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I MAJOR ACCOMPLISHMENTS UNDER AFOSR GrANT F49620-03-1-0391

With AFOSR support under grant no. -49620-03-1-0391, our laboratory (Optical Physics

and Engineering) at the University of Illinois has pursued over the past several years the physics

and technology of microcavity plasma devices and arrays. This new field has enormous

potential for both plasma and optical science, as well as technological applications, as evidenced

by several of the advances made during the course of this grant:

1. Arrays as large as 250,000 (500 x 500) Si microcavity plasma devices have been fabricated

and tested extensively. Exciting a phosphor with VUV emission (Xe 2 dimer) from these

arrays yields values of the luminous efficacy > 7 luinens[W, considerably higher than that

available from conventional plasma displays.

2. A new microplasma technology based on nanoporous A120 3 grown on Al has been

developed, and arrays with emitting areas > 20 cm 2 have been demonstrated. Successfully

sealed in plastic sheets, or with a thin glass or quartz window, these arrays are quite

inexpensive and manufacturable by roll-to-roll processing.

3. Fully transparent and flexible arrays of microcavity plasmas have been fabricated by replica

molding techniques. Plasma channels as small as a few pim in the transverse dimension have

been demonstrated which was long thought to not be possible. Uniform glow plasmas can

now be confined to cavities with dimensions the same as those of a conventional single mode

optical waveguide. We have also fabricated and successfully demonstrated complex optical

structures such as a 150 ring Fresnel zone plate and a 1 Mpixel array.

4. Shaping of the electric field within a microplasma has been achieved by engineering the

plasma/dielectric interface.

S. An extensive series of vibrational bands of the Xe dimer has been observed by laser

spectroscopy. The significance of this result is that the transitions originate from the Xe2

a"31-) metastable state and are a strong candidate for enabling a molecular Anti-Stokes

Raman laser (ASRL).

6. Dipole-dipole interactions between two excited atoms have been observed at long range

(250 < R 5 1100 A) with a newly-developed spectroscopic technique on the femtosecond

time scale in which a wavepacket is combined with parametric four wave mixing.



7. Trhirteen patent applications have been filed with the U.S. Patent and Trademark Office,

seven have been granted, and the claims for another patent have recently been allowed by the

Examiner.

These are only a few of the accomplishments that were realized under this AFOSR grant.

Other milestones achieved include the detection of magnetic fields as weak as I nT with a

magnetic-optical technique operating at room temperature, and the demonstration of fully-

addressable Si microplasma devices.

The next section describes in a bit more detail several of the accomplishments cited

above. We are most grateful for the support of the AFOSR during this three year period and hope

that the Air Force is as pleased with the advances in this technology as are we.

A. Large Arrays of Si Inverted I!yramld Microplasma Devices

We reported the first microplasma devices fabricated in Si in 1997 and, in 2001, the

inverted square pyramid microcavity structure was introduced [1]. Microcavities having the

form of a square cross-section trench or an inverted square pyramid have been most extensively

studied to date, but the preponderance of our processing development and plasma

characterization efforts have been directed towards the latter. This particular microcavity

geometry was chosen for several reasons, the foremost of which is the reproducibility of the

microcavity dimensions and shape (the sidewalls of the pyramid are Si( 111) planes) from device.

to device, a crucial aspect when one is investigating the electrical and optical behavior of

nanoliter volume plasmas or when contemplating the design of ultralarge arrays of

microplasmas.

A cross-sectional diagram of a single Si microplasma device, designed for excitation by
wi AC voltage waveform (sinusoidal or bipolar), is presented by the left-hand portion of Fig. 1.

The inverted pyramidal microcavity is formed by conventional wet processing of 300 p.m thick

Si(100) wafers and a multilayer dielectric structure provides the electrical and physical isolation

of the electrodes conducive to long life of the device [2]. Devices having this design have

proven to be robust and yield arrays with extraordinary emission uniformity from device-to-

dcvicc. When the desired gas or vapor mixture is introduced to the microcavity of Fig. I and a

time-varying voltage is applied between the Si substrate and the top electrode (a Au/Ni bilayer,

in this case), a uniform glow discharge is produced within the microcavity and, depending upon

the operating conditions, the plasma can extend above the cavity as well. This hybrid

semiconductor/plasma device is characterized by the ability to produce glow discharges in gases

or vapors at pressures up to and beyond one atmosphere which is a consequence of pd scaling

