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ABSTRACT 
We present a design for a low-noise bolometer linear array based on the temperature-dependent conductivity of a VOx-
Au film.  Typical thin film bolometers must compromise between low resistivity to limit Johnson noise and high 
temperature coefficient of resistivity (TCR) to maximize responsivity.  Our vanadium oxide is alloyed with a small 
concentration of gold by co-sputtering, which gives very low resistivity and very high TCR simultaneously.  The film is 
fabricated on an air bridge device having high thermal conductivity and small thermal time constant optimized for 30 to 
60 Hz frame rates.  The linear array functions as a low-power profile sensor with a modulated bias.  For 1 V bias, we 
predict responsivity exceeding 1200 V/W.  Johnson noise dominates with predicted NEP values as low as 1.0 x 10-11 
W/Hz1/2.  Preliminary device testing shows film resistivity below 2.5 ȍ-cm with TCR exceeding -2.0%.  Preliminary 
measurements of NEP and D* are reported. 
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1. BACKGROUND 
Vanadium oxide (VOx) thin film for infrared detectors has been widely investigated1,2. This semiconductor features a 
fairly low resistivity yet a high temperature coefficient of resistivity (TCR).  Single crystal films of VO2 can exhibit high 
TCR, but will generally have a semiconductor-to-metal transition temperature region where resistivity will change by 
orders of magnitude3. For VO2 this occurs around 68˚C.  Amorphous vanadium oxide film, in contrast, has a much more 
stable TCR over a wide range of temperatures, which makes it a better candidate for thermal imaging applications. 
 
Pure metal films typically increase their resistance, and insulators decrease theirs, as they heat up4. Insulators can have a 
high TCR, but their high resistance would equate to high Johnson noise, making thermal imaging impossible.  A metal 
film will have low resistance, making it favorable from a Johnson noise perspective, but its TCR would be unacceptable 
low.  Semiconducting VOx exists in the realm between these states.  Our hypothesis is that metal-doping would lower 
resistance without sacrificing TCR5.  Gold was chosen as the dopant for its low resistivity and resistance to oxidation 
during deposition in oxygen plasma. 
 

2. DESIGN 
Gold-doped VOx film (VOx-Au) optimizes both the resistivity and TCR, where 
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An air-bridge design, with two nichrome arms on either side of the VOx-Au film, achieves the thermal isolation needed 
for high response to incident power.  The film is sandwiched between two layers of silicon dioxide to protect the VOx-
Au film during dry etching steps.  The bridge sits above a gold reflector on the substrate surface to create a quarter-
wavelength resonant cavity optimized for 10 µm absorption.   
 
A current pulse is applied through the nichrome arms and across the VOx-Au film while the voltage across the device is 
monitored.  Incident infrared power causes heating, which changes the resistivity of the film according to 
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where R0 is the room-temperature resistance dT is the temperature increase of the film.  Thus, a measure of incident 
power may be derived from a change in voltage across the device.   
 
 
 
2.1 Responsivity 
We consider the change in temperature of the device as a function of the incident power Pi.  This is described by the heat 
flow equation  

ܥ డሺ௱்ሻ
డ௧  ܶ߂ܩ ൌ ߟ ܲ ,     (3) 

 
where ߟ is the absorptivity, G is the total thermal conduction to the room-temperature surroundings and C is the heat 
capacity6. We assume that Pi is modulated with time dependence ݁ఠ௧ (fundamental of chopped signal used in testing) so 
that we seek a solution of the form ݁ܶ߂ఠ௧. Using these assumptions, we solve Eq. 3 as 
 

ܶ߂ ൌ ߢ ఎ
ீ  ,      (4) 

 
where N is a coefficient related to the modulation frequency.  The value of N is close to unity for slow modulations.  The 
heat capacity C affects the thermal time constant ߬ ൌ 

ீ.  For a fixed input power, the change in temperature of the device 
is determined by absorptivity and heat loss via conduction.  Ideal devices minimize heat loss by using long, thin isolation 
arms made of material with low conductivity. 
 
The TCR of amorphous VOx-Au is temperature-independent over a wide range of temperatures.  Then by integrating Eq. 
1, we obtain a linear relationship between the temperature change of the film and the natural logarithm of its resistance.  
The slope of that line is the TCR. 

  
Figure 1: (left) Basic schematic for use of the detector.  This circuit is not optimized for noise or detectivity. (right) SEM image of 

pixels from an array. 
 
