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1 Introduction the sputtered SiQinsulator layer is 25 nm, and the sub-
Conventional bolometers have long been used as thermaktrate is 800(-cm p-type Si withNx=4X 10tem3.
detectors for infraredIR) radiation, using the change of A transmission-line model was developed for the com-

resistance with an increase in the temperature. In the casédined antenna and MOS-C. The MOS-C acts as a varactor
of antenna-coupled microbolometérsjncident radiation (Cwmos), in series with the antenna capacitari@g Their
induces IR-frequency current waves in the arms of the an- equivalent capacitanc€g, is in parallel with the antenna
tenna, which are dissipated in the subwavelength-size bo-inductancel, and the fringe-field capacitancg;. The
lometer. One of the main advantages of antenna coupling ofesonance frequendy for the antenna is given by

IR sensors is that their polarizatibmnd wavelength re-

sponses can be electrically tuned by control of the current 1

waves propagating on the antenna arms. In this paper wef,= 7
present the first demonstration of wavelength tuning in an ~ 27[La(CgqtCy)]
antenna-coupled infrared microbolometer. The tuning
mechanism is derived from a metal-oxide-semiconductor
capacitor(MOS-C) underneath the arms of the antenna.
Controlling the capacitance of this MOS-C by a small dc

@

where Cgq is the series equivalent capacitance for the
MOS-C andC;, given by

c.C
voltage modifies the electrical length of the antenna, thus CEq:$- 2
a MOS

tuning the free-space resonant wavelength.

A computer model was developed to model the
2 Device Model capacitance-voltage characteristics fqr-ype MOS-C us-
ing an exact charge distribution model inside the MO$-C.
For the model a set of parameters must be introduced. The
first parameter is the potential as a function of the depth
into the semiconductor, which is given by

E;(bulk) — E;(x)
0091-3286/2005/$22.00 © 2005 SPIE X)= kT '

A cross section of the device along with its equivalent cir-
cuit is shown in Fig. 1, with full length of the antente
=1.7um, cross-arm widtha=0.385um, and distance
from contact to feed poind=0.95um. The thicknes# of

©)
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Fig. 1 IR MOS tuner: (a) cross section; (b) top view; (c) equivalent circuit.

wherek is Boltzmann’s constant and is the temperature. 12

S : . €giegk T
The surface potential in the semiconductor is then Lp= SI*0

@)

29°n;
E;(bulk) — E;(surface
Us= KT : 4 The expressions for the charge density, electric field, and
potential as a function of position inside the semiconductor
The second parameter is the doping parameter, which is@'® obtained by solving Poisson’s equation:
given by
¢ p q

dX €gi€p €gi€p

Ei(bU”()—EF (p_n+ND_NA)’ (8)
UF:T. (5)
where p is the conductivity;p and n are the equilibrium
In addition to the potentials, a quantitative expression doping concentrations in the semiconductor, which are
for the band bending inside the semiconductor is formu- given by
lated using the intrinsic Debye length. The Debye length

was originally introduced in the study of plasnfagé/hen- p=n; exp{[Ei(x) —Eg]l/kT}=n;exd Ug—U(X)], 9
ever a plasma is perturbed by placing a charge in it, the
mobile species always rearrange so as to shield the plasma=n; exp{[ Er— E;(x) [/kT}=n; exg U(x) — Ug]; (10

proper from the charge. The Debye length is the shielding

distance. In the bulk, the semiconductor can be viewed as aand ND and NA are the nonequi"brium d0p|ng concentra-

plasma with an equal number of ionized impurity states and tjons. Since the MOS-C is assumed to be a one-dimensional
mobile electrons or holes. The placement of a charge nearsircture, Poisson’s equation simplifies to

the semiconductor causes the mobile species inside the ma-

terial to rearrange so as to shield the bulk semiconductor kT duU
from the perturbing charge. The shielding distance is given é= - — —. (11
by the bulk Debye length q dx
K 12 Since bothp andU are zero in the semiconductor bulk,
€gj€p T
Le=| 5 ——— ) -u u
a“(Npuikt Pouik) Np—Nja=n;(e” “F—e~F). (12

whereeg; and ¢, are the dielectric constants in Si and free Substituting Eqs(9)—(12) into Eq. (8) results in

space, respectively, and is the charge of an electron.

