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Abstract: Accurate quantitative temperature measurements are difficult to achséwvg u
focalplane array sensors. This is due to reflections inside the instrumeriteadifficulty of
calibrating a matrix of pixels as identical radiation thermometers:dbigeurce effect (SSE),
which is the dependence of an infrared temperature measurement on the awedaisigtbe
target area, is a major contributor to this problem and cannot be reducgdjlasi stops.
Measurements are affected by power received from outside theofisigéw (FOV), leading
to increased measurement uncertainty. In this work, we present @maidranical systems
(MEMS) mirror based scanning thermal imaging camera with reduced rap@nir
uncertainty compared to focglane array based systems. We demonstrate our flexible
imaging approach using a Si avalanche photodiode (APD), whictestiligh internal gain to
enable the measurement of lower target temperatures with an effectieemgitiof 1 pum
and compare results with a Si photodiode. We compare measurementsifrAPDdthermal
imaging instrument against a commercial bolometer based-fitasz¢ array camera. Our
scanning approach results in a reduction in SSE related tempezaturdy 66 °C for the
measurement of a spatially uniform 800 °C target when the targeumpeliameter is
increased from 10 to 20 mm. We also find that our APD instrument is capafleastiring
target temperatures below 700 °C, over these near infrared watrede with D* related
measurement uncertainty of + 0.5 °C.
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1. Introduction

Radiation thermometers are commonly used to measure the temperature afligagistby
measuring theiemitted infrared radiationlf-3. They can be used for industrial processing
applications, for instance for various metals, glass and plastiilsgdmanufacture4-6|,
where accurate temperature measurement is required for quality control amy ener
efficiency. The norcontact measurement nature of the radiation thermometer allows it to be
easily moved to measure the temperature of different points on the targesigiting the
instrument, with both fixed and portable instruments available. Cadp&r contact
temperature measurements, it offers the added benefits of higher speatioopehilst
eliminating the risk of contamination of the target object. Taking the-coatact
measurement approach further, the use of infrared detector arrays thiglmal imaging
cameras allow for measurement over a wider area, enabling a temperature map to b
produced without having to move the sighting positiog][

The use of thermal imaging cameras is particularly helpful for quaditdtiermal imaging
applicatians, although they are relatively expensive. For example, they can be usgdcto d
spatial temperature variations across the target, which could indicatierpsotwithin the
manufacturing process. However, thermal imaging cameras have disadvantapageddo
guantitative radiation thermometry, when measurement of target ratome with low
uncertainty is required. Quantitative thermal imaging allows St waceable temperature
measurements with defined or quantifiable uncertainty made on a grisk #oeocamera
scene. This is in contrast to thermal imaging cameras that provide ti&ltemperature
maps that can distinguish between different gradients of temperatoder the precise
methodology in which they were calibrated they will provide accuratepeeature
measurement; however away from those experimental conditions thagleoonly indicative
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temperature measurements. A significant problem within thermalimg&ameras is the size
of-source effect (SSE), which arises due to imperfectiatiinathe optical system leading to
reflections and scattering. Each pixel receives power over a wider area ofyitethian the
camera was designed f&,10. Glare stops may reduce the problem, though this approach is
far less effective than for sirgpixel systems where all but the singlixel surface can be
made highly absorbing. With an array of pixels, the measured etatope becomes
dependent upon the size of the target or objects next to the target. Thergiagic@meras
require more stepsithe calibration process, with each individual pixel requiring cdidra
and unresponsive pixels being accounted Td}. [Other concerns include intpixel crosstalk
and noruniformities across the array, both in terms of within the semicdoducateial,
electronic noise or the ambient temperature. The price of-fd@aé array based thermal
imaging cameras increases dramatically as the operating wavelength, Aop, iNcreases
(especially if cooling is required). Cheaper uncooled thermal detector basesl Garape
used at longer wavelengths, at the expense of lower sensitivity andsiogest operation.

Singlepixel imaging has been explored for different applications using Higita
micromirror devices (DMDs) utilising compressive sampling algorithrfil2,13.
Unfortunately, availabity of window materials limits their operation to Aop < 2.5 pm. An
approach commonly used in industry is that of rotating mirror scamvigch rapidly move
the measurement FOV across the targetdiniension, and are particularly suited to moving
targets such as on a conveyor belt or for metal strips being rdlldd They offer advantages
over conventional focgblane array based imaging cameras: reduced SSE, simplified
calibration and reduced cost for longer wavelength operation. A new ahptoamiror
scanning in recent years is the use of microelectromechanical systems Mt based
imaging, which has been previously demonstrated using visible lightq and LiDAR
[17,18. Such mirrors offer high speedd?mensional beam steering by dewaghich can be
fabricated using low cost Si wafers.

