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Abstract. Wavelength tuning is demonstrated in an antenna-coupled
infrared microbolometer. With a 300-mV control voltage, we observed a
tuning range of 0.5 mm near 10 mm. A metal-oxide-semiconductor ca-
pacitor underneath the antenna arms causes the shift of resonance
wavelength with applied voltage. We develop a device model that agrees
well with measured results. © 2005 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1869892]
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1 Introduction

Conventional bolometers have long been used as therm
detectors for infrared~IR! radiation, using the change of
resistance with an increase in the temperature. In the ca
of antenna-coupled microbolometers,1,2 incident radiation
induces IR-frequency current waves in the arms of the an
tenna, which are dissipated in the subwavelength-size bo
lometer. One of the main advantages of antenna coupling o
IR sensors is that their polarization3 and wavelength re-
sponses can be electrically tuned by control of the curren
waves propagating on the antenna arms. In this paper w
present the first demonstration of wavelength tuning in an
antenna-coupled infrared microbolometer. The tuning
mechanism is derived from a metal-oxide-semiconducto
capacitor ~MOS-C! underneath the arms of the antenna.
Controlling the capacitance of this MOS-C by a small dc
voltage modifies the electrical length of the antenna, thu
tuning the free-space resonant wavelength.

2 Device Model

A cross section of the device along with its equivalent cir-
cuit is shown in Fig. 1, with full length of the antennab
51.7mm, cross-arm widtha50.385mm, and distance
from contact to feed pointd50.95mm. The thicknessh of
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the sputtered SiO2 insulator layer is 25 nm, and the sub
strate is 8000-V-cm p-type Si withNA5431011cm23.

A transmission-line model was developed for the co
bined antenna and MOS-C. The MOS-C acts as a vara
(CMOS), in series with the antenna capacitanceCa. Their
equivalent capacitanceCEq is in parallel with the antenna
inductanceLa and the fringe-field capacitanceCf . The
resonance frequencyf r for the antenna is given by

f r5
1

2p@La~CEq1Cf!#
1/2

, ~1!

where CEq is the series equivalent capacitance for t
MOS-C andCt , given by

CEq5
CaCMOS

Ca1CMOS
. ~2!

A computer model was developed to model t
capacitance-voltage characteristics for ap-type MOS-C us-
ing an exact charge distribution model inside the MOS-4

For the model a set of parameters must be introduced.
first parameter is the potential as a function of the deptx
into the semiconductor, which is given by

U~x!5
Ei~bulk!2Ei~x!

kT
, ~3!
-1 March 2005/Vol. 44(3)



Gritz et al.: Characterization of a wavelength-tunable . . .
Fig. 1 IR MOS tuner: (a) cross section; (b) top view; (c) equivalent circuit.
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wherek is Boltzmann’s constant andT is the temperature
The surface potential in the semiconductor is then

US5
Ei~bulk!2Ei~surface!

kT
. ~4!

The second parameter is the doping parameter, whic
given by

UF5
Ei~bulk!2EF

kT
. ~5!

In addition to the potentials, a quantitative express
for the band bending inside the semiconductor is form
lated using the intrinsic Debye length. The Debye len
was originally introduced in the study of plasmas.4 When-
ever a plasma is perturbed by placing a charge in it,
mobile species always rearrange so as to shield the pla
proper from the charge. The Debye length is the shield
distance. In the bulk, the semiconductor can be viewed
plasma with an equal number of ionized impurity states a
mobile electrons or holes. The placement of a charge n
the semiconductor causes the mobile species inside the
terial to rearrange so as to shield the bulk semicondu
from the perturbing charge. The shielding distance is giv
by the bulk Debye length

LB5F eSie0kT

q2~nbulk1pbulk!
G 1/2

, ~6!

whereeSi ande0 are the dielectric constants in Si and fr
space, respectively, andq is the charge of an electron
The intrinsic Debye lengthLD is found by settingnbulk

5pbulk5ni , where ni is the intrinsic semiconducto
concentration:
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LD5F eSie0kT

2q2ni
G 1/2

. ~7!