The sensitivity of a bolometer can be measured using the simple voltage divider circuit, shown in Fig. 1 (left).  A bias 
voltage is applied across a load resistor and the detector.  The detector is heated by both absorbed IR and Joule 
dissipation at rate i2R.  The output voltage is given by the voltage divider formula 
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The resistance of the bolometer determined from Eqs. 2 and 4 gives the differential output voltage, dVout.  If the load 
resistor is impedance-matched to the bolometer, then this differential voltage becomes6 
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where VB is the bias voltage and Geff is the effective thermal conduction considering impedance matching and joule 
heating.  The ¼ term comes from the circuit design, where the output voltage is measuring only half of the circuit, and 
only the resistance of the device is changing.  The voltage responsivity, Rv, is defined as the change in measured voltage 
as a function of incident power.  Hence, we have 

ܴ௩ ൌ ಳఈఎ
ସீ

ଵ
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� .     (7) 

 
2.2 Noise 
System noise has contributions from photon flux, the detector, and the electronic read-out.  Generally, the largest and 
most easily adjusted contribution is from the detector itself.  The bolometer is subject to Johnson noise, thermal 
fluctuation noise, and 1/f noise.  Johnson noise is a variation in electrical resistance due to the temperature-dependent 
statistical fluctuations of charge carriers in the VOx-Au film.  Temperature fluctuation noise arises from the thermal non-
equilibrium state of the detector in which thermal energy is constantly being exchanged with the environment.  The 1/f 
noise is minimized by choosing sufficiently high modulation frequency.   
  
The variance in voltage fluctuations due to Johnson noise is6 

 
ߜ ܸ ൌ ඥͶܴ݇ܶ(8)     , ݂߂ 

 
where 'f is the noise equivalent bandwidth, related to the integration time or modulation frequency.  Temperature varies 
only slightly, so this noise voltage depends mainly on resistance.  The signal-to-noise ratio (SNR) for Johnson noise is 
the found from the maximum signal voltage, Eq. 6, divided by the Johnson noise in Eq. 8.  This ratio gives 
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Excessive bias voltage overheats the device, raises Geff, and reduces SNR.  Increased absorptivity K increases SNR, as 
does better thermal isolation.  However, in terms of the active film, the best SNR comes from maximizing TCR D and 
minimizing resistance.   
  
The RMS temperature fluctuation on the detector, derived from the heat-balance equation6, is  
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 ,     (10) 

 
where Z is the modulation frequency as above.  This temperature fluctuation causes a fluctuation in the film resistance, 
and hence a fluctuation in measured voltage.  The SNR for thermal fluctuation noise can be found as a ratio of the 
absolute temperature of the bolometer, Eq. 4, to the temperature fluctuations, Eq. 10, and is 
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Decreasing the thermal conductance by providing better thermal isolation yields a better signal to noise ratio. 
  
The Noise Equivalent Power (NEP) is 

ܲܧܰ ൌ 
ௌேோඥ௱ ,      (12) 

 
where NEP has units of Watts per root Hertz.  For each noise contribution we find 
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The total detector noise is 

ܧܰ ்ܲ ൌ ට൫ܰܧ ܲ൯
ଶ  ሺܰܧ ்ܲிሻଶ .    (15) 

 
From the total NEP, the device D* can be calculated as6 

כܦ ൌ ξඥ௱
ோ   ,     (16) 

 
where A is the device active area, and ݂߂ is the noise equivalent bandwidth, related to device integration time and 
clocking speed. 
 

 
2.3 Numerical Calculations 
We consider a device as shown in Figure 1 (right).  The active area is the VOx-Au film, which has an area of 35 x 35 
µm2.  This is sandwiched between two layers of silicon dioxide and suspended above a reflecting gold pad to make a 
resonant cavity optimized for 8-12 µm absorption.  Thin NiCr arms on either side provide support for the structure as 
well as electrical conductivity.  SiO2 has a heat capacity of 0.7 J/gK with a density of 2.2 g/cm3.  There is currently no 
data specifically for the VOx-Au film that we are developing, so properties of VO2 are used in its place, which has a heat 
capacity of 0.3 J/gK and a density of 3.36 g/cm3.  
 
The heat capacity of the device is given by 

ܥ ൌ ܿߩݐ(17)      , ܣ 
where c is the material heat capacity, U is the density, t is the thickness, A is the area, and the subscript i denotes the 
layer.  The total heat capacity then is the sum of the heat capacity for each SiO2 layer and for the VOx-Au film.  Using 
the parameters given, the heat capacity is 5 x 10-10 J/K. 
  
