjusts for differences in the gain of each pixel. The correction
makes the scene look uniform for more than one temperature. The algorithm per-
forms a two-point linear correction by measuring the response at two uniform scene
temperatures. All pixels have a slightly different gain between the temperatures, so
the output is digitally scaled.

In addition to simple gain and offset correction, the SPC also performs some non-
linear gain processing to make the image easier to view. The signal coming from the
ROIC is usually smaller than the dynamic range of the output. The basic idea is to
fill the dynamic range for any picture so that the user can see a maximum amount of
detail. The picture is analyzed with a histogram so that the hottest temperature in
the scene?does not show up as a dull grey, but as a bright white instead. Despite the
visual enhancement, all gain processing was turned off during testing so that it did

not complicate results.

-

4.5 Pulse Biasing

Bolometers burn out if the average power dissipated becomes too high. The goal of

pulse biasing is to get an accurate measurement of bolometer resistance without using
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too much power. The high refresh rate of 60 Hz requires a relatively fast measurement,
also. Fortunately it turns out that keeping average power constant, it is possible to
measure resistance with a given precision in any amount of time.

The basic idea behind pulse biasing is to take a sample every Tyompie period of
time, but only to bias for a fraction of the sampling period. The bias period, Tyiqs,
is about Tyampre/240 for the system under investigation. A total of about 240 pixel
rows need to be read, but an entire frame is only read out every 1/60th of a second.
Each row is biased sequentially for about 1/240th of the frame rate period.

To see why pulse biasing works, first consider the average power consumed by a
bolometer biased for Tis out of Tsampe time. The average power is:

P _ Tbias

g = I’R 4.1
v Tsample ( )

Assuming the current has a standard deviation of oy, integrating it for a time of Tp;4s
results in a new standard deviation of o;4/Ty0s.- The signal is the integrated current,

or ITy;es- The signal to noise ratio (SNR) is thus given by:
SNR = gr TbiasI (4.2)

Plugging the signal to noise ratio into the average power equation, one finds that the

average power reduces to:
(SNR)2R

2
TsampleU T

Phyy = (4.3)

The average power is independent of Tp;,s, but does depend on the signal to noise
ratio. More power means a better measurement, in general.

One problem that arises out of pulse biasing is that the instantaneous power is
quite high, so the bolometer heats up a lot during the biasing period. One method of
correcting for pulse biasing is to subtract off the extra current or voltage measured
due to bias heating [4].

If no pulse bias heating correction is done, then the actual amount of temperature

change due to pulse bias heating should be kept in check to avoid dynamic range
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problems. Using a linearized temperature model [4], neglecting radiative loss, and

biasing each bolometer directly, the temperature change over a pulse bias period Tj;s, -

is:
2 1- V—z T iasg
AT =Y (1 + 1= e (TOR)T, ) (4.4)

RC eTcample/T -1

where 7 is the thermal time constant. The corresponding current change is Al =

(TCR)ATY.

4.6 System Model

In order to identify the most critical sources of noise, a system model incorporating
all noise sources is necessary. In addition, a system model allows design changes to
be quickly evaluated for their feasibility.

Thermal calculations on the bolometer give the responsivity and time constant
of the device. The thermal conductivity, G, is completely determined by how much
heat transfer occurs through the legs of the bolometer. Radiative loss is negligible
in comparison. The 2 legs are made of metal and a covering material. The thermal

conductance due to the metal of 2 legs is:

t
Gmetal = gmetalwmetal—rln_efﬂ -2 (45)
leg

where g is the thermal conductance of the metal per um, Wyetq is the width of the
metal, tmetqr is its thickness, and [, is the leg length. The total conductance is just
the sum of the metal and covering conductance, Gnpetas + Geovering-

The thermal capacity, C, is dominated by the bolometer itself, with a small con-
tribution from the legs. For each material, one can look up the thermal capacity per
unit weight, which is easily converted to ¢, the thermal capacity per unit volume. The
bridge is composed of VOz and another covering material, so its thermal capacity is
just Chrigge = CvozVv 0z + Ceover Veover Where V' is volume. The thermal capacity of the
legs is estimated to be about half the volume of both legs. The total thermal capacity

is just the sum of the bridge and leg contributions. The thermal time constant is then



defined as 7 = C/@G.

Responsivity is defined as the change in output per degree change in the scene
temperature. In this system, the output is in counts, a number ranging from 0 to
64000. To find responsivity, first calculate the change in resistance per degree change

in the scene temperature:
eAI TCR

A= e

R (4.6)

where ¢ is the fill factor and absorption efficiency, A is the detector area in um?, I
is the appropriate blackbody integral (discussed below) in Watts/um?/Kelvin, and
F is the optics F number [2]. The detectors have a window over them which only
allows radiation in the 8-14 um range to pass through, so the appropriate blackbody
integral is [5]:

g (4.7)

I= / tum dW,(T)
— Js
where W), (T') is the spectral radiant emmitance of a blackbody at a temperature T.
The voltage for the A/D converter is obtained by first integrating the current onto
a capacitor Cjn; for Tp;,s time, so the voltage change from a degree change in scene
temperature is:
_ %iasARTMas

The responsivity is more conveniently expressed directly in the output units of counts.
Volts are converted to counts by a scale factor determined by the A/D converter.
There are three main bandwidths when dealing with noise: electrical, thermal, and
discrete-time/sampled. The thermal bandwidth is determined by the thermal time
constant, and only affects the signal and thermal noise. The electrical bandwidth is for
all the other noise terms, and is set by the integration time for each sample. The A/D
converter integrates the current for a time of Ty;,s before sampling the result, thus
effectively putting all noise and the signal through a low-pass filter. The discrete-time
or sampled bandwidth needs to be considered because the images are only sampled
at 60Hz, which is much lower than the electrical bandwidth. Substantial aliasing of
noise does occur. The aliasing of Johnson noise does not hurt system performance,

however, as seen in Section 4.5. When analyzing the results, one may only look at part
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of the discrete-time bandwidth. Although this is more complicated than observing

the entire discrete-time bandwidth, it is a useful condition for a model to handle.
The aliasing components of noise complicate the calculation of bandwidth for dif-

ferent power spectral densities (PSDs). The overall variance of noise passing through

the integration stage and being sampled is given by:

sin((w — n2m)Thias /2)
(w — n2m)

T , 2
Variance = [ 3 Szz(e’(“’“"2"))'4( ) dw (4.9)

27rTb2iaa JD n=-—00

where w is the frequency in radians and S;; is the PSD of the noise. The signal
also has a gain of T, during integration, so the variance is normalized by the gain
squared, or TZ,,. Care should be taken with factors of 2, since most references give
PSDs (S;;) in terms of a one-sided spectrum to avoid negative frequencies. Aliasing
is generally easier to handle for 2-sided spectrums, though.

In most cases it is easier to think of the noise bandwidth before the signal is
sampled. If one then looks at the entire discrete-time bandwidth, the variance does
not change. For white noise, the effective electrical bandwidth is just Beectricat =
1/(2T4iqs). For 1/f and thermal noise, Equation 4.9 should be used. An approxima-
tion that works fairly well for thermal and 1/f noise is to stop the sum over n when
n = 1/(2T4iasfs) (where f; is the sampling frequency), and approximate the sinc term
as a constant T3;,s. The approximation only works because the electrical bandwidth
is much larger than the effective width of the thermal noise or 1/f noise.

