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A bolometer detector system was developed
for the high accuracy infrared spectrophoto-
meter at the National Institute of Standards
and Techology to pravide maximum sensi-
tivity, spatial uniformity, and linearity of
response covering the entire infrared spec-
tral range. The spatial response variation
was measured to be within 0.1 %. The lin-
earity of the detector output was measured
over three decades of input power. After
applying a simple correction procedure, the

detector output 3 dB roll-off frequency was
200 Hz. The detector output was stable to
within = 0.05 % over a 15 min period.
These results demonstrate that the bolome-
ter detector system will serve as an excel-
lent detector for the high accuracy infrared
spectrophotometer.
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detector output was found to deviate less
than 0.2 % from linear behavior over this
range. The noise equivalent power (NEP)
of the bolometer system was>6 1072
W/VHz at the frequency of 80 Hz. The
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1. Introduction

A high accuracy, broad wavelength rangeyg to transmitting window, and a preamplifier. The silicon
25 wm) dispersive infrared spectrophotometer is being composite bolometer is a small (3 mm diameter)
developed at the National Institute of Standards andabsorber thermally coupled to a heavily doped silicon
Techrology [1]. The spectrophotometer is a single beam thermistor. The gold-coated CPC, as shown in Fig. 1,
system whereby the reflectance or transmittance of ahas a 19 mm diameter front aperture, and was designed
sample is measured as the ratio of the optical powerto concentrate thE5 beam from the spectrophotometer
detected with the sample in to that with the sample out. onto the bolometer active area. The incorporation of the
This is done for each wavelength setting. To cover the CPC has the advantage of increasing the acceptance
broad spectral range, the infrared detector for the specaperture for the spectrophotometer beam, but it has the
trophotometer is a cryogenic bolometer detector systemdisadvantage of undesirable spatial and angular re-
(Fig. 1) (Infrared Laboratories, Inc., 1808 E. 17th St., sponse. The cold aperture limits the field of view of the
Tucson, AZ 85719, USA) It consists of a silicon com- CPC-bolometer combination to view the monochroma-
posite bolometer, a compound parabolic concentratortor exit slit only and to minimize any excess room-
(CPC) [2], a cold aperture, a cold filter, an infrared temperature radiation. The temperature of the cold

aperture s 5 K during normal operation. Also, Fig. 1
1 : , . . . . shows the cold bandpass filter, mounted on a cold filter
Certain commercial equipment, instruments or materials are identi- . L ..
fied in this paper to foster understanding. Such identification does notWheeI' which limits the out-of-band radiation th?t
imply recommendation or endorsement by the National Institute of reéaches the detector. The temperature of the cold filter
Standards and Technology, nor does it imply that the materials orwheel is al® 5 K during normal operation, and the

equipment identified are necessarily the best available for the infrared transmitting window, either KRS-5 or zinc
purpose.
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Fig. 1. Broadband bolometer detector system.

selenide, preserves the vacuum integrity of the cryostat detected between sample-in and sample-out positions at
while transmitting infrared and visible radiation to the each wavelength setting. (2) The bolometer detector
bolometer. Visible transparency of the window simpli- system response should be linear, with sufficient sensi-
fies alignment and makes it possible to use visible light tivity and stability. Absolute responsivity is not needed
sources to test the bolometer detector system. because the spectrophotometer measures the ratio of the

To perform high accuracy measurements with the in- sample-in response to the sample-out response. Section
frared spectrophotometer, its bolometer detector system2 of this paper discusses the dependence of the response
should have the following features: (1) The response of on the position and the angle of the incident beam.
the bolometer detector system should have minimal spa- Section 3 discusses the nonlinearity of the detector
tial and angular dependence as the position of the beamsystem response and a technigue for correcting nonlin-
on the detector shifts between the sample-in and sam-earity of the detector system response. Section 4
ple-out cases. The wavelength dependence on responsivdescribes the stability and noise of the detector system.
ity is not critical as it cancels in the ratio of power
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2. The Spatial and Angular Response Ad=0.18 mm,
Aa=0.9 mrad