The thermal conductance of the bolometer is 

ܩ ൌ ʹ ಿೝ௧௪
  Ͷ߳ܶܣߪଷ ,     (18) 

where the first term is the conductance through the two arms of the device, where g is the thermal conductivity of NiCr 
of 11.3 W/mK.  The second term is conductance by radiation.   This assumes that the device is held in vacuum, and there 
is no thermal conduction by air molecules.  By Eq. 18, we find the thermal conductance through the arms is 2.7 x 10-6 
W/K, and the thermal conductance by radiation is 3 x 10-8 W/K near room temperature.  From the heat capacity and 
thermal conductance, we find the thermal time constant to be ߬ ൌ ͳͺͶ�Ɋݏ. 
 
We solve Eq. 4 for a 100 nW incident power and assuming a 64% absorptivity based upon simulations for a Fabry-Perot 
cavity in a range of 8-14 µm.  Using the thermal conductance of 2.7 x 10-6 W/K, the temperature of the device will rise 
by 'Td=23.7 mK.  We have measured the sheet resistance of VOx-Au films at room temperature to be about 250 kȍ with 
a TCR of about -2.0%.  For the given temperature change, this would give a resistance change of about 474 mȍ. 
  
The responsivity of the device is found from Eq. 7.  From values already determined, using a bias voltage of 1.0 V, we 
predict a voltage responsivity of 1184 V/W.  By Eqns. 13-15, we find the NEP for Johnson noise and thermal fluctuation 
noise to be 5.4 x 10-11 W and 5.7 x 10-12 W, respectively, resulting in a total NEP of 5.5 x 10-11 W.   

 
3. FABRICATION 

The air bridge structure is built on an oxidized silicon wafer for electrical isolation.  Gold reflectors are patterned where 
the elements will eventually sit. The air bridge structure is achieved by first depositing a sacrificial polyimide and using 
a wet etch process to form it into pillars of the desired thickness and lateral dimension. The slope on the walls of this 
polyimide pillar is as shallow as 70˚ to as steep as 90˚ (Fig 2, left), with occasional undercutting.  Structural 
considerations with the support arms favor shallow-sloped sidewalls.  Thus, the polyimide is ashed in a Branson barrel 
asher using an O2/CF4 plasma, which yields sidewalls much closer to 45˚ (Fig 2, right). 
 
Now the element is patterned on the polyimide.  Because the active film VOx-Au etches quickly in any plasma, the film 
is sandwiched in between two layers of silicon dioxide.  Low-stress nichrome (80/20 nickel/chrome) arms are sputtered 
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A completed, functioning detector is placed into vacuum-sealed packaging and incident radiation from the blackbody 
falls on the active area while signal is determined.  To measure noise, the blackbody is blocked by a highly emissive 
piece of metal held at room temperature.  The signal measured in this configuration is the noise.  Table 1 gives the 
results of tests on a single device.  These tests are done with a blackbody at 500˚C placed 14 cm from the detector, with 
a chopper modulating the signal at 87 Hz.  The sample has a nominal resistance of 90.3 kȍ.  The detector shows strong 
performance for integration times of both 1 and 30 milliseconds, although the latter generally has a higher signal to noise 
ratio.  Signal increases with bias voltage as presented in Fig. 4 (right).  Theory suggests a linear relationship, in contrast 
to the experimental data.  This due to the Joule heating, which heats the film independent of absorbed IR.   
  
 
Table 1. Performance characteristics of a single pixel on wafer ES019, with a blackbody at 500˚C positioned 14 cm away from the 
detector.  The incident power is 726 nW. 

Bias 
Voltage 

[V] 

Time 
Constant 
[msec] 

Calculated 
Signal 
[µV] 

Measured 
Signal 
[µV] 

Measured 
Noise 
[µV] 

SNR NEP 
[10-10 W] 

D* 
[x 108 

cm Hz1/2 W-1] 

0.3 1 113.5 89.6 0.05 1792 4.05 1.93 
0.3 30 113.5 90.1 0.025 3604 2.01 0.71 
0.6 1 226.2 179 0.055 3254 2.23 3.51 
0.6 30 226.2 178 0.07 2543 2.85 0.51 
1 1 377.1 290 0.1 2903 2.50 3.13 
1 30 377.1 289 0.05 5774 1.26 1.14 

1.3 1 490.2 363 0.125 2904 2.50 3.13 
1.3 30 490.2 366 0.07 5235 1.39 1.03 
1.6 1 603.4 427 0..11 3416 2.13 3.68 
1.6 30 603.4 28 0.125 3895 1.86 0.77 
2 1 754.1 501 0.15 3340 2.17 3.6 
2 30 754.1 501 0.11 4554 1.59 0.89 

2.3 1 867.2 539 0.17 3170 2.29 3.42 
2.3 30 867.2 539 0.14 3850 1.89 0.76 
2.6 1 980.3 573 0.16 3581 2.03 3.86 
2.6 30 980.3 573 0.14 4092 1.77 0.81 
3 1 1131.2 600 0.2 3000 2.42 3.23 
3 30 1131.2 600 0.16 3750 1.94 0.74 

 
The best D* values are in the range of 108, which correspond to an NETD value of less than 100 mK.  As the system is 
enhanced, we should be able to push the limits on performance without sacrificing the design or integration time. 