4
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Fig. 1. (Left) Cross-sectional diagram of an inverted square pyramid microcavity
device designed for AC excitation at frequencies of 5-20 kHz. The drawing is not
to scale and this general design operates well with various dielectric and electrode
materials; (Right) SEM of a single pyramidal device from above, showing the
Si(l 11) sidewalls,

(where p and d are the gas pressure and characteristic dimension of the microcavity,

respectively). The result is that these devices produce stable, spatially-uniform plasmas

operating continuously at pressures favorable to the formation of transient (short-lived)

molecules, such as the rare gas dimers and the rare gas-halides, which are known to be efficient

emitters in the ultraviolet. A scanning electron micrograph (SEM) of a single Si inverted

pyramid device (viewed from above) is given by the right half of Fig. I

Figure 2 is a photograph (acquired with a telescope and a CCD camera) of a portion of a

500 x 500 array - the largest array fabricated to date - of 50 x 50 [m 2 pyramidal Si devices

[31. Operating at a Ne gas pressure of 700 Torr and a sinusoidal AC driving fiequency of 15

kHz, the array produces strong emission (luminance of several hundred cd-m -2 ) that is uniforni

from device-to-device, across the entire array, to well within 00%. Although experimentation

and computational modeling remain to determine the optimal cross-section and electrode/

dielectric configuration for producing UV and/or visible emission most efficiently, it must be

emphasized that the structure of Figs. 1 and 2 is the result of several years of effort invested in

the testing and microfabrication processing of various device designs. This structure has a filling

factor of 25%, is reliable and long-lived and, perhaps more importantly, no significant barriers to

developing arrays with active areas beyond 100 cm 2 are envisioned. Furthermore, the emission

uniformity evident in Fig. 2 is obtained for every array we have fabricated with the structure of

Fig. 1. This technology has the distinct advantage of offering the ability to design microplasma

5
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Fig. 2. Optical micrograph (recorded with a telescope and a CCD camera) of a 54
x 40 segment of a 500 x 500 array of (SO [rn)2 Si pyramidal microcavity devices
driven by a sinusoidal AC waveform having a frequency of 15 kHz. The Ne
pressure is 700 TorT and the device pitch (along botlo(rthogonal coordinates) is
100 pm [3].

emitters in Si with precision by employing well-developed microfabrication techniques. Such a

capability is expected to be of considerable value in those biomedical and display applications

for which interfacing the microcavity device array with electronics or other photonic devices is a

significant asset.

Equally important is the radiative efficiency of these novel emitters. The size of the 500

Y 500 arrays (active area of 25 cm 2) is now sufficiently large to yield reliable luminance data.

Photographs of a 500 x 500 array operating in Ne and a Ne/50% Xe gas mixture are shown in
Fig. 3. In both cases, the total pressure is 700 Tort and a glass plate coated with a commercial

green phosphor (Mn;Zn 2SiO4 ) covers only the upper half of the array. An uncoated glass plate is

situated over the remaining half of the array. With 700 Torr of Ne in the microcavity devices
(left portion of Fig. 3), predominantly visible emission is produced by the array but UV

fluorescence from Ne" lines generates green emission from the phosphor that, when combined
with transmitted red fluorescence, appears yellow to the eye. The introduction of a Ne/50% Xe

mixture to the array (Fig. 3, right side), however, generates intense green emission from the

phosphor as a result of vacuum ultraviolet fluorescence from both atomic Xe and Xe2 . Little

visible eiussion is produced from the array itself.

6
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Fig. 3. Operation of the 500 x 500 array in 700 Torr of Ne (left) and in a 350 Ton" Ne/350 Torr Xe mixture (right*.
For both photographs. a 20 pm-thick film of a green phosphor (Mn:Zn,SiO 4), screen printed onto a 1 mm thick glass
microscope slide, is mounted above only the upper half of the 500 x 500 array. An uncoated plate covered thc
remaining half of the array and the urray-phosphor spacing is s 2 mm.