Thermal noise is a random temperature fluctuation between the environment and
the bolometer. It effectively acts as a low-pass filter with time constant 7, so its
bandwidth from some low observed frequency f; to a high observed frequency fj is

given by:

N
Birerma = §7lr—r Y larctan((nf, — fi)T) — arctan((nfs — fr)7) (4.10)
n=1
+arctan((nfs + fu)7) — arctan((nfs + fi)7)]

+(arctan(f,7) — arctan(fi7))
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where N is approximately 1/(2Tpigs fs)-
The thermal contribution to NETD is just:

s [ 4F? + 1
NETDherma = V4ET?G Bthermal"‘é‘/‘i“f“‘ ‘<(4-11)

where k£ is Boltzmann’s constant and T is the ambient temperature. The thermal
noise is well below the Johnson noise level for this system, so this term can usually be
neglected. Thermal noise is the fundamental limit to bolometer performance when
the bolometers have no 1/ noise.

Resistor Johnson noise is & significant contributor to system white noise. The

effective bandwidth for white noise over the observed frequency range of f; to fj is:

BJohnsan = Belectrz'cal : fh — ft (412)

where Bjygtem is the Nyquist frequency (or half the sampling frequency). The Johnson
noise contribution to NETD is thus given by:

V4kTR G 4F% +1

——__‘/bias TCR. BJohnson cAl (413)

NETD Johnson =

1/ f noise from the bolometers has complicated aliasing characteristics, much like

thermal noise. The effective 1/f noise bandwidth can be found using Equation 4.9

N —
Bys=3 {m (-———Z}: - 2) +1In (%———iié’:)} +1n (%) (4.14)

n=1

as:

From the previous chapter, 1/f noise can be modeled in two ways. It can either
vary with the number of carriers, or with the volume; therefore, the noise figure of
merit can be:

Va a [P
—=— or B= (4.15)
%ias \/V vV
where V is the VOz volume, p is the resistivity, a is the measured noise figure of

merit normalized to volume, and § is the measured noise figure of merit normalized
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to volume over resistivity. The 1/f NETD is thus given by:

V. @G 4F? +1

NETDy/y ~ Viias TCR Byr—z7

(4.16)

Except for A/D white noise, the best way to get an accurate assessment of ROIC
white and 1/f noise is to measure it. The A/D white noise for a perfect converter
should be about 24/1/12 counts.

If the measured white noise standard deviation is o,, over the full electrical band-

width, then the noise between fi and fj is approximately given by:

l fo— T
Oy 'B:;;;n- (417)

If the measured 1/f noise in the full electrical bandwidth is oy/f, then the noise

between f; and f is:

91/f
By, (4.18)
\/ In (Belectrical/ f l)

Note that the f; quantity must be larger than 1/7,,, where T, is how long the system

has been on. There are 6 basic ROIC terms that need to be measured, which include:
white row noise, 1/f row noise, white column noise, 1/f column noise, white noise,
and 1/f noise. The overall screen fluctuation was ignored.

The total NETD of the system can be obtained by summing the individual NETD

calculations in quadrature. In other words, the variance of the noise adds as:

NETD:ota; = \/ 3 NETD? (4.19)
z=all noise terms

4.7 System Model Checks

There are two main pieces of data which help verify the system model. The respon-
sivity measurement plotted vs. resistance gives a good check on the optical and A/D
characteristics of the system. Figure 4-3 shows that the system model predicts the

general level and trend of the data for the normal bias voltage. The spread in the
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data is most likely caused by variations in G, TCR, and responsivity measurement

errors. Note that the model only has one value for parameters like G and TCR, while

the actual measured parts each have a different value for those parameters. Figure

4-4 shows that the model also works well when the bias is 1.5 times higher than nor-

mal. Most of the responsivity model parameters are known approximately through

measurements. A few, like e (the bolometer fill factor), were adjusted slightly to get

a better fit of the data.
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Figure 4-3: Responsivity modeling, normal bias

Another check on the model is to make sure it predicts the average measured

NETD of the system. The data does correspond fairly well with the model, as seen

in the next chapter.
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Chapter 5

System Noise Tests

5.1 Overview

The main goal of system testing is to determine how much various components con-
tribute to the overall noise. Parts of the system can be isolated by changing the
software or hardware configuration of the system. The main parts characterized in-
clude the A/D, pre-amplifier, transistor switches, and bolometer noise. From these
measurements, one obtains the required parameters for the system model.

