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EXTERNAL CAVITY ORGANIC LASER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Reference is made to commonly assigned US. 
patent application Ser. No. 09/832,759 ?led Apr. 11, 2001 
entitled “Incoherent Light-Emitting Device Apparatus for 
Driving Vertical Laser Cavity” by Keith B. Kahen et al., US. 
patent application Ser. No. ?led concurrently here 
With entitled “Organic Vertical Cavity Lasing Devices Con 
taining Periodic Gain Regions” by Keith B. Kahen et al., and 
commonly assigned US. patent application Ser. No. 10/066, 
829 ?led Feb. 4, 2002 entitled “Organic Vertical Cavity 
Phase-Locked Laser Array Device” by Keith B. Kahen, the 
disclosures of Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to the ?eld of 
lasers, and in particular to visible lasers using organic gain 
media. More speci?cally, the invention relates to a visible 
laser in Which a thin ?lm of organic gain material is provided 
Within a resonator in order to control the characteristics of 
one or more lasing modes. 

BACKGROUND OF THE INVENTION 

[0003] There are many potential applications for visible 
lasers, such as display, optical storage reading/Writing, laser 
printing, and short-haul telecommunications employing 
plastic optical ?bers (T. Ishigure et al., Electron. Lett. 31, 
467 [1995]). For these applications, laser sources that are 
cost effective, moderately poWerful, and that span the visible 
spectrum are desired. For infrared applications, the require 
ments for cost effectiveness and poWer have been Well met 
by semiconductor laser diodes. HoWever, in spite of the 
WorldWide efforts of many industrial and academic labora 
tories, much Work remains to be done to create viable laser 
diodes that produce light output that spans the visible 
spectrum, With the problem being especially acute in the 
green spectral region. Visible solid-state lasers using stan 
dard laser crystals (such as NdzYAG) and frequency-dou 
bling have been developed, but have not achieved the 
loW-cost criteria. These lasers are also unable to provide the 
selection of arbitrary visible Wavelengths that are desired. 
The same problems exist for gas lasers, along With the 
additional problem of extremely loW Wallplug ef?ciency. 

[0004] In an effort to produce visible Wavelength lasers, it 
Would be advantageous to abandon inorganic-based systems 
and focus on organic-based laser systems, since organic 
based gain materials can enjoy a number of advantages over 
inorganic-based gain materials in the visible spectrum. Tra 
ditional dye lasers, for example offer a very Wide range of 
Wavelengths. HoWever, liquid dye lasers have not proven to 
be feasible in non-laboratory applications. 

[0005] Other organic-based gain materials have the ben 
e?cial properties of loW unpumped scattering/absorption 
losses and high quantum ef?ciencies. In comparison to 
inorganic laser systems, organic lasers are relatively inex 
pensive to manufacture, can be made to emit over the entire 
visible range, can be scaled to arbitrary siZe and, most 
importantly, are able to emit multiple Wavelengths (such as 
red, green, and blue) from a single chip. Over the past 
number of years, there has been increasing interest in 
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making organic-based solid-state lasers. The laser gain 
material has been either polymeric or small molecule and a 
number of different resonant cavity structures Were 
employed, such as, microcavity (KoZlov et al., US. Pat. No. 
6,160,828), Waveguide, ring microlasers, and distributed 
feedback (see also, for instance, G. KranZelbinder et al., 
Rep. Prog. Phys. 63, 729 (2000) and M. DiaZ-Garcia et al., 
US. Pat. No. 5,881,083). A problem With all of these 
structures is that in order to achieve lasing it Was necessary 
to excite the cavities by optical pumping using another laser 
source. It is much preferred to electrically pump the laser 
cavities since this generally results in more compact and 
easier to modulate structures. 