8- :000 Ne:Xo (50%)
'jW 1000 - 20 kHz

900--500rTorr '~

7 -200 - - 7

6 ~o

5 t ad 400 "0 320 30

4A

E urn
31 . ,-A,. -< ,-- T. ,

3 T2 ------.--------- _----,-- ------ ---- ._ ,

280 200 300 320 340

RMS Voltaae (V)

Fig. 4. Dependence of the luminous efficacy on the RMS driving voltage when a 500 x 500 array operating with
Nc/50% Xe gas mixtures illuminates a film of Mn:Zn2SiOl green phosphor screen-printed onto a glass plate. A
sinusoidal ac waveform with a frequency of 20 kHz excited the array and data are presented for a total mixture
pressure of 500-800 Torr. Estimated uncertainties, representative of those for all of the data, are shown for several
measurements. Also. the variation of the 500 x 500 array luminance with ac excitation voltage (RMS) is illustrated
tiv the inset. Data are again given for Ne/50% Xe gas mixtures at pressures from 500 to 800 Torr and an ac
excitation frequency of 20 kI-Iz.
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Only a fraction of the data obtained to date can be discussed but Fig. 4 presents

luminance and luminous efficiency results for Ne/50% Xe mixtures and a driving frequency of

20 kHz. The rapid rise in efficacy with increasing Xe partial pressure, particularly evident at

lower voltages (5 290 V RMS), is a consequence of enhanced Xe 2 formation. Notice that

efficacy values above 6 lumens/W are observed for total gas pressures of 700-800 Torr and the

highest observed value, 7.2 ± 0.6 lumens/W, was recorded at 800 Torr for an excitation voltage

of -284 V RMS. These results strongly suggest that the specific power loadings afforded by

spatially confining the plasma to a microcavity has a beneficial impact on excimer production

efficiency that will significantly impact applications such as high resolution displays. It should

also be mentioned that preliminary experiments incorporating an MgO film into the

microcavities (in order to raise the secondary electron emission coefficient) result in operating

voltages that are 20 25% lower than those of Fig. 4.

The progress realized over the past two years in fabricating such large arrays is difficult

to overstate. In a proposal submitted to AFOSR approximately five years ago, our state-of-thr-

art Si microplasma array was a 30 x 30 structure driven DC and requiring voltages up to 1130 V!

Equally interesting was the comment made at the time concerning the spatial variation of the

emission intensity: "Further improvement in the spatial uniformity of the emission produced by

these large arrays is clearly necessary.. .and this subject is being pursued further..." These

problems have now been solved and we are currently developing addressable Si devices.

Applications in biomedical diagnostics and high resolution displays are of immediate priority.

B. AAQ MultilaYer Devices: Flexible, Inexpensive Arrays

One of the intriguing aspects of microcavity plasma device technology is the degree to

which the inspiration for the design of single devices and arrays can draw upon, and be

influenced by, advances in nanotechnology. An example is the family of robust microcavity

plasma devices that we have fabricated in A/A120i multilayer structures by drawing upon wet

chemical processing to grow thin films of nanostructured A120 3 directly from the A] substrate.

The chemical and optical properties of A12.0 3, in combination with an overall device (pre-sealed)

thickness of -200 im, make this a rugged structure that is light and flexible and yet able to

withstand high power loadings.

Figure 5 is a schematic diagram of a single Al/A120 3 device in cross-section.

Nanoporous A120 3 films 5-40 .tm in thickness are grown on 127 tim thick Al foil by a multistage

anodization sequence. Extensive testing has shown these films to have electrical breakdown

characteristics superior to those of bulk A1,0 3 films. A masking technique allows for 5-20 prm

thick dielectric films to be grown on the interior wall of the microcavities and 20-40 lim thick on

8



I00 ALM

* . .' , . r *: : ...... .. ., L Iir ' t ii I -

A120 3  Al 200/Im

Fig. 5. Cross-sectional diagram (not to scale) of a basic AIJA120 3 microplasina
device structure with two conjoined cylindrical cavities.

the Al foil surface, thereby ensuring the formation of plasma within the microcavity and the

absence of electrical breakdown elsewhere.