In isolating the various parts of the system, one also needs to characterize the noise
based on how it varies spatially and temporally. The spatial component of noise can
be characterized as row, column, or pixel noise. Overall screen fluctuation is ignored.

The temporal component of noise is broken down into 1/f and white noise.

5.2 Frequency Analysis

Characterizing noise on a single pixel seems relatively straightforward. In an ideal
situation, one would take sequential frames and calculate a periodogram on the data
for many pixels. The periodogram provides an estimate of the PSD without any
knowledge of the underlyihg noise spectrum. Unfortunately, the investigated system
ié under development, so sequential frames of data were only available at roughly 20

second intervals. Since the camera sarapling rate is at 60 Hz, grabbing a frame every

67



20 seconds does not yield useful results.

The signal processing card (SPC) provides a variable digital filter, however, which
enables one to estimate spectrum parameters even without being able to take frames
quickly. With enough data and a model of the PSD, one can extract a reasonable
estimate of the noise parameters. One must assume something about the underlying
spectrum, however, so the results are much less general than when directly doing a
periodogram estimate.

The digital filter in the SPC is a recursive low-pass infinite impulse response filter.
It has a single adjustable parameter, z; a lower £ means a shorter filter and a lower
passband on the filter. The algorithm for the low-pass filter basically keeps a running
“average” of all past values to subtract from the current pixel value. In difference

equation form, the average is:
g[n) =27"z[n] + (1 = 27°) - g[n — 1] (5.1)

where z[n] is the value of a pixel at sample n, and g[n] is the calculated average. The
corresponding impulse response is heyg[n] = 27%a™u[n}, where a =1 —27%,

For each pixel, the output of the filter is actually the current pixel minus the
previous average, or Z,y:[n] = z[n] — g[n — 1]. The overall system impulse response is
thus given by:

ha[n] = 6[n] — haygln — 1] (5.2)

In order to see the effect of this filter on noise, one needs the magnitude of the filter

frequency response squared as follows:

2 — 2cos(27T f)

H(f)I = 1+ a2 — 2acos(27Tf) (53)

where T is the sampling period of the system. By varying z, H,(f) takes on a different
shape which can be used to determine the parameters of the noise spectrum.
In order to determine the parameters of the noise spectrum, one must make some

assumptions about its shape. A reasonable starting point is to assume that only 1/f
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and white noise are present. The spectrum is therefore modeled as Sz-(f) = a® +
b?/ f+ aliasing terms. One way to separate 1/f and white noise involves calculating
the effect of the filter on each noise variance separately. The total noise variance is

approximately given by:

rf :""’ Sea(F) | Ho ()P (5.4)

where f; is determined by the on time of the system and f; <« 1/(2T). The white
noise produces a mostly flat aliased spectrum at a height o2, so its variance coming
out of the digital filter is 02, , = 3 02 |h[n]|* = 02 (1 +1/(2**! — 1)). The 1/f noise
aliased spectrum is more complicated, so it is evaluated numerically for »* = 1 to give
ol /- Lhe equation for the aliased 1 / f noise spectrum is discussed in Chapter 4.
The basic procedure for finding the model parameters involves taking a frame at
several different values of z (e.g., 0,2,4,6, and 8). Only one frame per z value needs
to be taken assuming the noise is ergodic. Taking the standard deviation of one pixel
in time is equivalent to taking the standard deviation of all the pixel values in an

image. The set of linear equations resulting from the model is:

V=M (5.5)
where
2 2 2
aw,:c:O 01/ f,xz=0 2 Um,a::O
a

— 2 2 = — 2
V= Owaz=2 O1/fz=2 L= b2 , M= Om,z=2 (56)
where o2 is the measured noise variance at x = n. The least-squares solution is

m,z=n
-1
given by £ = (VTV) VTM.
The results returned are for a? and b* without aliasing. When computing their

contribution to overall noise at a given value of z, one must consider V. The data

seems to fit the model fairly well. A typical plot of pixel noise containing both a 1/f
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and white noise component is shown in Figure 5-1.
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Figure 5-1: Noise variance vs. digital filter “x”

5.3 Spatial Separation

To identify whether noise is associated with individual pixels, row circuitry, or column
circuitry, one must separate the noise based on its spatial correlation. For example, a
uniform variation along an entire column is most likely caused by circuitry common
to the entire column, such as the A/D or its buffer and pre-amp circuitry. The noise
in an image is separated into row, column, and pixel components; all overall screen
fluctuations are ignored.

The various types of noise are relatively straightforward to separate out. Taking
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the average along each row, and then computing the variance of all the row averages
gives the row noise variance. Column noise variance is found in the same fashion as
row noise, except that the averages are across columns. Calculating the variance of
the entire image after row and column averages have been subtracted gives the pixel
noise variance. If pixel variance needs to be found when the detectors are enabled,
then one should try and cancel out scene variations. Placing a piece of uniform black
foam in front of the lens eliminates most scene variations. Putting the captured image
through a high-pass filter helps get rid of the remaining scene variation due to the
environment. The high-pass filter must be normalized to have unit energy so that the

resulting overall variance is not changed.

5.4 Circuitry Separation

It is possible to electrically and physically disable parts of the ROIC to get a better
idea of what parts cause the most noise. Disabling part of the circuitry is very useful
in simplifying the analysis, but is also very time consuming.

The pre-amplifier and A/D circuitry noise show up when the detectors are dis-
abled. In effect, one gets a good measure of overall ROIC noise by just disabling the
detectors. The pre-amplifiers can be disabled separately from the A/D converters,
allowing one to isolate any problems down to the pre-amplifier or A/D precisely.

Each detector gets selected by a MOS transistor switch which may have noise
associated with it. One method of testing the switches for noise involves changing
the gate voltage on all the transistors. Changing the gate voltage should result in
some change in the noise.

A good check to see if detector noise is measured correctly is to examine its
dependence on the bias voltage across each bolometer. White noise and 1/f noise
both depend differently on bias. The NETD due to white noise (in counts per mK)

goes down as bias is increased, while 1/f NETD stays the same.
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5.5 A/D Testing

Disabling the detectors and pre-amplifiers gives a clean measurement of A/D noise.
Unfortunately, disabling circuitry on a board is time-consuming and sometimes risky
to the product. A faster and easier way of testing for A/D noise involves changing
the integration time of the detector current. The detectors are still biased for the
same amount of time, but the current is only iutegrated for some fraction of the bias
time. The integration time is changeable entirely with software commands.

The A/D noise is constant no matter what the integration time, while the noise
before the A/D goes up as a function of integration time. Because integrating the
current acts as a low-pass filter, 1/ f noise and white noise react differently to a change
in integration time. For white noise, the voltage noise variance on the inpuﬁ to the
A/D converter is:

V2

,2white

= 4kTRBg* (5.7)

where B = 1/(2T};) is the white noise bandwidth and g « T}5:/(RC) is the gain on
the detector signal. The noise variance of white noise thus varies as V;2,,pite < Tine-
With 1/f noise, the total noise changes insignificantly when the integration time is
increased because more aliasing has virtually no effect. The voltage noise variance is
therefore proportional to g2, or V2, o< T7,,. Given the above differences in white
noise, A/D noise, and 1/f noise, it is possible to separate all three components. If
possible, it is better to eliminate variables from the model. For example, if 1/f
noise is known to be insignificant, then including it in the integration time analysis
only leads to greater error. The frequency separation analysis should be done before
attempting to separate A/D noise, otherwise much more data needs to be taken to
ensure accurate results. Unfortunately separating the overall noise into white noise
and 1/ f noise first introduces error even before the two types of noise can be separated
into A/D and non-A/D noise. In other words, the estimates of 1/f noise and white
noise each have a greater percentage error than a single estimate of the total noise.
To find the A/D noise, frames should be taken at various values of integration

time. The model for the noise as a function of integration time is 0® = o5, +
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Tins0s, + T,0%) 4, Where 02, is the noise variance due to A/D, 1/f, or white noise.

When data is taken at many integration times, the resulting set of linear equations

is:
Tz=V (5.8)
where
1 Ty T3y o%4/p 0% int,0
1 Tinen Iﬁzt,N o ?/ f U%int,N

where orintn is the measured variance at an integration time n.
The results in Figure 5-2 show that 1/f noise variance does vary approximately

as T2, and white noise varies as Tip;.

5.6 Experimental Results

Preliminary testing on a few focal planes suggest that there are only 5 main noise
terms: white row noise, 1/f column noise, A/D white noise, bolometer white noise,
and bolometer 1/f noise. All other noise sources give a negligible contribution to
overall noise. Table 5.1 summarizes the data taken on several focal planes. All data
variances are given for the digital filter parameter z = 6.

The test conditions summarize what changes were made to each focal plane before
testing. For example, “1.5x bias” specifies that the bias voltage across the detectors
was 50% higher than normal, “1.5x switches” specifies that the voltage on the transis-
tor switches was 50% higher than normal, and “preamp x4” means the pre-amplifier
current was 4 times higher than normal.

- The data, as seen in Table 5.1, is somewhat noisy. The main reason for the
variation in results is because only a small number of points were taken at each value
of z and Tj,;. No rigorous analysis of the error on any extracted parameter was

done. In addition, some focal planes had a small number of very noisy pixels which
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Figure 5-2: Noise variance vs. normalized integration time

introduced even more error into results. Responsivity measurements used to convert
from counts to mK also seem to only be repeatable to within roughly £5-10%. To
achieve better results, more data points with better focal planes should be tested.
Despite the shortcomings of the data accuracy, it does show the basic trends
expected in the data. With increasing bias, the NETD due to pixel white noise
drops. The épixel white NETD does not drop as quickly as predicted by Equation
4.13, however. It is not known whether the problem is in the fitting algorithm,
whether more noise is introduced at higher biases, or whether some other small white
noise term is present. The 1/f NETD stays about the same, as predicted. The
integration time analysis agrees well with data taken with just the A/D enabled.

The approximate 1/f and white noise levels also agree well with the system model
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Pixel
White 1/f A/D White Pixel 1/f
Row Column White Noise Noise
Test Noise Noise Noise (counts, (counts,
FPA | Conditions | (counts) | (counts) (counts) mK) mK)
188 1x bias 1.8 0.8 2.2 24,60 1.8,45
1.5x bias 1.8 1 2.2 2.8,47 2.8, 43
1.5x bias,
1.5x switch 1.8 1 assumed 2.2 | 2.8,4.7 2.8,43
A/D and
preamp x1 1.8 0.8 2.2
A/D and
preamp x4 | 1.6 0.8 2.6
A/Donly | 14 0.8 2.2
263 1.5x bias 0.6 2.2 2.8,45 24,38
293 1.5x bias 1 0.6 24 22,65 1.6, 48
294 1x bias 1.6 0.34 2.4 2.2,60 1.8, 49
1.5x bias 2.2 0.22 2 28,51 24,44
1x bias,
1.5x switch 1.6 0.28 2.4 22,60 1.8, 48
A/D only 1.6 0.22 2.2
[ 372 1.5x bias 0.8 0.6 2.6 28,64 1.8, 43
| 406 | 1.5x bias 1 0.6 2 3.2, 62 2.0, 40 “
408 | 1.5x bias 1.4 1 2 24,49 | 2.8,39 |