The response of the bolometer detector system has 3)

been shown to depend on the position and the angle ofor

the incident beam [3]. Shifts in the position and the

angle of the incident beam are possible as the sample isAd = 0.013 mm

placed alternately into and out of the beam. Therefore, Aa = 2.7 mrad

a variation in the spatial and angular response of the (4)

bolometer system could result in a systematic measure-

ment error since the slit aperture of the bolometer detec- Therefore, the largest expected displaceniahis 0.18

tor system is under-filed by the exit slit of the mm for measurements with the collimated beam and the

monochromator. largest incident angle shift« is 2.7 mrad for measure-
The infrared spectrophotometer allows the operator ments with the converging beam.

to choose one of two measurement beam geometries at The experimental setup used to test the spatial re-

the sample: collimated beam or converging beam. The sponse of the detector system is shown in Fig. 2. All the

beam displacement and the incident angle at the detectorcomponents forming the optical beam were mounted on

will be different as the sample is moved into and out of an X-Y translation stage. An integrating sphere irradi-

the beam for measurements in these two cases. ated with a laser was used to provide a uniform-bright-
The maximum beam displacement and angular shift ness, unpolarized, slit source at its exit port. The slit was

can be estimated from the beam geometry. The esti- focused onto the cold aperture plane of the bolometer

mated deviations for the two different beam geometries system. For these experiments the cold aperture wheel

are given by was used to select an 18 mm circular aperture in front

of the CPC. The spatial response of the bolometer sys-

} collimated measurement beam,

’} converging measurement beam.

Ad=(n- 1)0f,} . tem was measured by scanning the beam using the

Aa=(n-1)0 collimated measurement beam, translation stage; the results are shown in Fig. 3. The
(1) size of the image of the slit scanned across the cold

and aperture was chosen to be either 1 mimi mm (dotted

curve) or 4.5 mmx 12 mm (solid and dashed curves).
The latter size slit image was chosen as a worst case
since this is the largest slit size available in the spec-

(2) trophotometer. The results in Fig. 3 demonstrate that

when the beam is aligned to the center of the CPC, the

whereAd is the displacement of the incident beam at the output of the bolometer is not particularly sensitive to
detector aperturé\« is the angular shift of the incident  the displacement since the slope of the relative spatial
beam at the detector apertunds the refractive index of  response curve is near zero at the top. In the worst case
the samplet is the thickness of a samplejs the wedge the change of the response was less than 0.1 % for a
angle of the sampleyp is the tilt angle of the sample in  beam displacement dfd = 0.18 mm from the center of
order to avoid multi-reflection on optical elements CPC and did not exceel % for displacements as large
(¢ = 3.5 mrad for this spectrophotometdftjs the focal as 1 mm.

Ad=tp(n—-1)/n,

Aa=(n-1)68 } converging measurement beam,

length of the collection optics, ang@ is the angular The angular response was checked by replacing the
magnification of the collection optics3(= 3 for this bolometer with a silicon photodiode in an equivalent
spectrophotometer). geometry behind the CPC. The IR spectrophotometer
For example, in an extreme situation of measuring a beam geometry of the bolometer detector system was
wedged sample of germanium, simulated by using a visible beam wifflb6 geometry
from a tungsten lamp with a lens and a 625 nm cut-on
n=4, filter arrangement. This arrangement avoids the neces-
0 = 0.3 mrad, sity to rotate the cryostat, which is more difficult to do
t=5mm, if the bolometer itself is to be used for the measure-
¢ = 3.5 mrad, ments with the spectrophotometer as the source at IR
wavelengths. A cut-on wavelength of approximately
and 625 nm was selected to reduce any strong angular de-

pendence for reflectance from the gold CPC surface at
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Fig. 3. Spatial response of the bolometer detector system. Beam
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4.5 mmX 12 mm slitimage scanned along the width of the slitimage;
Dashed curves: 4.5 mx 12 mm slitimage scanned along the height
of the slit image.
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wavelengths near its absorption edge. The change of the
detector output was 0.15 % with a beam size of 1 mm
diameter and a scan of the photodiode-CPC assembly
through = 0.9 mrad. For the extreme changes of the
incidence anglé\a = = 2.7 mrad in the vertical plane

or in the horizontal plane, the changes of the response
were less than 0.86 % or 0.4 %, respectively, when the
beam size was 3 mm (horizonta) 12 mm (vertical).
The 0.86 % change in the vertical plane due to the
extreme change of incidence andle = + 2.7 mrad is
much larger than that would result from the maximum
displacement of the slit image at the detector aperture.
Therefore, in making converging beam measurements
with the spectrophotometer, special care should be
taken to orient wedged samples such that the wedge
angle is in the horizontal plane, i.e., plane orthogonal to
the slit height so that the sensitivity to beam angle is
minimized. Also, because of the spatial and angular
dependence of detector response, no displacement or
angle change of the incident beam should be allowed
when adjusting the incident power to measure the non-
linearity of this system.
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3. The Nonlinearity of the Bolometer and placing a cold visible bandpass filter in front of the

System and Its Correction CPC.
The output voltage of the bolometer system can also
The response of the bolometer system was measured€ expressed as
and found to be nonlinear in earlier experiments [4, 5].
The main cause is the nonlinear dependence of bolome- V.. = G Ve @)
. . - out B
ter resistance with temperature. In addition, the heat
capacity and thermal conductivity of the bolometer
components are generally also functions of temperature. WhereVs*is the ac component of the bolometer output
voltage V.
3.1 The Nonlinearity From Egs. (5), (6), and (7), the responsivityill not
be constant because of the following two factors. The
The bolometer, shown schematically in Fig. 1, con- first factor is the nonlinear dependence of the resistance

sists of a small heavily doped silicon thermistor Re of the thermistor on the absorbed power [6], as
mounted behid a 3 mmdiameter chemical vapor depo shown in Flg 4. Both the resistance and the slope of the
sition (CVD) diamond disk which is used for absorbing Ccurve decrease with increasing power. The responsivity
incident radiation. Two fine copper wires connect the Si of the bolometer detector system is proportional to the
thermistor and serve as the thermal link to the cold plate slope of the curve at the operating point. As the chopped
at the base of the liquid helium cryostat. The front input radiation power increases, the absorbed power of
surface of the diamond disk is coated with a thin layer the bolometer also increases which decreases the re-
of bismuth to increase the absorption of radiation on the sponsivity of the thermistor. The second factor is the
bolometer. Radiation incident on the bolometer change of the bias currela.sof the bolometer resulting
increases the bolometer temperature Causing a Change irirom the Change of the resistance of the thermistor. This
the resistanc®; of the Si thermistor. As illustrated in ~ change of the bias currehf.s tends to compensate the
Fig. 1, the measurement circuit introduces a dc bias change of responsivity resulting from the first factor.
currentlgas on the bolometer. The incident radiation is The decrease of the resistance of the thermistor in-
chopped and thus the signal is measured as an ac voltag&reases the bias currelgts in the thermistor, which in
across the bolometer. The bias causes some heating ofurn tends to increase the signal. This is also true of the
the bolometer, and the bias volta§g.s and the load ac component of the induced change in the bias current.
resistorR_ are used to set a proper Operating point for This effect, sometimes referred to as electrothermal
the bolometer. The J-FET1 amplifier is operated at feedback, can also affect the frequency response of the
90 K, and acts to match the impedance between the bolometer [7, 8].
bolometer and external preamplifier at room tempera-
ture.

The phenomaeuiogical equation of the bolometer sys-
tem is as follows:

Vour = GIP (5)

Operating point

whereV,, is the output voltage of the bolometer system,
G is the gain of the preamplifier,is the responsivity of
the bolometer system, arfd is the chopped incident
power.

From Fig. 1, the bolometer output voltayyg is

Resistance (MQ)

0 5 10 15 20

VB=|BiasRB=%RBy (6)

Fig. 4. Nonlinear dependence of the resistance of the thermistor on
the absorbed power.

whereR; andR_ are the resistances of the bolometer and

the load resistor, respectively. In this systdR is

10 MQ, andRs is measured to be 10 MQ) with the

background radiation power from outside of the cryostat

cut off by blocking the window with an aluminum plate
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3.2 The Correction different time average values of the bolometer output
Ve and characterize the nonlinearity using these em-
There are several traditional methods to measure thepirical data. We measure the time averaged voltage out-
nonlinearity of a detector system. Two examples are put V< instead ofVs® since (1)V; is difficult to mea-
measuring the transmittance of a sample at different sure directly, and (2) the output of the J-FET1 amplifier
input signal power levels [4], and adding two beams. V;follows the output of the bolometé&f; exactly except
J. P. Makai et al. tested the nonlinearity of this bolome- for a small offset of= 0.6 V due to the gate-source
ter detector system earlier and suggested that the firstvoltage of the J-FET1. The time averaging éf° is
factor mentioned above needed to be empirically studied accomplished over a time period of approximatek by
and corrected [9]. They also suggested a scheme forsampling 200 times and averaging these data.
insuring bias current stability in order to control the In the experimental setup shown in Fig. 5, a chopped,
second factor. However, in later experiments we found high power (25 mW) He-Ne signal laser beam is used in
that the changes in bias current could be used as anorder to measure the nonlinearity in a large dynamic
advantage as it somewhat compensates for the changesange. The gain of the preamplifier of the bolometer
in the bolometer resistance. By using the experimental system was set to 10 accordingly. Polarizer A is used as
setup shown in Fig. 5 and some simple procedures, thea crossed polarizer to change the input signal power
nonlinearity of the bolometer detector system has been P and polarizer B is used to select the polarization direc-
successfully corrected. The principle is to measure the tion and keep it unchanged as the incident power
responsivity at different incident power levels and is changed by rotating polarizer A. An unchanged

Broadband bolometer
detector system

A/V Preamp| pg; /_PL
VDiode POlarizer B A aser = Chopper

polarizer A = — Signal laser (He-Ne)

lock-in amp B

Vs9 [ Digital Vs
multimeter

Digital | | Computer
multimeter Digital
multimeter

Vout

Linearly polarized
1.32 um diode laser

— lock-in amp A

Fig. 5. Experimental setup for the measurement of linearity and frequency response.
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polarization direction is necessary to avoid any signal 12
change resulting from the change of the polarization E ]
direction. The averaging sphere is used to keep the posi- 0 ! - ﬂYDouble fime constant fitting ]
tion and angle of the beam focused into the bolometer g 0.8} ]
system unchanged during the measurement process. § A u\

A Si photodiode was placed at the exit aperture of the z ' - \
sphere to monitor a fraction of the power of the signal g 04}
laser beam transmitted through the chopper and the two &, \
polarizers A and B. This laser beam is directed close to :
the exit port of the averaging sphere to avoid the first 010 — "1'00 — "'1'000 ' ' o

reflection reaching the photodiode. The gain of the tran-
simpedance current preamplifier of the photodiode was
set at 200 VWA and was unchanged in the process of i 6. Frequency response of the bolometer detector system.
the measurement.

A linearly polarized 1.33.m diode laser and polar-
izer C (Fig. 5) were used to vary the dc background silicon photodiode’s transimpedance amplifier is given
radiation incident on the bolometer in order to measure by

Frequency (Hz)

the outputV,, at different values oV for each input Vbiode = Gsif'siPsi - 8)
power setting. Two identical lock-in amplifiers A and B _ _
were used to measure the outpit; of the bolometer The ratio of the bolometer output to the photodiode

system and the output of the Si photodiode, respectively. signal is

The lock-in amplifiers had been characterized for their

linearity and offset. Vou __GrP__ Gras )
The method used to correct the nonlinearity is based Vbiode  Gsif'siPsi  Gsisiasi’

on the following two assumptions. The first assumption

is that the bolometer has no photoconductive response

from the signal He-Ne laser beam. Since much of the Where P = agPrases Psi = @siPlases and Praser is the

He-Ne laser light, which is not absorbed by the bolome- chopped input signal power of the laser beam into the

ter absorber, irradiates the silicon thermistor (see Sphere, which need not be very stable in time because

Fig. 1), it is possible that the bolometer would exhibit VouandVoiede are measured simultaneously. The geome-

some photoconductive effect. In the setup shown in try factorsas and asi represent the fractions of laser

Fig. 5, this was checked by measuring the frequency radiation power impinging on the bolometer and the

response of the bolometer system; the results are showrPhotodiode, respectively. In this experimegt Gs;, G,

in Fig. 6. As can be seen from the figure, the high as, andas; are kept constant. The responsivitys ob-

frequency signal approaches zero, and the signal attained by measurindou/Voide at differentV* and P

3.8 kHz is only 1.6 % of that at 80 Hz. Therefore, we can levels. However, the dependence of the responsivaty

conclude that the response of the bolometer is domi- P is found to be negligible. This can be seen in Fig. 7,

nated by the thermal effect because the bolometer detec-Which shows the ratio 0fou./Voide as a function ofvs*

tor is unable to respond to variations of a few kilohertz at different signal power levelB: 6 pW, 25 pW and

in the input power. This is as expected based on its 150 pW. It shows that all the measured data at three

known thermal response. If the response had been duedifferent signal power levels are almost on the same line.

to a photoconductive effect, the signal would not have This demonstrates that the contribution of varyii¢p

approached zero because we expect the photoresponsthe change of the ratio 0fou/Vpiae is Negligible com-

to be much faster than the thermal effect. The second pared to that ofs*. Therefore the responsivityis a

assumption is that the nonlinearity of the Si photodiode function of Vs only.

is negligible compared to the nonlinearity of the  Let the responsivityr normalized to its value at

bolometer system. This is a safe assumption because thé/s™* =5 V be thenonlinearity correction functioR. We

nonlinearity of the Hamamatsu S1227-1010 Si photodi- then have

ode is less than 0.1 % over the power ranges encountered

[10, 11]. R= " _ (10)
To obtain the nonlinearity correction function, we let MMyge=sy

rsi be the responsivity of the photodiodss; be the gain

of its preamplifier, andPs; be the chopped input signal Figure 8 shows the regression function Ryrwhich

power to the photodiode. The output voltagg..of the IS obtained by fitting a set of values Bfat differentv,®
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Fig. 7. The ratio of bolometer to photodiode signals versiis for
various applied signal power levels.
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Fig. 8. The nonlinearity correction functiofR. R(solid line) =
—0.4573 + (0.292 V) V&

levels. Each datum in Fig. 8 is an average of 200 data
readings over a time period of 3 s. The standard devia-
tion for each data point is much smaller than the radius
of the symbol used in the graph. The valueRoénd its
uncertainty (two standard deviation estimai® at any

V. level can be obtained from the functional relation-
ships [12]

R=-0.4573 + (0.292 W) V©, (11)

and

The uncertaintyAR in Eqg. (12) includes only the
component associated with the fitting and the scatter in
the data. Another component arising from long-term
stability of the bolometer detector system over a period
of years is still to be determined. Yet another component
is that associated with the drift af™. This is because
the above method for the nonlinearity correction is
based on the assumption that the valug/8f depends
only on the absorbed radiant power at the bolometer
chip. However, a small drift o/ is possible because
of the drift of bias voltag&/s;,s Of the bolometer, and the
drift of the gate source voltagéss of the J-FET1. The
drift of Vaiss is less than 0.01 % because of the highly
stable and low noise constant voltage power supply
(+ 15 V) employed in th@reamplifier circuit. While the
drift of V& (whenV = 5 V) was observed to be less
than 0.05 V based on the data of several tests performed
through a one-year period, the correction error of the
responsivityr resulting from this drift oV is 1.44 %
according to Eqg. (10).

By substituting Eg. (10) in Eg. (5), we have the
bolometer output characterized for its nonlinearity in
response to incident powé:

Vout = GR(I‘ |V5d°: 5 V)P . (13)

In Eq. (13),G andrlyg -5y are constants whose
values are known. The nonlinearity correction function
R can be obtained by measuriNg®and using Eq. (11).
Thus, the incident powelP can be obtained from the
measured outpu¥,:. The uncertainty in obtaining
depends on the uncertainty of the nonlinearity correc-
tion functionR.