An optical micrograph of a portion of a 3 x 3 array of 250 [Lm dia. A/AI203 devices is

shown on the left side of Fig. 6. Notice that the dielectric film lining the interior of each

rnicrocavity is visible as a light color ring. The right half of Fig. 6 is a scanning electron

rnicrograph (SEM) of a portion of the A12 03 film surface. Each of the tips shown is situated

adjacent to one of the corners of the hexagonal cross-section pores in the film.
For both the rare gases and Ar/N 2 mixtures, bright, azimuthally-uniform discharges are

produced in each microcavity without the need for external ballast. The 100 4tm/200 m devices

of Fig. 5 operate stably in the 400-800 Torr pressure interval, and the voltage-current (V-I)

characteristics indicate that these structures prefer to operate in the abnormal glow mode.

Measurements of the displacement current for a sinusoidal ac driving frequency of 10 kHz show

the equivalent capacitance of a 3 x 3 array of 100 j.im/200 .lm devices to be - 100 pF.

Fig. 6. (Left) Microphotograph of a segment of an array of A1/A12O devices. The
A1203 film lining the interior of each microcavity is clearly visible. (Right) SEM

of a portion of the A120 3 film surface.

9
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Fig. 7. Optical micrographs of a 10 x 10 array of 100 pm1200 jim A1/A120 3

microplasma devices operating in 500 Torr of Ne. The RMS voltage driving the

airav is 198 V for image (a) and 226 V for (b). To prevent saturation of the CCD

camera, the image on the right side was recorded with a neutral density filter

between the array and camera.

Microphotographs of a 10 x 10 array of 100 Vmn/200 jim devices, operating in 500 Torr of

Ne and viewed from the 200 gim side, are presented in Fig. 7. For low levels of power deposition

(left-hand portion of Fig. 7). the plasma resides almost entirely in the larger (200 pm dia.) cavity,

although the electron density is concentrated at the perimeter of the cylindrical cavity. As the

current to the array is increased, however, the rise in electron density is coupled with declining

Values of XD and the width of the cathode fall region. Eventually, the latter parameter becomes

commensurate with (but less than) 100 pim, and the smaller cylindrical cavity is then able to

accommodate the plasma. As illustrated by the photograph in the right half of Fig. 7, a bright

core of emission is formed in each device anid significant levels of radiated power are produced.

As an example, unoptimized Ar/3% N 2 gas mixtures generate several tenths of a watt of near-UV

(300-400 nm) power per cm 2 of array area.

Recent experiments have characterized the device structure illustrated in cross-section in

Fig. 8. This design differs from that of Fig. 5 in that microcavities are produced in only one of

the two electrodes, both of which are fabricated from Al foil and sealed in a 7 gm thick,

nanoporous A120 3 film. Part (a) of Fig. 9 is a microphotograph of a small portion of an array of

AI/AI 20 3 devices fabricated from 25 pm thick Al foil into which diamond-shaped cavities have

been punched mechanically. Arrays of the design of Fig. 8, having a total thickness of 125 jim

and radiating areas as large as 20 cm 2, have already been made and Fig, 9(b) is a photograph of a

7 x 2 cm array operating in 700 Torr of Ne. The potential applications of this structure are (we

believe) quite broad because of its scalability in area (presently limited by the size of our wet

10
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Fig. 8. Diagram (in cross-section) of a portion of an AV/A120 3 microplasma array

structure in which microcavities 200 Pm in diameter are produced in one

electrode- For several experiments, a 10 p.m thick film of Mn:Zn2 SiO 4 green

phosphor, screen-printed onto a glass plate, was mounted -500 gm above the

array.

Fig. 9. (a) Microphotograph of a segment of an AI/A120 3 array fabricated in 25

gm thick Al foil with diamond-shaped cavities. The array is operating in Ne at

400 Torr; (b) Photograph of a 7 cm x 2 cm rectangular array of the same structure

as that in part (a). Thin glass windows are epoxied onto the array to allow it to

operate outside a vacuum system. The total thickness of this array is 250 p.m.

chemical processing baths). In particular, the flexibility of the arrays (when sealed by thin

polymer windows) in combination with the low cost of materials and fabrication make this

structure of interest for biomedical and photochemical applications requiring inexpensive, large

area (hundreds of cm 2) sources. In this regard, we are collaborating with Dr. Rox Anderson of

11



Harvard Medical School (and Massachusetts General Hospital) and PhotoMedex to produce

arrays suitable for treatment of psoriasis and actinic keratosis.