The intrinsic Debye length. is found by settingny, p=qnexpUr—U)—expU—Ug)+e Yr—eYf] (13
=Ppux=Ni, Where n; is the intrinsic semiconductor

concentration: and
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FU an u-u Ue—U Ur
W €S|€0kT[eXF( ) eXF( F )+e
—e Ur]. (14)

By substituting Eq(7) into Eq.(14) one obtains

d?u 1 Y
v 2Lz[exp(U Up)—expUg—U)+e-F—e “F].

(15

Poisson’s equation, which is given in E(B), is solved
subject to the boundary conditions given below:

0 v 0 t 16
= _—= =00

¢=0, or =0, atx (16)
and

U=Ug at x=0. (17

When both sides of Eq8) are multiplied by &U/dx and
integrated fronx= to an arbitrary poink, then using the
boundary conditions one obtains

§2_(kT/q

C ) [eVF(e"V+U—-1)+e Vr(eV-U-1)].
D

(18)

( 2F(Us,Up)

eVr(1—e Ys)+e Ur(els—1)

V2Lp

(eUr+eUr)1R2

Uslp

2F(Us,Ug)
eVr(1—e Ys)+e Ur(eVs—1)

Uslp

Since we are using an exact charge distribution model, the

(flat band,

Equation(18) is of the formy?=a?, which has two roots,
y=a andy=—a. The energy-band diagram indicates that
we must havé>0 whenU >0 andé<0 whenU < 0. Since
the right-hand side of the equation is always positige (
=0), the proper polarity for the electric field is obtained by
choosing the positive root whésh>0 and the negative root
whenU<0. Therefore we can write

- US%T F(Li—DUF) (19
where
F(Ug,Up)=[eYF(e Ys+Ug—1)

+e Ur(eVs—Ug—1)]"? (20)
and
N +1 if Ug>0,
UsTl_1 i us<o. @D
Now the capacitance can be found using
Co
1+ €sio,Werr/ €sh’ (22

whereC, is the oxide capacitance anil is the effective
width of the depletion region and is given by

(accumulation region

(23

1 (depletion region, inversign

Now we model the equivalent capacitanCg, as a

capacitance cannot be expressed as a function of the apfunction of voltage, using

plied voltage. However, both variables are relatedJig;

therefore, the capacitance expected for a given applied volt-
age, including the metal-semiconductor work-function dif-

ference, can be found using

kT ~ Esh
Ve=—|UstUg F(Us,Ug)
€sio,lp
Na| Eg
+¢Au—|n<n—i —7}, (29)

where ¢p5,=0.7 eV is the work function for goldy;=1.5
x10"cm 2 is the intrinsic concentration of Si, ari,
=1.1eV is the bandgap energy of Si.
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Ceq= Ca
9 1+ egi0,Wer/ egh’

(29

This equation can be evaluated once we kn@yvof the
microstrip dipole antenna, which can be found using

ab d
_ fofr cos‘z( Tr—) , (26)

a 2h b

where the average relative permittivigy of the substrate is
calculated as
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Fig. 2 Comparison of model and measured data for the

wavelength-tuned antenna. Fig. 3 Scanning electron micrograph of a 1.7-um dipole-antenna-

coupled microbolometer IR MOS tuner.

€sio,€si (PMMA-MAA ) and poly¥methylmethacrylage(PMMA) in

27 a liftoff process. The global marks were used to correct for

any rotation errors while loading the substrates into the

chuck, while the local marks were used to correct for any

stage drift when moving from field to field. Gold was used

for the dipole antenna arms, with niobium as the bolometer.

We fabricated the MOS-C with 25 nm of sputtered Sih

L — 1 28) top of ap-type Si substrate, and used a dipole antenna with

RIo a full antenna length of 1.Zm. The width of the antenna
eq . . .

arms as fabricated was 385 nm. A scanning electron micro-

For calculation of the fringe-field capacitanGg, we con- graph of one of the devices fabricated is shown in Fig. 3.
sider that the microstrip has electrical dimensions greater _

than its physical dimensions. For the antenna shown in Fig.4 Tuning Measurements

1, the fringing affects the cross-arm widdhof the dipole. We used a tunable GQaser with emission from 9.28 to

The difference is found és 10.78um in discrete lines. The laser was focused by an f/1
optical train. The laser polarization was linear and was ro-

&§=—"—.
€sio, T €si

The inductancd., of the antenna can be calculated from
Eq. (1) as

(e,+0.3)(a/h+0.264

Aa=0.41%h ) (29) tated by means of a half-wave plate. The bolometer under
(€,—0.258(a/h+0.8) test was placed at the focus of the beam. The position of the

device was adjusted for the best response by using motor-

Now C; can be found, usirg ized stages with submicron accuracy. The beam was modu-

lated with a chopper at a frequency of 2.5 kHz. The modu-

lated signal was read with a lock-in amplifier after ax10
' (30) preamplification. For the device under test, the maximum

signalV . was obtained for the polarization parallel to the
where\,=10.45um is the initial measured resonant wave- antenna axis, and the minimum signgl;, was obtained
length. for the cross polarization. The polarization-dependent

Using Eq. (1), with results from Eqs(25), (26), (28), signal is defined ad\V=V 5~ Vmin- The polarization-

and (30), allows us to find the free-space resonant wave- dependent signal and the power on the detector were mea-
length (\ =c/f) of the IR MOS tuner as function of applied sured for each wavelength. The power fluctuation from the
voltageV . The results of this model are shown in Fig. 2, laser output for each wavelength was removed from the
along with measured values. When the device was biasedmeasured signal by normalization of the polarization signal

beyond 150 mV, its resonance began to shift towards (VOlts) to the measured powéwatts on the detector.
shorter wavelengths. The bolometer under test was biased with both positive

(depletion mode and negative voltagegaccumulation
3 Eabrication of the Tuner mode and placed at the focus of the beam. The device was
first measured with a bias of 100 mV. Then a positive
The IR MOS tuners were fabricated at the Cornell Nano- bias was applied, which was adjusted in 50-mV increments
Scale Facility using a Cambridge/Leica EBMF 10.5 e-beam up to 200 mV. The discrete-line results of each measure-
lithography system. The dipole-antenna-coupled microbo- ment were then fitted with a Gaussian profile using a least-
lometer was fabricated on top of a 3-in. Si wafer with a squares fit in order to find the precise resonance of the
resistivity of 80000 cm (N,=4x 10" cm 3%). Both local dipole antenna at each bias voltage. These data for reso-
and global alignment marks were then written using a bi- nance wavelength as a function of bias voltage are seen in
layer of polymethylmethacrylate and methacrylic acid Fig. 2.

a

~ 0.01668&,
o A

(O]

Aa

Cs h
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5 Conclusions 6. C. Balanis, Antenna Theory Analysis and Desjgbhapter 4, Wiley,
New York (1997.

An antenna-coupled IR bolometer was demonstrated to

have tunable wavelength reponse neayd, with around Mohamed R. AbdelRahman received his BSc degree in physics
0.5 um of tuning. The tuning mechanism is an MOS ca- from the American University in Cairo, Egypt in 1999 and his MSc
pacitor developed underneath the antenna structure in a Send PhD degrees in electrical engineering from the University of
substrate. A model was developed for the tuning behavior Central Florida, Orlando, Florida, in 2002 and 2004 respectively.

- - - He served as a graduate research assistant in the Infrared Systems
that agrees well with measured values. Trends in this modeIL‘,ﬂbor',itO]ry at the College of Optics and Photonics (CREOL) from

indicate that the tuning range is increased for thinner oxide 2000 until 2004. His research interest is in the area of antenna-
layers and for lower doping concentrations. Our device was coupled detectors for millimeter-wave and infrared focal plane
thus fabricated with an oxide layer of 25 nm and a substrate arrays. He is a member of SPIE.

resistivity of 8000 cm.
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