The expressions for the charge density, electric field,
potential as a function of position inside the semiconduc
are obtained by solving Poisson’s equation:

dj

dx
5

r

eSie0
5

q

eSie0
~p2n1ND2NA!, ~8!

where r is the conductivity;p and n are the equilibrium
doping concentrations in the semiconductor, which
given by

p5ni exp$@Ei~x!2EF#/kT%5ni exp@UF2U~x!#, ~9!

n5ni exp$@EF2Ei~x!#/kT%5ni exp@U~x!2UF#; ~10!

and ND and NA are the nonequilibrium doping concentr
tions. Since the MOS-C is assumed to be a one-dimensi
structure, Poisson’s equation simplifies to

j52
kT

q

dU

dx
. ~11!

Since bothr andU are zero in the semiconductor bulk,

ND2NA5ni~e2UF2eUF!. ~12!

Substituting Eqs.~9!–~12! into Eq. ~8! results in

r5qni@exp~UF2U !2exp~U2UF!1e2UF2eUF# ~13!

and
-2 March 2005/Vol. 44(3)
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d2U

dx
5

q2ni

eSie0kT
@exp~U2UF!2exp~UF2U !1eUF

2e2UF#. ~14!

By substituting Eq.~7! into Eq. ~14! one obtains

d2U

dx
5

1

2LD
2 @exp~U2UF!2exp~UF2U !1eUF2e2UF#.

~15!

Poisson’s equation, which is given in Eq.~8!, is solved
subject to the boundary conditions given below:

j50, or
dU

dx
50, at x5` ~16!

and

U5US at x50. ~17!

When both sides of Eq.~8! are multiplied by dU/dx and
integrated fromx5` to an arbitrary pointx, then using the
boundary conditions one obtains

j25S kT/q

LD
D 2

@eUF~e2U1U21!1e2UF~eU2U21!#.

~18!
the
ap

olt
if-
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Equation~18! is of the formy25a2, which has two roots,
y5a andy52a. The energy-band diagram indicates th
we must havej.0 whenU.0 andj,0 whenU,0. Since
the right-hand side of the equation is always positivea
>0), the proper polarity for the electric field is obtained b
choosing the positive root whenU.0 and the negative roo
whenU,0. Therefore we can write

j5ÛS

kT

q

F~U,UF!

LD
, ~19!

where

F~US ,UF!5@eUF~e2US1US21!

1e2UF~eUS2US21!#1/2 ~20!

and

ÛS5H 11 if US.0,

21 if US,0.
~21!

Now the capacitance can be found using

C5
Co

11eSiO2
Weff /eSih

, ~22!

whereCo is the oxide capacitance andWeff is the effective
width of the depletion region and is given by
Weff55
USLDF 2F~US ,UF!

eUF~12e2US!1e2UF~eUS21!
G ~accumulation region!,

A2LD

~eUF1e2UF!1/2
~flat band!,

USLDF 2F~US ,UF!

eUF~12e2US!1e2UF~eUS21!
G ~depletion region, inversion!.

~23!
Since we are using an exact charge distribution model,
capacitance cannot be expressed as a function of the
plied voltage. However, both variables are related toUS ;
therefore, the capacitance expected for a given applied v
age, including the metal-semiconductor work-function d
ference, can be found using

VG5
kT

q FUS1ÛS

eSih

eSiO2
LD

F~US ,UF!

1fAu2 lnS NA

ni
D2

Eg

2 G , ~24!

wherefAu50.7 eV is the work function for gold,ni51.5
31010cm23 is the intrinsic concentration of Si, andEg

51.1 eV is the bandgap energy of Si.
-

-

Now we model the equivalent capacitanceCEq as a
function of voltage, using

CEq5
Ca

11eSiO2
Weff /eSih

. ~25!

This equation can be evaluated once we knowCa of the
microstrip dipole antenna, which can be found using5

Ca5
e0e rab

2h
cos22S pd

b D , ~26!

where the average relative permittivitye r of the substrate is
calculated as
-3 March 2005/Vol. 44(3)
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e r5
eSiO2

eSi

eSiO2
1eSi

. ~27!

The inductanceLa of the antenna can be calculated fro
Eq. ~1! as

La5
1

v2Ceq

. ~28!