C. Ceramic Microplasma Devices with Cotlanar Electrodes: Shaping the Intracavity

Electric Field
We have recently succeeded in powering linear arrays of cylindrical [ricrocavity devices,

fabricated in ceramic, with buried coplanar electrodes [4]. Although ceramic-based, multilayer

microplasma structures have been built and tested by our laboratory in the past, this is a much
more promising design for several reasons. The foremost of these is that the intracavity electric

field can be shaped by the cross-sectional geometry of the microcavity, the ceramic's dielectric
constant, and the electrode spacing. Figure 10 shows top and end-on views of linear arrays of

microplasma devices driven by coplanar electrodes buried in ceramic. Fabricated from low

temperature cofired ceramic (LTCC) having a relative dielectric constant of 40, these devices

have cylindrical microcavities with diameters of either 127 or 180 jIm. The gap between the
parallel Ag electrodes is fixed at 220 gim, irrespective of the diameter of the nicrocavities in the

array.

(a) (b) 0.22 2.0

, _6 
-.0_

.0.2

Fig. 10. Schematic diagrams (not to scale) of (a) end-on, and (b) top views of two
parallel, linear arrays of cylindrical microcavity plasma devices fabricated in
ceramic (LTCC). Both arrays comprise 72 rnicrocavities (for clarity, only seven

are shown) having diameters of 127 j.m or 180 ptm. All dimensions are expressed

in mm and the separation between the inner edges of the silver electrodes is fixed

at 220 Vim, irrespective of the microcavity diameter.

In this geometry, curvature has been introduced into the plasma/dielectric interface, thereby

distinguishing this design from most previous rmicroplasma devices which generally sought to

12
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optimize the azimuthal symmetry of the plasma. Figure 1 I presents data showing the spatial

variation of the visible radiation produced in 180 4m dia. devices operating at Ne pressures of

400 and 800 Torr. The false color images on the right side of Fig. 1(a) were recorded for PN, =

400 Torr, and the lower of the two images was obtained under conditions identical to those for

(a)
800 Torr

26
-- 0 400 Torr

510

0
150 100 so 0 50 100 IS0

Position W.o)

700 (b)

5W 8W Torr

4W - 400 Torr

1Wt

IS0 100 50 0 so 100 1S0

Pcsibon (prn)

Fig. 11. Spatially resolved emission produced in 180 m dia. microcavities: (a) false color

images (at right) obtained at pNr = 400 Torr. The lower of the two images was recorded by

attenuating the emission with a neutral density filter. On the left side, lineouts obtained in the

longitudinal direction (the primary axis of the microplasma) at 400 Ton and 800 Torr are

compared. The scanning direction for the lineouts is indicated by the white arrow at lower right

of the figure; (b) false color images similar to those if part (a), but for PN, = 800 Torr, are shown

on the right side. The lineouts at left illustrate the intensity profiles when scanning in the

direction transverse to the discharge axis (as indicated by the white arrow).

13



the top image except that the intensity reaching the CCD camera was attenuated by a neutral

density filter. Note that the buried electrodes (positions not indicated in Fig. 11) are oriented

vertically. Emission intensity lineouts for PN, = 400 and 800 Torr are compared in the left half of

Fig. 11 (a). Both lineouts were obtained by scanning the digital images longitudinally - i.e.,

along the primary axis of the discharge indicated by the white arrow at lower right in Fig. 11 (a).

Similar data are given in part (b) of Fig. 11. In this case, however, the false color images on the

right side were recorded for 800 Torr of Ne and the lineouts at left are associated with a vertical

(transverse) scan through the emission images, as indicated by the white arrow.

The general characteristics of the microplasma emission intensity profile along the

longitudinal coordinate (Fig. 11 (a)) are similar to those predicted on the basis of a fluid model

developed by Boeuf et al. [5] for a microplasma device in which the electrode structure and

resulting plasma are azimuthally symmetric. In particular, the appearance of the central peak at

800 Torr confirms the existence of a positive column which is fully consistent with theory [5].

In the transverse direction (Fig. 11 (b)), the intensity profiles reveal the presence of sidelobes that

become more pronounced with increasing Ne pressure. These secondary features appear to arise

from weak sheath regions established by the small transverse component of the electric field

which, in turn, is introduced by the curvature of the dielectric wall at the perimeter of the

microcavity. One concludes, therefore, that the combination of parallel driving electrodes and

he small radius of curvature of the microcavity walls allow one partial control over the spatial

variation of the electric field in the microcavity and the resulting emission intensity profile. The

ability to shape the geometry of the plasma within the microcavity, while maintaining a stable

glow holds considerable promise for optimizing atomic and molecular emissions from

microcavities by tailoring the power loading to a specific emitting species.