To verify the effectiveness of the nonlinearity correc-
tion functionR, a set of data for the bolometer system
output Vo, and incident powelP were obtained over
three decades of incident power ¥* = 5 V. The
responsivityr and the responsivity 8/ = 5V, i.e.,
rlvee=sv, were calculated for each power levelusing
Eqg. (5) and Eq. (13), respectively. The responsivity data
normalized to their respective valueskat 0.76 W are
plotted in Fig. 9. The variation afis about 2.5 %, while
the variation ofr |y «- sy is only 0.2 % for three decades
of the incident poweP. This demonstrates thRtis very
effective as the nonlinearity correction, and the nonlin-
earity over three decades of incident poies reduced
from 2.5 % to 0.2 %. In this case the relative nonlinear-
ity correction uncertaintAR/R is only 0.07 % accord-
ing to Egs. (11) and (12), which is much smaller than the

AR = 2V1.348x 10°— (5.52X 108V YV + (5.7 X 1077 VI (V)2

612

12)



Volume 103, Number 6, November—December 1998
Journal of Research of the National Institute of Standards and dEgyn

1,005 J-FET1 is mounted on a heat-resistant column with a

1,000 [P oy B N very small electric heater. Afite3 h the temperature of
o i T ] the J-FET1, as well as the output, was stable. The stabil-
E 095 RN 1 ity of the bolometer system was measured for 15 min
g 0990 \ 1 after such a stabilization, and the output drift was only
S £ O 1
§ E \ 3 0.05 %.
5 0985 \ .
T 0980 F —
£ F A\ N T T ™ T
> 0975 F 55— r

0970 vl el ; ]

0.1 1 10 100

Incident power P (uW)

Fig. 9. Verification of the effectiveness of the nonlinearity correc-
tion functionR. The curve marked with symbol “o” and the curve
marked with symbol A” are the plots of the data of responsivity
and responsivity |y - 5 v normalized to their respective values at
P =0.76 pW.
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Time (min)

above nonlinearity value 0.2 %. This is due to the non- Fig. 10. Stability of the bolometer detector system. “0” was the time

linearity of the lock-in amplifier used in the measure- when liquid helium was transferred into the cryostat and the preampli-
ments fier was turned on.

3.3 Application The NEP of the bolometer system was found to be
6 X 102 W/\/Hz based on the measurements of the

As the spectrophotometer measures the ratio of npise density and the sensitivity. The absolute sensitiv-
detected power between the sample-in case to thejty of the bolometer system was measured by using a
sample-out case, the measurement equation of the ratio].32 ,m wavelength diode laser calibrated by a power

is obtained from Eq. (13): meter. The diameter of the laser beam was adjusted to
approximately 10 mm diameter to decrease the effect of

P(sample-in) _ Vou(sample-in) R(sample-out) the position dependence on the input beam. The chop-
P(sample-out) Vou(sample-out)R(sample-in) ping frequency was set to 80 Hz, and the gain of the

preamplifier was set to 200. Under these conditions, the
(14) sensitivity of the bolometer system wasx110° V/W.
The noise density of the bolometer system was
E3y'|11£3£1SLJring; thE&ﬂfC and V,, for the szirrlple-in and measured b)/ Ljsir]g a S[JEECtrLIn1 EinEﬂ)/ZEE[
sample-out cases, the ratio of detected power between
the two cases can be obtained. The absolute value of the .
responsivityr is not needed. Only the relative value, 5. Conclusion
i.e., the value of the nonlinearity correction functign
is necessary when using this bolometer detector system
for the spectrophotometric measurements.

The bolometer detector system developed for the
high accuracy infrared spectrophotometer at NIST was
discussed. The spatial dependence on the incitiént
- ) ) light beam was less than 0.1 % within the displacement
4. Stability and Noise Equivalent Power  of 0.18 mm. Major factors causing the nonlinearity of

(NEP) of the Bolometer the bolometer detector system response were corrected.
The nonlinearity av° = 5 V was reduced from 2.5 %

The stability of the bolometer detector system was to 0.2 % over three decades of input power after the
measured with the experimental setup used for the non-correction is applied. The stability over 15 min was
linearity measurement (Fig. 5). Figure 10 shows that the better than 0.05 %. In general, it was found that the
output of the bolometer detector system changes rapidly bolometer detector system can serve the needs of the
in the first 3 h. This is probably due to the temperature infrared (2 um to 25 um) spectrophotometer used at
drift of the J-FET1 in the preamplifier (see Fig. 1). The NIST.
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