Limitations in technology constrains MEMS mirrors to be comparatiseigll; typically
only a few millimetres in diameter. The power reaching the detector within M3ikased
scanning system is, in turtimited by the small size of currently available mirrors. This
vignettes the optical system or leads to a slow optical system with a-angebker, therefore,
limiting the lowest temperature which can be measured by thenmstit. High resolution
imaging (for both scanned imagers and fopéne array imagers), requires small active area
detectors or pixels. However, use of smaller area detectors leads taratiwgty reduced
irradiance at the detector surface, also limiting the lowest temperature ednde measured
by the instrument with acceptable sigt@hoiseratio (SNR). We have previously
demonstrated a Si avalanche photodiode (APD) as an alternative detector tooto@ioge
for radiation thermometry operating at Aop = 1 pum, successfully demonstrating that the high
internal gain of the APD allows lower target temperatures to be mead@edjerefore a Si
APD would appear to be an ideal candidate for sipgtel thermal imaging with Agp = 1 pm.
Radiation thermometry with Agp = 1 pm is commonly used for general purpose high
temperature (> 600 °C) applications such as in the steel ind@dywhere its spectral
response is within the range of the corresponding blackbody spectrahatesymeratures.
Operating at this short wavelength ales the advantage that it will result in reduced error in
the measured temperature caused by unknown target emissivity comparedgéo lo
wavelength operatior2f].

In this work, we present a 1 um MEMS mirror based sipgtel thermal imaging camera
for quantitative thermal imaging, comparing both a Si APD and a Si photodiode elsdsen
sensor. The comparison enables a demonstration of the benefidedrdy a Si APD for
singlepixel thermal imaging over a Si photodiode. To further demonstrate tleditoenf this
imaging approach for quantitative thermal imaging, comparisorals® made with a
commercial bolometer based fogdane array imager. Our scanning approach results in a
reduction in SSE related temperature error by 66 °C for the measuremanspattially
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uniform 800 °C target when the target aperture diameter is increased friam2@0nm. Our
instrument is capable of measuring a target temperature below°@0®@ith a noise
performance of better than = 0.5 °C. To the best of our knowleligastthe first use of a Si
APD (or any APD) for thermal imaging for quantitative temperaturasmement.

2. Experimental design and procedures

The experimental setup for the MEMS singigel thermal imaging camera is shownFiy.
1.

Power supply
TIA with detector,
field stop and
RGB850 filter
deal \ Keysight
AMETEK LAND Landeal R1500T Technologies
blackbody reference furnace 10 mm L 34465A DMM
J I&O mm
H L Mirrorcle Computer
T 1 Technologies ——  (MATLAB)
/ / 50 mm MEMS controller
Target ZnSe lens MEMS mirror
aperture (Edmund Optics (Mirrocle
49-047, 50.8 mm Technologies, 3.6
diameter, 100 mm mm diameter)
focal length)

Fig. 1. MEMS sigle-pixel thermal imaging setup diagram.

The instrument generates a bidirectional raster scanning pattern of tleepsietjs FOV.
The FOV is scanned across 320 horizontal positions and 78 vertical posittbrthe signal
measured by the detector atckascan position or ‘pixel. The signal is amplified by a
transimpedance amplifier (TIA) and logged by a MATLAB controlleditdigmultimeter
(DMM). In this work, we compared a Si photodiode and a Si APD, usingaHetsu S1133
01 and Hamamatsu S12092 respectively P2,23. The TIA circuit was of conventional
configuration, and comprised a Texas Instruments OPAG65&mgpand a resistarapacitor
(RC) feedback network (2 MQ and 1.8 pF), giving a circuit rise time of ~8 ps. The TIA
circuit was followed by dirst order RC filter (1 kQ and 1 nF) for additional noise rejection.

In order to supply a constant high voltage to the APD, a Laser Compone558B6
biasing module was used. For data capture, the voltage measurement fpixehdhkes
approximately4.4 ms (of which 4 ms is the integration time of the DMM); this is
significantly slower than the TIA circuit response time. The fullgesaan be captured within
approximately 110 seconds; with the MEMS mirror positionsigaded and stored locally
within the flash memory of the MEMS controller to avoid adding additional timectamthge
capture. This slow acquisition time could be improved by implemetifaster method of
analogueto-digital conversion.