D. Microplasmas Generated Within Microimprinted Cavities and Channels

Realizing the full potential of microcavity plasmas, particularly with regard to optical

applications and reaching the d = 1 gtm milestone, will require fabrication processes capable of

inexpensively producing microcavities, and the associated electrode/dielectric structures, having

precisely controlled dimensions. Furthermore, a drawback of the approaches demonstrated to

date (such as those described earlier) - the difficulty of fabricating cavities (such as channels)

with a high aspect ratio - must be overcome. In collaboration with Prof. B. Cunninghani

(UIUC), we have demonstrated the feasibility of achieving both goals with a plastic-based

micromolding process of which cavities as small as (20 tm)2 in cross-section have been

produced. By adopting a process developed for chemical, biochemical, and cell analysis sensors

16. nucrocavity plasmas can be generated in virtually any geometric pattern and plasma

channels with aspect ratios of 104: 1 have realized to date. A representative microcavity plasma

14
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structure fabricated by micromolding is illustrated in cross-section in Fig. 12. The substrate is a

plastic material such as polyester (PET), although other materials such as polycarbonate and
PMMA may also be used. The substrate is coated with a thin film of transparent conducting

material, such as indium tin oxide (ITO), which will form the bottom electrode of a microplasma

device. The microcavities are formed with a micromolding process in which a "master" mold

template, containing a negative volume image of the desired microcavity shape, is produced by
conventional photohthography and etching of a substrate. A master mold may be produced from

Fig. 12. Generalized diagram of a microcavity Fig. 13. Optical micrograph of an array of
plasma structure fabricated by replica microcavities, -190 jim in diameter and -76
molding. jim in depth. The cavities are connected by 20

pm square channels.

any durable material, including Si, glass, ceramic, or metal, To produce the microcavity array, a
layer of liquid, UV-curable polymer material is squeezed between the mold and the substrate
and, subsequently, cured at room temperature is - 10-90 seconds. Following the microcavity

replication process, the cavities are coated with one or more dielectrics, such as TiO 2 or silicon

nitride. One motivation for this step is to block vapors produced by outgassing of the polymer
from entering the microcavity. Fabrication of the device of array is completed by bonding a

cover (which can also be PET, as indicated in Fig. 12, or a more robust, UV-transmniting

material such as glass or quartz) to the remainder of the structure. This can be accomplished by
a variety of processes such as adhesive bonding, laser welding or ultrasonic welding. It must be
emphasized that the replica molding process is capable of accurately reproducing features over a

wide size range, from tens of nm to hundreds of pim.
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Over the last eight months of the period of this grant, we fabricated and tested several

microcavity device and array structures in an effort to determine the feasibility of this approach.

Front the first array constructed, all worked well and a few examples are presented here. Figure

13 is an optical micrograph of an array of cylindrical microcavities, -190 4m in diameter and

-76 pi in depth, fabricated in a structure similar to that of Fig. 12. A photograph of a 20 x 20

array of these microcavities operating in 700 Torr Ne, is shown in Fig. 14 and Fig. 15 is a

magnified view of the array. Not only are microplasmas produced in the 190 p.m dia. cavities

but, if desired, also in the 20 gm gas channels associated with each linear array. By controlling

the driving voltage

Fig. 14, Photograph of a 20 x 20 array of 190 pim din. Fig. 15. Magnified view of a portion of an array simlat

microcavity plasmas operating in 700 Torr of He. Under to that of Fig. 14 but operating in Ne.
these conditions. the 20 pi gas channels associated with
each of the linear arrays are also excited.