 
5. GOLDBLACK ABSORBER 

To achieve the higher absorption needed to improve detectivity, we consider an additional infrared absorbing layer. The 
layer must have low thermal mass and heat capacity to avoid slowing the response. Gold-black satisfies these 
conditions7.  This paper presents the first practical application of a novel means of patterning this usually fragile 
deposit8.  Standard photolithography and lift-off in acetone is enabled by an evaporated 200 nm thick SiO2 protection 
layer8.   Fig. 5 presents SEM images that demonstrate successful patterning and placement of gold-black absorbers 
directly on the air-bridges. Absorption is somewhat reduced in 8-12 Pm range with respect to unprotected gold black, but 
it is still expected to exceed 75%8.  Interestingly, the goldblack layer survived the dry etch in oxygen plasma of the air-
bridges from the polyimide sacrificial layer. Future efforts will focus on characterizing the bolometer with goldblack 
over-coated pixels. 
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Fig. 5. SEM image showing top (left) view of pixels from an array coated with SiO2 protected goldblack absorber. The cross-sectional 

(right) view shows freestanding pixel after dry etching of sacrificial layer.  
 

 
6. CONCLUSION 

We have developed a bolometer optimized for the 8-12 µm region based upon a novel VOx-Au film that has a low 
resistivity without sacrificing TCR.  Optimization of the film, the thermal conductance, and the absorptivity allows for a 
high signal-to-noise ratio, which results in a calculated NEP of 5.5 x 10-11 and measured best NEP of 2.13 x 10-10 W at a 
1 millisecond integration time.  The difference of an order of magnitude is mainly due to system noise, not necessarily to 
the detector itself.  One simple change to improve the system quality would be to replace a load resistor with a dark 
bolometer that would heat and cool based on environmental and bias voltage effects, just as the active bolometer would.  
As such, the detector records a D* of close to 4 x 1010 cm Hz1/2/W, which gives an NETD of below 100 mK.  Further 
optimization of the testing apparatus as well as introducing the goldblack absorbing layer will push the NETD even 
lower. 
 

ACKNOWLEDGMENTS 
This research was supported by a grant from the US Army Research Labs (ARL) SBIR program.  We would also like to 
acknowledge the support and assistance from Mr. Guy Zummo, Mr. Ed Dein and Prof. Kevin Coffey. 
 

REFERENCES 
[1] Chen, Tao, Hu, Ming, Liang, Ji-ran, Lu, Jia-ning, Tan, Lei, "Study on Preparation of Vanadium Oxide Thin Films by 
the Metal-oxygenation method,"  Proc. SPIE 7381, (2009) 
[2] Niklaus, Frank, Vieider, Christian, Jakobsen, Henrik, "MEMS-Based Uncooled Infrared Bolometer Arrays-A 
Review," Proc. SPIE 6836, (2007) 
[3] Morin, F.J. "Oxides Which Show a Metal-to-Insulator Transition at the Neel Temperature," Phys. Rev. Lett 3(1): 34-
36, (1959) 
[4] Dunlap, R.A. [Experimental Physics], Oxford University Press, New York, (1988) 
[5] Lam, Vu H., [Electrical Properties of Reactive Magnetron Sputtered Vanadium Oxide Thin Films], Masters Thesis, 
UCF, Orlando, (2005). 
[6] Dereniak, E.L and Boreman, G.D. [Infrared Detectors and Systems], John Wiley and Sons, New York, (1996) 
[7] W. Becker, R. Fettig, W. Ruppel, “Optical and electrical properties of black gold layers in the far infrared”, Infrared 
Physics & Technology 40: 431–445 (1999) 
[8] Deep Panjwani, Mehmet Yesiltas, Janardan Nath, D.E. Maukonen, Imen Rezadad, Evan M. Smith, R.E. Peale, Carol 
Hirschmugl, Julia Sedlmair, Ralf Wehlitz, Miriam Unger, Glenn Boreman, “Patterning of oxide-hardened gold black by 
photolithography and metal lift-off, Infrared Physics & Technology”, 62: 94-99 (2014) 
�

Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/app/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will
not be published without this approval. Please contact author_help@spie.org with any questions or concerns.

9070 - 120 V. 4 (p.8 of 8) / Color: No / Format: Letter / Date: 5/1/2014 1:54:34 PM

SPIE USE: ____ DB Check, ____ Prod Check, Notes:


