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2916-2918 (1997),

2. K. Niemax and W. Sdorra, “Optical cinis-
sion spectrometry and laser-induced fluo-
rescence of laser produced  samiple
plumes,” Appl. Optics 29, 5000-5006
(1990).

3. MK Kim, [L Tshii, Y. Faoka, Y. Oki, M,
Muaceda, “Nanometer-scale surface ele-
ment analysis in polymers using laser ab-
lation atomic fluorescence,” J. Appl. Phys.
87 (to be published).

CThOS5 3:30 pm

Surface micromachined scanning
confocal microscope

1.1, Dagel, L.N. Srivatsa,* Y.1L Lo,* Scheol of
Applied and Ingineering Physics, Cornell
Uttiv., lthaca, New York 14853, USA; E-wmail:
did17@cornell.edu

Confocal scanning microscopy has recenlly
emerged as a significant new technigque, which
exhibits scveral advantages over conventional
optical microscopy.! Because conlocal images
are devoid of out-of-focus blur it allows non-
invasive, optical seclioning of itact specimen.
There has been an ongoing eflort to reduce the
size of the imaging head, to cnable ils use in
endoscopy, CD read heads, and in vive medical
imaging.

The confocal microscope system, showi in
Fig, 1, las a 0.65-pm laser diode as the light
source. 'I'he beam onarriving at the chip passes
through an aperture and a beam splitter and is
then scanned in the x- and y- directions by two
mirrors and is focused on the satple by an
objective leus, Yhe reflected light from the
sample retraces the path and is reflected by the
beam splitter into a confocal kens, which fo-
cuses the beam onto a detector. The presence
ofa pinhole aperture at the focusing spot of the
secotud lens ensures the confocal operation of
the microscope. The photocurrent from the
detector is processed to produce an itage.

Siticon surface micromachining has been
used to fabricate the compact optical system
incorporating low-inertia scaners. Figure 2 is
a scanning electron microscope (SEM) photo-
graph showing a part of the systemn, Both scan-
ning mirrors stand vertically on the silicon
substrate and arc actuated by combdrives.
‘These MUMS structures were fabricated nsing
the MCNC-MUMYPS foundry process. The
MOUMLPS process includes two structural layers
ol polycrystalline silicon: a 2-pm-thick POLY)

bean educer  MEMS chip

e T o - 2

photodiode [ [

sanple

acplitior —- > BAQ buaal

frane grabhec

CThO5 Fig. 1. Schematic of the confocal mi-
croscope system,
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nirror

CIhO5  Fig. 2. SEM of the scanning mitrors
and the objective lens.

layer and a L5-pan-thick POTY2 Jayer, The
mirrors ai the lenses are fabricated using a
3.5-pm-thick polysilicon, whereas the bean
splitter has only the POLYL layer. Details of
fabrication of scanning mirrors have alvcady
been published by Kiang ef al.? Gold is evapo-
rated onto the surface of the mirrors Lo in-
crease reflectivity,

Electrostatic combrdrives ave used as actua
tors as they proviele high resonance frequen-
cies. The x- and p- mirrors ave 250 p X 250
pm and 320 pun X 300 pm with resonant
frequencics 0f 3.5 kilzand 2 k! 1z, respectively.
The maimum angular deflection ol these wir-
rors, 1.57 and 3% respectively, was obtained
with a 25 V dilference applied to the two elec-
trodes. T'he Fresnel lenses in Lhis system have a
numericalaperture of 0.16 and a focal length of
L mm for the objective lens aud 300 pum for the
conlocal lens. “('he spol sive and depth of focus
are 3 pm and 25 pm, tespectively.

Images of metallic grating on glass sub-
strates have been obtained using external
lenses, instead of the on-chip lresncl lenses, as
this allows the focusing of the laser beam o
[-pan spof size. Blforts are underway to obtain
images of integrated civeuits and to fabricate a
high-NA an-chip lens.

This system diesign, in conjunction with low
ternperature waler bonding technigues, which
can be used to bond the laser and the detector
onto the chip, can be used to develop a mono-
lithic micro-scanning conlocal microscope on
aSi-chip. Unlike previous designs® this system,
being completely surface micromachined,
provides case of fabrication and allows mass
production using conventional  photo-
lithography technicques.

*School of Blectricol Engineering, Cornell Univ.,
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2. M.-LL Kiang, O. Solgaard, K.Y. Tau, R.S.
Muller, “Blectrostatic  Combelrive
Actuated Micromirrors for Laser-Beam
Scanuing and Posilioning,” §. Microclec-
tromechanical Syst. 7, 1, 27-37 (1998).

3. 1ML Dickensheets and (5.8, Kino, “A mi-
cromachined confocal optical micro-
scope,” Proc. SPIK 2655, 79-85.

CThO6 3:45 pm

Trace gas detection in ambient air with
cw and pulsed QC lasers

AA. Koslerey, RUE. Cuarl, LI Tited,

C. Ganachl,* F. Capasso,® DL, Siveo,*
J.N. Baillargeon,* AL Tlutchinson,®

AY. Cho* Rice Quantinn Inst., Rice Univ.,
[ouston, Vexas 77251-1892, USA; E-inail:
akosier@rice.cdu

Recently developed quantum-cascade lasers!
have been shown ta be uselu! tunable single-
frequency light sources for laser-based ab-
sorplion specltroscopy in the important
mid-1R region.2 * lu this work, we demon-
strate the application of cw and pulsed
single frequency QU-DYB lasers Lo the sen-
silive detection of CH |, N,O, G101
{ethanol) and different isolopic species of
11,3 in ambient air will be reported. Tuorder
to determine the ethanol concentration
from its dense infrared spectrum, a new ap-
proach based on a linear correlation tech-
nique was applicd.

A schiematic of the ew QC-DIB laser
based gas seusor conliguration is shown in
Fig, 1. A conmercial multipass cell aligned
for a 100-m optical path was used. T'he pres
sure i the cell was sel to 2040 orr. T'o
improve the seasitivity, a “sero-air” back-
ground subtraction techniques was also
used. Spectra ot ambient air and a pollutant-
free “sero air™ were allernatively taken with
the sequential subiraction of the zero-air sig-
nal from the ambicat air signal. In most of
the measurciments, pure aiv with an addition
af 5% GOy, was used as a zero gas, The laser
radiation was detected with a liguid nitrogen
cooled photovoltaic MCT detector. The QC
laser frequency was last-tuned with current,
which was supplicd in [20-235-s ramped
pulses (quasi-cw operation) at 4 800 o 1000
Lz repetition rale. Preguency scans were
typically overa 2 cm ! range. The variation
ol the laser duly cycle resubted in a vaciation
of Tascr operating temperature and fre-
quency olfset,

Au example ol the absorption specirum of
ambicot air obtained with such 4 cw QC-based
gas sensor is shown in Fig, 2. T'he estimaled
sensitivity is 2.5 ppb for CLL, LOppb for N,O,
63 ppt lor 11,0 and 125 ppb or C,LLOH. In
cxperiments with @ near-room (emperature
pulsed QC laser, 7 to 10 ns current pulses were

Pulse _ » — 3| Laserdiode || Temperalure
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CThO6  Fig. 1. Schematic of the ew QC-DIB
based gas sensor.
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CThO6 Fig. 2. Ant example of an absorption
spectrum of room air obtained with a 100-m
pathlength multipass ccll and a zero-air back-
gronnd subtraction technique, The assigmuent of
the strong spectral lines is shown: H,'°0 - 1, 11,
133 N,0-2,3,10; CT, - 6,7, 8, 14 11,"°0 - 9
HDO - 12; and CO, in the reference zero-air that
appears as a negative absorption - 4, 5.

applied to the laser, Fast frequency tuning was

obtained using a sub-threshold ramped cur-

rent, as in Ref. 5. The first experiments with a

pulsed QC lasu indicate a line broadening

caused by frequency chirping duc to the pulsed
drive current. The narrowest laser linewidth
was obtained with the shortest achievable

pulses of 7 ns resulting in a FWHM of 0.016

em”™ ' (480 MHz),

*Bell Labs., Lucent Tech., USA
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CThO7 4:00 pm

Sub-ppb detection of trace gas species
with a high-power diode-pumped cw
difference-frequency sensor

D.G. Lancaster, 1. Rehle, 1. Lefeus,

F.K. Vittel, Rice Quantum Inst.,, Rice Univ.,
Houston, 1exas 77251-1892, USA; [-inail:
Jkt@rice.edu

A significant issue in urban air quality is the
ability to mcasure particular trace and pollut-
ant gases in real time with high sensitivity and
specificity. One such species is H,CO that al-
though at low concentrations of 220 ppb, isa
precursor to atmospheric ozone production.
FLCO is praduced by the photochemical
breakdown of volatile organic carbon mel-
ceules and can also be a byproduct from in-
complete combustion processes. i major ur-
ban environments, such as Los Angeles, New
York and 1louston, monitoring of H,CO dis-
tribution and its daily concentration cycle is
important in modeling complex ozone chem-
istry.