Fig. l6. Array nf 20 l.m plasma channels for a Ne Fig. 17. Microphotograph of a single, folded 20 In
pressure of 60U ToRT. plasma channel.
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magnitude and frequency, the plasma can be confined exclusively to the larger cavities or the gas

channels. The ability to produce glow discharges in the flow channels was a surprise and Fig. 16

is a CCD image of an array consisting solely of plasma channels with 20 x 20 im 2 cross-

sections. It is clear in Fig. 16 that plasma channels having cross-sectional dimensions

approaching those for single mode optical waveguides are now available. This represents an

enormous asset insofar as optical probing is concerned.

A distinct advantage of producing microcavities by replica molding is the relative ease

with which intricate geometric patterns can be formed, and Fig. 17 illustrates the production of

nonequilibrium plasmas in Ne (at roughly atmospheric pressure) in a folded plasma channel.

To summarize, it is not an overstatement to say that the devices of Figs. 13-16 (and the

associated technology) represent a new capability in the optical and plasma sciences. Plasma

channels having aspect ratios up to 104:1 (Fig. 17) have already been realized, a value that is

simply unattainable for any macroscopic plasma device. The mere fact that plasma can be

confined in cavities of such small cross-section is also a surprise and suggests that plasmas of

still smaller transverse dimensions can be realized. The implications of this new technology for

a wide array of applications are profound and, as one final example, Fig. 18 is a photograph of a

250 x 250 (62,500 devices) array fabricated in PET (plastic) by the replica molding process and

operating in Ne. The array is flexible and the $20 bill behin6 the array confirms that the array is

also fully transparent.

Fig. 18. Photograph of a 250 x 250 array of 200 jLm dia. ricrocavities fabricated

in a flexible, transparent polymer structure by replica molding. A $20 bill behind

the array can clearly be seen.
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E. Laser Spectroscopy: Xe2 Rydber, States

During the course of this grant, exciting results were also been obtained in our laser

spectroscopic experiments but, in the interest of brevity, only those pertaining to studies of the

Rydberg states of Xe2 will be mentioned here. The motivation for this work is the potential for

demonstrating an efficient, high peak power laser in the deep UV or XUV by stimulated

electronic Raman scattering. Designing an anti-Stokes Raman laser (ASRL) in a molecule is a

challenge, however, because frequently the electronic excited states to be involved in the anti-

Stokes process are poorly characterized. It is no surprise, then, that although more than a half-

dozen atomic ASRLs were demonstrated in the late 1970s and early 1980s, no molecular ASRLs

exist at present.

For several reasons that will not be elaborated here. Xe2 is a strong candidate for an

ASRL and we have, for the past two years, been studying the gerade electronic states of Xe 2

lying above the a u (1 u , 0-) metastable level. Recently, we observed extensive band structure

in the near-IR (680-800 nm) in fluorescence suppression experiments monitoring the Xe2

(0+ -+ 0+) VUV fluorescence. The measurements were made with a scanning dye laser and the

result is illustrated in Fig. 19. Analysis of the vibrational bands shows the upper state

responsible for these structures to be a gerade level lying -12,400 cm- t above a 3l and for

which Rc = 3.5 . Experiments show that depleting the a-41' population by 30-40% when

driving the transitions of Fig. 19 is straightforward and the absorption cross-sections are - 10- '7

cm-. These parameters are ideal for a molecular ASRL.

0.30

0.25 
Xe, (all )

Absorption
C 0 = 400 Torr

=. 015

0,05 1 , . _ + _ t
700 750 80o e5o

Wavelength (nm)

Fig. 19. Xe 2 absorption spectrum in the -680-830 nm region obtained by

tnorescence suppression spectroscopy. The absorption cross-sections for the

strongest features are -10 17 cm2.
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F. Summary

This section has described several of the advances in microcavity plasma devices and

spectroscopy that have been realized under AFOSR grant no. F49620-03-1-0391. Large arrays

of microplasma devices can now be fabricated with radiating areas > 20 cm 2 and scaling to the

hundreds of cm 2 level appears to be feasible. Optical probing of d = 50-200 pi structures has

revealed interesting phenomena with regard to the plasma sheath and we expect the process of

elucidating microplasma physics will accelerate as we move below d - 5 i.m and improve our

optical probing capabilities. Of equal importance are the opportunities for applications in

microlaser arrays, photomedicine, and chemical reactors on a chip.
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