Table 5.1: ROIC testing summary

developed in Chapter 4. The modeled white noise NETD (in mK) at normal (1x)

bias is about 50 mK, while the experimental results give a white noise around 60

mK. The modeled 1/f noise ranges from about 30 mK to 50 mK, white the data in

Table 5.1 ranges from 39-49 mK. The predicted bolometer 1/f noise varies over such

a large range because the noise figure of merit, V,,/Vjias varies also. With such a wide

range of predicted values, it is difficult to tell exactly how much error the modeled

1/ f noise has. The model has many unknown parameters which were estimated, so

it only serves to give a rough estimate of the actual noise observed in the system.
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5.7 Discussion

The measurements on various ROICs show that 1/ f noise from the bolometers them-
selves dominate the low-frequency noise characteristics of the system. The final col-
umn in Table 5.1 is completely determined by bolometer characteristics. Since MRTD
measurements are mainly influenced by low-frequency noise that the eye does not tend
to integrate out, reducing low-frequency noise is a high priority. Column 1/f noise
also significantly affects an image because of its spatial correlation, even though its
magnitude is much less than the bolometer 1/f noise. The cause of the column 1/f
noise was identified before this noise study began, however, and can be fixed by a
small change to the ROIC circuitry.

The three white noise components are all very roughly equal in magnitude. The
TOW White noise is most visible in an image because of its high spatial correlation. The
cause of the row noise is not certain, but several sources were identified separately
from this thesis and are being corrected.

The A/D white noise has a magnitude much higher than expected. As discussed
previously, the expected theoretical noise is only about 2/ V12 = 0.6 counts, while the
actual A/D noise of about 2.2 counts is much higher. A brief investigation into the
A/D noise uncovered that some of the noise is due to crosstalk with the chip output
drivers. The fact that the A/D noise varies with a period exactly equal to the rate
the output drivers ship data off the chip strongly suggests a connection between the
two. Further investigation needs to be done in order to reduce A/D white noise and
determine if crosstalk is the only cause of the excess noise.

The pixel white noise magnitude is roughly equal to the predicted bolometer white
noise. The bolometer white noise is a fundamental noise term which can be reduced
in many ways. Increasing the bias on each bolometer reduces the effect of Johnson
white noise. The Johnson white noise does not actually change as bias increases, but
the signal increases (see Equation 2.2), so the signal to noise ratio goes up. 1/f noise,
however, increases with bias at the same rate the signal does, so changing the bias

does not affect the signal to 1/f noise ratio.
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The overall system performance from a user standpoint would benefit most by
reducing the bolometer 1/ f noise, row white noise, and column 1/f noise. Bolometer
1/ f noise can be reduced by increasing the volume of VO, as discussed in Chapter 3.
Column 1/ f noise should no longer be a problem as the next ROIC chip is fabricated.

Row white noise was separately investigated and several fixes will be tested.
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Chapter 6

Conclusion

The main goal of this thesis was to identify the major sources of noise in an Uncooled
system and try to reduce them, especially if the noise originated with the bolometers
themselves. Chapter 2 dealt with an extensive testing and verification strategy on the
bolometer devices. The experimental results confirmed that the data is repeatable
and valid; the measured noise actually comes from the bolometers and not some
external source. Chapter 3 described with the results of testing many bolometers and
some new experiments which ensued. The noise of a bolometer may be substantially
lowered by increasing its volume. Resistivity affects 1/f noise, but further tests are
needed to determine if the observed noise fits the Hooge model. Chapter 4 developed
the necessary framework for interpreting system noise measurements. A simple model
which roughly fit measured system parameters was developed. Chapter 5 presented
the experimental results obtained on several Uncooled focal planes. The major sources
of noise that influence image quality were identified as bolometer 1/f noise, column
1/ f noise, and row white noise. All three noise terms can be reduced, either through

V Oz material changes or ROIC circuit modifications.
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