For high sensitivity optical monitoring of
fundamental H,CO ro-vibrational Jines, cryo-
genically cooled Pb salt diode lasers operating
near 2831 cm”' (3.5 wm) can be used.t Al-
though ditfercuce-frequency-based scnsors
have advantages such as poncryogenic operi-
tion, intrinsic wavelength stability and high
beam quality, their low ¢w power (<25 wW) has
limited their minimum detection sensilivities
to date.? l'o increase the difference-[requency
power produced in such a sensor we have de-
veloped an  architecture based on two
frequency-stable diode lasers at 1.1 and 1.5
pin, which are amplified by high-power Yb
and Ex/Yb [iber amplilicrs,® respectively. To
date we have generated up to 0.7 mW of
narrow-band {<60 MHz) mid-infrared radia-
tion. This higher power capability allows the
use of an optical-noisc-reducing dual-beam
absorption configuration cmploying two DC-
coupled Pelticr-cooled HgCdTe detectors and
an extended 100-m absorption pathlength
achieved with a low-volume Herriot cell.

Tigute [ is a schematic of the seusor con-
figuration. "The mixing lascrs are a fiber pig-
tailed 2-mW 1561-nm DEB diode laser and a
50-mW 1083-nm DBR diode coupled into
single-mode fiber. A Fr*"-doped fiber pre-
amplifier increases the 1561-nm seed power to
30 mW to saturate the gain in the 0.6-W Lir/YDh
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CThO7 Fig 1. Difference-frequency-based
formaldchyde sensor using dual beam spectros-
copy OL: optical isalator, W DM: wavelength divi-
sion mwltiplexer, PC: polarization controller,
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CThO7  Fig. 2. Observed and simulated
transmission spectrum of 1{,CO in air (T, =
100 m).

fiber amplifier while the 1083-nm diode di-

rectly seeds the 1.6-W Yb amplifier. To com-

bine the two wavelength channels into a single
fiber a wavelength division multiplexer

(WDM}) is used. The difference-frequency

mixing occurs on a separate oplical stage,

where the fiber delivered beam is imaged into
the 19-mm PPLN crystal (M = 11}, by a l-cm
focal-length achromat lens. The primary beam
is directed to a MCT detector after the muldti-
pass cell, and a relerence beam incicdent on the
sccond MC1' is acquired from a ZnSe wedge
placed in the beam betore the multi-pass cell,
This dual beam technique allows the strong
ctalons that arise [rom thelens and PPIN crys-
tal iu the difference-frequency mixing stage Lo
be eliminated by ratioing the two beams. The
two channels are acquired simuitancously by
the use of two A-D data acquisition cards.
Spectral lineshapes are acquired by direct cur-
renl modulation of the 1560-nm diode {trian-
gular waveform at 0.1 to 1 k1Iz). This tech-
nique improves the absorption sensitivity Lo
~2 % 107, Tligure 2 is a formaldehyde absorp-
tion spectrum near 2831.6 cin "' obrained

from room air for a pathlength of 100 m, a

pressurc of 40 torr and an average of 5000

spectra acquired over 140 s, A Hitran92 4.0

ppb TLCO simulation is overlatd on the ex-

perimentally obtained spectrum. The residual
displaysaorof 20 1,3 % 1073, corresponding to
asingle shot detection sensitivity of 22 0.4 ppb.

‘This work demonstrates a significant in-
crease in both power and sensitivily over pre-
viously reported DEG based spectroscopic
sources, and thereby will permit high sensitiv-
ity and real-time trace gas sensing.

[, A tried, B. Henry, B. Wert, S. Sewell, .1
Drummond, “Laboratory, ground-based,
and airborne tunable diode laser systems:
performance characteristics and applica-
tions in atinospheric studies,” Appl. Phys.
1367, 317-330 (1998).

2. D.G. Lancaster, 1. Richter, LK, Tittel,
“Real-time measurements of trace gases
using a compact difference-frequency-
based sensor operating at 3.5 mm,” Appl.
Phys. B 67, 339-345 (1998).

3. L. Goldberg, ). Kaplow, 12.A.V. Kliner,
“[ighly efficicnt 4-W Yh-doped fiber am-
plifier pumped by a broad-stripe laser di-
ode,” Opt. Lett, 24, 673 (1999).


mailto:fit@rice.edu