A 0.2 mm field stop was located in front of the Si photodiode ablenresolution and
power throughput measurements to be compared with the 0.2 mm eliactdte area of the
APD. Under these conditions, the FOV of the sifgjkel was found to be approximately 5
mm in diameter for both the Si photod@dnd Si APD imagers. An RG850 daylight filter
was placed in front of each detector, to reduce the effect of background lighteon t
measurement and to define the short wavelength spectral resporseleteitiors.
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Planck’s law can be used to mathematically model the radiant exitameeafblackbody
as a function of wavelength and temperature. At wavelengths that atecimpared to the
peak in emission, an approximation that can be algebraically manipulaggeeis by the
Wien law, as shown in (1).

L(2) = %exp(;—‘f] (1)

L is the spectral radiance of the emitted radiation of an ideal blackbpyPlanck’s first
radiation constant¢,; is Planck’s second radiation constahtis wavelength and is the
blackbody temperature in kelvin. From (1), the relationship betweem#éasured output
voltage,V, and the target temperature can be approximated by plottMpdgéainst 1T [24];

V is proportional td_. The gradient of thiplot enables us to calculate a useful approximation
of the mean effective wavelength for the instrument, Am, Which is an average wavelength of
the detector spectral response over the measured temperature2gg@felfleally, the Iny)
against 1T relaionship would be linear in radiance and would allow a simple calibration at a
single point in the instrument temperature measurement range.-knhaanresponse is also
usable, when used with multiple calibration temperatures and a maiwedvcalibratn
procedure. Si photodiodes are highly linear, which makes themfatezdlibration, whereas

Si APDs as a function of radiance may be-finaar and will be a subject of our analysis.

(a) (b) 1T (K
. \\
V(v . - In(») e,
-
® Tl
[ ] i '

T'X)

(d) (c)

=

T(K)

Fig. 2. Singlepixel imager calibration steps.

The basic calibratio procedure for the singfgixel thermal camera is shown in Fig. 2
The output voltage as a function of furnace temperature was measurethenitark offset
voltage first measured and subtracted from each point, (a). A 10 met a@erture was used
for calibration in this work, which was approximately twice the diameté¢he FOV of the
single-pixel. The factor of two accounts for the design FOV and, in addition, adigtion
from outside the FOV due to the SSE. Th&/)rdgainst 1T relationship was Iptted, (b), and
the gradientm, and intercept, were found and used in the calibration equatin,(2)

V= exp(% m+ cj (2)
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This calibration equation was used to calculate the output voltage expectiftefent target
temperatures, oaronversely the temperature each measured voltage corresponds to, (c). This
calibration can therefore be applied to the thermal image to produce a temperafure
showing how the measured temperature varies across the image, (d).

The D* related temperatuneoise was estimated by extracting the mean and standard
deviation of the temperature measurement data with the MEMS niiat@msiry at its origin
position whilst imaging a 10 mm target aperture. The-noeanrsquared (RMS) noise of the
instrument was deulated by taking 2 x the standard deviation value, which therefore
represents the fluctuation in the measured temperature within +dasfageviation from its
mean.

3. Results and discussion

The assessment of our scanning thermal imaging camera was limited to dnasetprs
most salient to quantitative radiation thermometry: SSE, noise and maastnencertainty.
This is sufficient because we are free from the usual problems ofpaced array based
thermal imaging.

In order to use an APD within groptical system, the optimum biasing voltage should
first be evaluated for the circuit and application. Increased APD gdipravide benefit to
the system up to a point where the excess noise generated by the APD bacgendtan
the noise of the W. For our APDTIA circuit, a biasing voltage of approximateh220 to
—225 V was found to achieve peak SNR. We have not attempted to accuratelfy ghant
level of internal gain for the APD; this requires knowledge of the AHRId profile to
establif a unity gain referencd 9]. However, with reference to the datasheet, the gain at this
bias voltage should be greater than 2 orders of magnifi8leNote, this bias value for the
APD is approximate, it is adjusted by the temperature compensatioa loiafing module in
order to keep the gain constant to overcome ambient temperature drifteFRirghotodiode,
without internal gain, an operating bias of 0 V was used to minimisecdamnt.

The mean output voltage is shown in Fig. 3{a)a functiorof furnace temperature for
both the Si photodiode and Si APD. The output voltage of the Si APD cansgaiftcantly
higher across the measurement range (by over 2 orders of magnituggredrno the Si
photodiode based instrument. This is due to thk imternal gain of the APD, which provides
electronic gain to the output voltage measured, by increasing the phetdcusithout
concomitant increase in noise seen in other methods of providindfieatigh. The APD
can, therefore, be used to measure lower target temperature before the apiserdlached.
For instance, if a minimum output voltage of 1 mV is specified, tAB Aircuit produced this
at a target temperature of ~584 °C, which is ~328 °C lower than the phadtsdminimum
temperature 0~912 °C.

FromFig. 3(a)the APD output was found to obg&y. (2)and hence is linear for measured
temperatures down to 700 °C. At lower temperatures;linearity was observed. The non
linearity is not due to the total optical power, as the power ikwatall measured target
temperatures. However, when the temperature reduces, the profile ohglfiam different
wavelength changes. Since avalanche gain is also dependent on carrienimesfile, the
gain therefore changes with the photon injection profile leading to dimear response. Our
results are valid over the measured target temperature range due to the cafiboagss.
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Fig. 3. (a) Mean output voltage and (b) noise for Si photedad Si APD imagers with
furnace temperature.

Figure 3(b)shows the noise as a function of target temperature for both the Sdjuiutzt
and Si APD imagers. D* related noise dictates the minimum temperatureriiae cesolved
for a temperature fluctuation and can be expressed as a temperature measureentinty
in degrees Celsius (e.g., within = 0.5 °C of the measured temperaftuich is a typical
specification for a high quality radiation thermometer). Therefore, &f tdrget signal
measured is too weak, a reliable measure of the target teompenall not be possible. The
noise of the Si APD is significantly less than that of the Si photodiédex 0.5 °C noise
specification is required for the instrument, this would not be achievéldeb8i photodiode
over the measured temperature range. However, the Si APD would achieve 5h#Ctoise
specification for target temperatures of approximately 700 °C and ablogemproved noise
performance of the Si APD instrument is due to two nesisthe high internal gain of the
APD, and its low jundédn capacitance compared to the Si photodiode. Circuit noise analysis
calculations produced a total integrated circuit noise of 48 pV forithAPS, and 880 pV for
the Si photodiode; an improvement factor of over 18. The high capacitatioe lafge area
Si photodiode led to increased gain at high frequencies, resulting inciesased noise.
However, the factor of improvement in the noise measurement acrosnakratures is
greater than 18, and significantly better as the target temperature decrbasefaré, even if
the capacitance of the Si photodiode were to be the same as that of the AFfizasigni
improvement would still be expected due to the high gain of the, ABpecially at lower
target temperatures. The improved noise and mean oudftag® performance highlight both
the advantage of, and requirement for, the Si APD in such an apértitegl Isystem; the Si
photodiode performance without high internal gain would not be sufficie
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Fig. 4. SSE analysis for (a) Si photodiode and (ABD imagers with increasing target
aperture size at a furnace temperature of 800 °C.

Fully calibrated thermal imaging measurements are showiridn 4 at a furnace
temperature of 800 °C for both the Si photodiode and Si APD imagbe imaged target
apeature was increased in size to perform an SSE analysis; the raw data Wetezhlat the
10 mm target aperture to provide a quantitative temperature measuremennhassethe
imaged area is approximately 16 mm by 5 mm. By closely examining togesm Fig. 4,
the imaged apertures do indeed correspond to the size of the target aperturéensed
demonstrating that the preof-concept works. Regards the temperature measurement within
the image, there is a clear distinction between the Si photoditdi&i APD results. The Si
APD'’s image is relatively uniform in temperature, whilst the Si pHottels image shows a
larger temperature variation. This is due to the much higher noise of the t8dipke
producing such a large fluctuation in temperatdie.demonstrate the effect of this noise
more clearly, cross sections were taken at thepuidts of the thermal images for the 10 mm
target aperture, as shown kig. 5 The fluctuation in the measured temperature is clearly
much less for the Si APD imager, which corresponds to its lower noisseTiesults
highlight the importance of noise within a radiation thermometry htabimaging system
and the benefit the Si APD provides due to its high internal gain Epadirmproved SNR
performance.
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photodiode and (b) Si APD imagers at a furnace temperat@@0dfC.

Moving from the centre to the periphery of each aperture for each of the steonsyFig.
4 shows theg is a reduction in the measured temperature and some blurring in theaintage
very edges. This is believed to be due to the translation of the target sptheegerture
edge, where the FOV is elongated due to the finite response time of théodetbsttronics.
As the target aperture size increases for both imagers, so does the meaquesatuesn This
is believed to be due to residual SSE within the instrumeidt,is particularly clear as we
increase the size of the target aperture. For the 20 mm target aperture, we measured
approximately 10 °C increase in measured temperature compared with then t@rget
aperture, which corresponds to 0.1% of the imager’s dynamic range.

The primary motivation behind this work is to improve the accuracyuaititative
thermal imaging compared to what is currently possible with coioreitfocatplane array
thermal imaging. Issues with thermal imaging cameras for quavditiermal imaging,
primarily due to SSE issues, are well known but not well pubticisafortunately, this leads
to thermal imaging cameras being used for quantitative temperature measure
applications without an understanding of their limitation in providirguescy. For instance,
a thermal detector based thermal imager could be ases ‘general purpose’ method for
measuring temperature without consideration of SSE, thereforttimgsim a temperature
error which is often ignored by the user. In order for us to make a direplacgon with a
commercial thermal imaging camera, we repeated the imaging measureménts wi
bolometer based thermal imaging camera. The camera was focused onto thergame
apertures as before. The approximate blackbody calibration furnace was@ef@ &nd the
images were cropped to show the same target area as ourpskayleamera. Results are
shown inFig. 6 with increasing target aperture size. The Si APD siptlel camera was
compared and temperature calibration was again relative to the 10 mm targaeaperss
sections of all the ingee midpoints are shown in Fig. 7. Although the imaging data for the
bolometer camera provides faithful spatial information of the sizéheftdarget apertures,
there is a large difference in the measured temperature when moving &arerine to the
periphery, as is highlighted by examining the cross sections. Althoughstlie case, to
some extent, for the Si APD singbixel camera, it is a marked improvement over the
bolometer camera. This SSE problem with the fqtahe array is particularly stiitg as the
target aperture is increased in size. For the 20 mm aperture, the measuredtteenj876
°C, therefore an error of 76 °C compared to the 10 mm target apertusspoording to 3.5%
of its dynamic range. This is considerably more thandh#he Si APD singlepixel change
of 10 °C. These results highlight the problem of SSE within staring/ amagers for
guantitative temperature measurement, and the benefits of ourpixglémaging approach
using a Si APD. When the target aperturerditer is increased from 10 to 20 mm, our single
pixel thermal camera offers 66 °C improvement in SSE related temperatarefaerthe
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measurement of the 800 °C target. Our findings reflect the general tamdiémg of this issue
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that has also be highlighted in investigations made by otRé[s |
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Fig. 6. SSE analysis for (a) Si APD and (b) bolometer camera imagérinaieasing target

aperture size at a furnace temperature of 800 °C.
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Fig. 7. Mid-point cross sections of the thermal images for (a) 9D Afd (b) bolometer
camera imagers at a furnace temperature of 800 °C.

With further investigation into causes of SSE within our Si APD thermabém we
would expect to improve the performance even further. Primarily, causeffeations should
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be identified and greatly reduced. Suitable methods would be to futlpsenthe setup,
incorporate appropriate stops and baffles and to applyeftétction coating to the lens and
MEMS mirror window.

4. Conclusion

In this work we have demonstrated a sifgjleel MEMS based thermal imaging camera for
guantitative temperature mapping. Both a Si photodiode and a Si AR® assessed and
compared for the application. The high internal gain of the Si APDstvasn to have a clear
advantage over the Si photodiodéowaing for a lower temperature target to be imaged with a
much lower noise quantitative temperature measurement. TA®Sisinglepixel thermal
imaging camera measures a target temperature of 700 °C with a noisenpad® better than

+ 0.5 °C. In compason with a commercial focgllane array bolometer based camera, the
greatly reduced SSE of our Si APD imager led to significant reducticgmperature error
within the quantitative temperature measurement. For a target tempeo&at800 °C, our
single-pixel imager was shown to offer a 66 °C improvement in the SSE relatpérinre
error when increasing the target aperture diameter from 1@0tamm. With further
investigations and optimisation of the SSE within the Si ARBger, we would expect to
reduce the measurement uncertainties further.
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