For calculation of the fringe-field capacitanceCf , we con-
sider that the microstrip has electrical dimensions gre
than its physical dimensions. For the antenna shown in
1, the fringing affects the cross-arm widtha of the dipole.
The difference is found as6

Da50.412h
~e r10.3!~a/h10.264!

~e r20.258!~a/h10.8!
. ~29!

Now Cf can be found, using5

Cf5
0.01668e r

v S Da

h D S a

l r
D , ~30!

wherel r510.45mm is the initial measured resonant wav
length.

Using Eq. ~1!, with results from Eqs.~25!, ~26!, ~28!,
and ~30!, allows us to find the free-space resonant wa
length (l5c/ f ) of the IR MOS tuner as function of applie
voltageVG . The results of this model are shown in Fig.
along with measured values. When the device was bia
beyond 150 mV, its resonance began to shift towa
shorter wavelengths.

3 Fabrication of the Tuner

The IR MOS tuners were fabricated at the Cornell Nan
Scale Facility using a Cambridge/Leica EBMF 10.5 e-be
lithography system. The dipole-antenna-coupled micro
lometer was fabricated on top of a 3-in. Si wafer with
resistivity of 8000V cm (NA5431011cm23). Both local
and global alignment marks were then written using a
layer of poly~methylmethacrylate and methacrylic aci!

Fig. 2 Comparison of model and measured data for the
wavelength-tuned antenna.
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~PMMA-MAA ! and poly~methylmethacrylate! ~PMMA! in
a liftoff process. The global marks were used to correct
any rotation errors while loading the substrates into
chuck, while the local marks were used to correct for a
stage drift when moving from field to field. Gold was use
for the dipole antenna arms, with niobium as the bolome
We fabricated the MOS-C with 25 nm of sputtered SiO2 on
top of ap-type Si substrate, and used a dipole antenna w
a full antenna length of 1.7mm. The width of the antenna
arms as fabricated was 385 nm. A scanning electron mic
graph of one of the devices fabricated is shown in Fig.

4 Tuning Measurements

We used a tunable CO2 laser with emission from 9.28 to
10.78mm in discrete lines. The laser was focused by an
optical train. The laser polarization was linear and was
tated by means of a half-wave plate. The bolometer un
test was placed at the focus of the beam. The position of
device was adjusted for the best response by using mo
ized stages with submicron accuracy. The beam was mo
lated with a chopper at a frequency of 2.5 kHz. The mod
lated signal was read with a lock-in amplifier after a 103
preamplification. For the device under test, the maxim
signalVmax was obtained for the polarization parallel to th
antenna axis, and the minimum signalVmin was obtained
for the cross polarization. The polarization-depend
signal is defined asDV5Vmax2Vmin . The polarization-
dependent signal and the power on the detector were m
sured for each wavelength. The power fluctuation from
laser output for each wavelength was removed from
measured signal by normalization of the polarization sig
~volts! to the measured power~watts! on the detector.

The bolometer under test was biased with both posit
~depletion mode! and negative voltages~accumulation
mode! and placed at the focus of the beam. The device w
first measured with a bias of2100 mV. Then a positive
bias was applied, which was adjusted in 50-mV increme
up to 200 mV. The discrete-line results of each measu
ment were then fitted with a Gaussian profile using a lea
squares fit in order to find the precise resonance of
dipole antenna at each bias voltage. These data for r
nance wavelength as a function of bias voltage are see
Fig. 2.

Fig. 3 Scanning electron micrograph of a 1.7-mm dipole-antenna-
coupled microbolometer IR MOS tuner.
-4 March 2005/Vol. 44(3)
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5 Conclusions

An antenna-coupled IR bolometer was demonstrated
have tunable wavelength reponse near 10mm, with around
0.5 mm of tuning. The tuning mechanism is an MOS c
pacitor developed underneath the antenna structure in
substrate. A model was developed for the tuning beha
that agrees well with measured values. Trends in this mo
indicate that the tuning range is increased for thinner ox
layers and for lower doping concentrations. Our device w
thus fabricated with an oxide layer of 25 nm and a subst
resistivity of 8000V cm.
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