[0006] A main barrier to achieving electrically-pumped 
organic lasers is the small carrier mobility of organic mate 
rial, Which is typically on the order of 10'5 cm2/(V-s). This 
loW carrier mobility results in a number of problems. 
Devices With loW carrier mobilities are typically restricted to 
using thin layers in order to avoid large voltage drops and 
ohmic heating. These thin layers result in the lasing mode 
penetrating into the lossy cathode and anode, Which causes 
a large increase in the lasing threshold (V. G. KoZlov et al., 
J. Appl. Phys. 84, 4096 (1998)). Since electron-hole recom 
bination in organic materials is governed by Langevin 
recombination (Whose rate scales as the carrier mobility), 
loW carrier mobilities result in orders of magnitude more 
charge carriers than singlet excitons; one of the conse 
quences of this is that charge-induced (polaron) absorption 
can become a signi?cant loss mechanism (N. Tessler et al., 
Appl. Phys. Lett. 74, 2764 (1999)). Assuming laser devices 
have a 5% internal quantum ef?ciency, using the loWest 
reported lasing threshold to date of ~100 W/cm2 (M. Berg 
gren et al., Nature 389, 466 (1997)), and ignoring the above 
mentioned loss mechanisms Would put a loWer limit on the 
electrically-pumped lasing threshold of 1000 A/cm2. Includ 
ing these loss mechanisms Would place the lasing threshold 
Well above 1000 A/cm2, Which to date is the highest reported 
current density, Which can be supported by organic devices 
(N. Tessler, Adv. Mater. 19, 64 (1998)). 

[0007] One Way to avoid these dif?culties is to use crys 
talline organic material instead of amorphous organic mate 
rial as the lasing media. This approach Was recently taken (J. 
H. Schon, Science 289, 599 (2000)) Where a Fabry-Perot 
resonator Was constructed using single crystal tetracene as 
the gain material. By using crystalline tetracene larger 
current densities can be obtained, thicker layers can be 
employed (since the carrier mobilities are on the order of 2 
cm2/(V-s)), and polaron absorption is much loWer. This 
resulted in room temperature laser threshold current densi 
ties of approximately 1500 A/cm2. 

[0008] One of the advantages of organic-based lasers is 
that since the gain material is typically an amorphous ?lm, 
devices can be formed inexpensively When compared to 
lasers With gain materials that require a high degree of 
crystallinity (either inorganic or organic materials). Addi 
tionally, lasers based upon organic amorphous gain materials 
can be fabricated over large areas Without regard to produc 
ing large regions of single crystalline material; as a result 
they can be scaled to arbitrary siZe resulting in greater output 
poWers. Because of their amorphous nature, organic-based 
lasers can be groWn on a Wide variety of substrates; thus, 
materials such as glass, ?exible plastics, and Si are possible 
supports for these devices. Thus there can be signi?cant cost 
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advantages as Well as a greater choice in usable support 
materials for amorphous organic-based lasers; the usage of 
single crystal organic lasers Would obviate all of these 
advantages. 

[0009] An alternative to electrical pumping for organic 
lasers is optical pumping by incoherent light sources, such 
as, light emitting diodes (LEDs), either inorganic (M. D. 
McGehee et al. Appl. Phys. Lett. 72, 1536 [1998]) or organic 
(Berggren et al., US. Pat. No. 5,881,089). This possibility is 
the result of unpumped organic laser systems having greatly 
reduced combined scattering and absorption losses (~0.5 
cm'1 at the lasing Wavelength, especially When one 
employs a host-dopant combination as the active media. 
Even taking advantage of these small losses, the loWest 
reported optically-pumped threshold density for organic 
lasers to date is 100 W/cm2 based on a Waveguide laser 
design (M. Berggren et al., Nature 389, 466 (1997)). Since 
off-thez-shelf inorganic LEDs can only provide up to ~20 
W/cm of poWer density, it is necessary to take a different 
route to enable optical pumping by incoherent sources. 
There are a feW disadvantages to organic-based gain media, 
but With careful laser system design these can be overcome. 
Organic materials are sensitive to a variety of environmental 
factors like oxygen and Water vapor. Efforts to reduce 
sensitivity to these variables typically result in increased 
device lifetime. Additionally, organic materials can suffer 
from loW optical and thermal damage thresholds. Devices 
Will have a limited pump poWer density in order to preclude 
irreversible damage to the device. 

[0010] For this reason, generating high poWer from an 
organic laser poses a dif?cult problem. In order to generate 
a high poWer and remain Within prescribed limits for the 
poWer density, it is necessary to use a very large area for the 
generation of the laser poWer. HoWever, one must also 
maintain a coherent beam, Which is difficult in a thin ?lm 
structure. 

[0011] When faced With a similar problem With inorganic 
semiconductors and solid-state lasers, it has been knoWn to 
utiliZe a thin gain medium in an external resonator. For 
example, in US. Pat. No. 5,553,088 (Brauch et al), a thin 
disk of optically-pumped solid laser material is situated on 
one end mirror of a standard laser resonator. The resonator 
can be designed to produce a single Gaussian laser mode 
With a relatively large area on the laser material in order to 
scale the laser poWer Without damaging the laser material. A 
similar technique has also been knoWn using vertically 
emitting semiconductor laser structures. One version using 
multiple passes over the laser structure Was disclosed in US. 
Pat. No. 5,131,002 (Mooradian). More recently, more stan 
dard laser resonators have been disclosed With vertically 
emitting semiconductor laser structures, both optically 
pumped (US. Pat. No. 5,991,318, issued to Caprara et al, 
and related patents) and electrically-pumped (US. Pat. No. 
6,243,407, issued to Mooradian). 

[0012] A disadvantage that all these lasers share is the 
need to use nonlinear frequency conversion to generate 
visible laser light. This adds to the cost of the laser system 
due to the need for a nonlinear optical material and the 
appropriate phase-matching provisions. Furthermore, the 
resulting requirement for a stable single longitudinal mode 
is a disadvantage for display applications (in Which a broad 
spectral Width is desired for speckle suppression) and other 
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applications that require Wavelength tunability. Finally, the 
frequency conversion, especially in continuous-Wave opera 
tion, reduces the ef?ciency of the laser, requiring more 
optical pump poWer (for the optically-pumped cases) and a 
larger mode area. 

[0013] Another disadvantage faced by the optically 
pumped external cavity lasers disclosed in ’088, ’002, and 
’318, is that the laser materials are characteriZed by thresh 
old densities high enough to require another laser as the 
pump source. It Would be desired to use less costly, inco 
herent sources such as light-emitting-diodes for optical 
pumping should the threshold densities become loW enough 
for practical usage of light emitting diodes. A third disad 
vantage of the above materials is that they are all crystalline 
and groWn on ?at substrates. 

[0014] There is a need for a good quality laser beam With 
high-poWer operation, laser mode control, and tunability in 
an organic-based laser structure capable of excitation With 
incoherent light sources such as LEDs. 

SUMMARY OF THE INVENTION 

[0015] The aforementioned need is met by the present 
invention by providing a thin-?lm organic laser, that 
includes: a substrate; a bottom mirror provided on the 
substrate; at least one active region deposited on the bottom 
mirror, Wherein the at least one active region includes 
organic gain material; an external mirror provided at a 
predetermined distance from the at least one active region 
such that the bottom mirror combined With the external 
mirror forms a laser resonator; and an optical pumping 
means for exciting the organic gain material to produce a 
laser beam With a wavelength A and at least one lateral laser 
mode in the laser resonator and an output of laser light. 

[0016] In another embodiment, the present invention pro 
vides a thin-?lm organic laser, that includes: a substrate; a 
bottom mirror provided on the substrate; at least one active 
region deposited on the bottom mirror, Wherein the at least 
one active region includes organic gain material; an internal 
mirror having a re?ectivity, Rim, provided atop of the at least 
one active region such that the bottom mirror combined With 
the internal mirror forms a ?rst laser resonator; an external 
mirror provided at a predetermined distance from the at least 
one active region such that the bottom mirror combined With 
the external mirror forms a second laser resonator; and an 
optical pumping means for exciting the organic gain mate 
rial to cause an output of laser light With a wavelength A and 
at least one lateral laser mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The above and other objects, features, and advan 
tages of the present invention Will become more apparent 
When taken in conjunction With the folloWing description 
and draWings Wherein identical reference numerals have 
been used, Where possible, to designate identical features 
that are common to the ?gures, and Wherein: 

[0018] FIG. 1 is a schematic vieW of a thin-?lm organic 
laser in accordance With the present invention; 

[0019] FIG. 2 is a cross-section of a ?rst organic laser ?lm 
structure; 
[0020] FIG. 3 is a plot shoWing TE00 mode diameter 
versus cavity length detuning for a nearly hemispheric 
resonator using 100-mm, 200-mm, and 500-mm radius-of 
curvature mirrors. 
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[0021] FIG. 4 is a cross-section of a second organic laser 
?lm structure that features an intermediate partial mirror; 

[0022] FIG. 5 is a cross-section of a third organic laser 
?lm structure that features periodic resonant gain layers; 

[0023] FIG. 6 is a cross-section of a fourth organic laser 
?lm structure that features multiple gain regions for multiple 
Wavelength ranges; 

[0024] FIG. 7 is a cross-section of a ?fth organic laser ?lm 
structure that features periodic resonant gain layers for 
multiple Wavelength ranges; 

[0025] FIG. 8 is a cross-section of a sixth organic laser 
?lm structure that features multiple active regions With 
periodic resonant gain layers for multiple Wavelength 
ranges; 

[0026] FIG. 9 is a schematic of a ?rst optical pumping 
means using proximate LEDs; 

[0027] FIG. 10 is a schematic of a second optical pumping 
means using LEDs and lenslet array coupling; 

[0028] FIG. 11 is a schematic of a third optical pumping 
means using an arc lamp; and 

[0029] FIG. 12 is a schematic of a fourth optical pumping 
means using a laser. 

[0030] To facilitate understanding, identical reference 
numerals have been used, Where possible, to designate 
identical elements that are common to the ?gures. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] The present invention uses organic-based gain 
materials in an external cavity laser structure. This obviates 
the need for nonlinear optics to generate visible Wave 
lengths, alloWs incoherent optical pumping, and utiliZes a 
curved substrate as a support for the organic laser material. 
As an added advantage, the very broad gain bandWidth of 
organic laser materials is utiliZed in a tunable laser cavity to 
realiZe extremely large tuning ranges. Consequently, the 
present invention includes a laser resonator With a minimum 
of intracavity optics; thin active material on the curved 
surface of a concave mirror; and a mode area Which is very 
large. 

[0032] Moreover, the present invention addresses several 
problems. First, in order to pump With LEDs, the cavity 
losses should, preferably, be kept to a minimum to keep the 
threshold pump density loW, and the available pump light 
must be used ef?ciently. In order to loWer the lasing thresh 
old additionally, it is necessary to choose a laser structure 
that minimiZes the cavity losses. Using a high-?nesse ver 
tical cavity surface-emitting laser (VCSEL) con?guration 
results in poWer density thresholds beloW 5 W/cm2 (see 
commonly assigned US. patent application Ser. No. 09/832, 
759 ?led Apr. 11, 2001 entitled “Incoherent Light-Emitting 
Device Apparatus for Driving Vertical Laser Cavity” by 
Keith B. Kahen et al). As a result practical organic laser 
devices can be driven by optically pumping then With a 
variety of readily available, incoherent light sources, such as 
LEDs. 

[0033] Secondly, the loW maximum pump density require 
ment forces a very large mode area to be used in order to 
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scale up to a level of 20 mW or greater. Thirdly, provisions 
for achieving control of both the lateral modes and longi 
tudinal modes must be provided. Finally, because of the loW 
thermal damage threshold of organic laser materials, care 
must be taken to remove heat from the organic laser struc 
ture that is generated during the pumping process. 

[0034] Referring to FIG. 1, a schematic of the thin-?lm 
organic laser 10 is shoWn. The thin-?lm organic laser 10 
comprises a substrate 20 With an organic laser ?lm structure 
22 deposited on a surface. An optical pumping means 26 is 
provided on the opposite side of the substrate 20 from the 
organic laser ?lm structure 22. The optical pumping means 
26 emits pump light 27 With a Wavelength and intensity as 
required to energiZe the organic laser ?lm structure 22 to 
emit a laser beam 28 With a laser wavelength, 2». The laser 
wavelength 2», is Within a range of desired laser Wavelengths 
that may represent a tuning range. An external mirror 24 
provides optical feedback to cause stimulated emission, and 
therefore all the required elements of a laser are provided. 
An emitted laser beam 32 is produced, Which comprises the 
portion of the laser beam 28 that passes through the external 
mirror 24. 

[0035] Turning noW to FIG. 2, one embodiment of the 
organic laser ?lm structure 22 of FIG. 1 is described in 
detail. Alternative embodiments Will be described in the 
discussion of FIGS. 4 through 8. FIG. 2 shoWs a cross 
section of a ?rst organic ?lm structure 22a. The ?rst organic 
?lm structure 22a is provided atop the substrate 20 and 
comprises a bottom mirror 42. The bottom mirror is pref 
erably highly re?ective over the desired range of Wave 
lengths to be produced by the thin-?lm organic laser 10, and 
is transmissive over the range of useful Wavelengths and 
incidence angles of the pump light 27. An active region 47 
With a thickness, tact, is provided atop the bottom mirror 42, 
the active region 47 comprising an organic gain layer 48. 
When pumped to its excited state, the organic gain layer 48 
provides optical gain, meaning incident light With Wave 
length Within an optical gain bandWidth Will become ampli 
?ed through stimulated emission. The thickness tact is 
preferably betWeen 0.1 pM and 20 pM. A thicker layer is 
preferable for reduced threshold density, at the expense of 
fabrication time, dif?culty, and susceptibility to spatial hole 
burning. A top pump mirror 50 is provided atop the organic 
gain layer 48, Which is highly re?ective at the Wavelength of 
the pump light 27. The purpose of the top pump mirror is to 
alloW the pump light 27 to make tWo passes through the 
organic gain layer 48 in order to increase the proportion of 
pump light 27 that is absorbed. The top pump mirror 50 is 
also transmissive over the desired range of laser Wave 
lengths, preferably With a re?ectivity less than 1%. 

[0036] The preferred molecular compositions of the mate 
rial in the organic gain layer 48 are small-molecular Weight 
organic host-dopant combinations typically deposited by 
high-vacuum thermal evaporation. These host-dopant com 
binations are advantageous since they result in very small 
unpumped scattering/absorption losses for the gain media. It 
is preferred that the organic molecules be of small-molecular 
Weight since vacuum-deposited materials can be deposited 
more uniformly than spin-coated polymeric materials. It is 
also preferred that the host materials used in the present 
invention are selected such that they have sufficient absorp 
tion of the pump light 27 and are able to transfer a large 
percentage of their excitation energy to a dopant material via 
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Forster energy transfer. The dopant material, once in its 
excited state, can return to its ground state via a radiative 
process, Which produces the laser beam 28. 

[0037] Those skilled in the art are familiar With the 
concept of Forster energy transfer, Which involves a radia 
tionless transfer of energy betWeen the host and dopant 
molecules. An example of a useful host-dopant combination 
for red-emitting lasers is aluminum tris(8-hydroxyquinoline) 
(Alq) as the host and [4-(dicyanomethylene)-2-t-butyl-6-(1, 
1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran] (DCJTB) as 
the dopant (at a volume fraction of 1%). Other host-dopant 
combinations can be used for other Wavelength emissions. 
For example, in the green a useful combination is Alq as the 
host and [10-(2-benZothiaZolyl)-2,3,6,7-tetrahydro-1,1,7,7 
tetramethyl-1H,5H,11H-[1]BenZopyrano[6,7,8-ij]quino 
liZin-11-one] (C545T) as the dopant (at a volume fraction of 
0.5%). Other organic gain region materials can be polymeric 
substances, e.g., polyphenylenevinylene derivatives, 
dialkoxy-polyphenylenevinylenes, poly-para-phenylene 
derivatives, and poly?uorene derivatives, as taught by Wolk 
et al. in commonly assigned US. Pat. No. 6,194,119 B1 and 
references therein. The active region 47 comprising the 
organic gain layer 48 receives transmitted pump light 27 and 
for emits laser beam 28. 

[0038] The bottom mirror 42 and the top pump mirror 50 
are preferably dielectric coatings comprising alternating 
high-index layers 44 and loW-index layers 46. The high 
index layers 44 and loW-index layers 46 are preferably 
deposited by conventional electron-beam deposition and can 
be, for example, nominally quarter-Wave thicknesses of 
TiO2 and SiO2, respectively. Other materials, such as Ta2O5 
for the high index layers, could be used, as Well as other 
deposition processes, such as sputtering or ion-assisted 
deposition. The bottom mirror 42 is deposited at a tempera 
ture of approximately 240° C. During the top pump mirror 
50 deposition process, the temperature is maintained at 
around 70° C. to avoid melting the organic active materials. 

[0039] Returning noW to FIGS. 1 and 2, the bottom 
mirror 42 and the external mirror 24 de?ne a laser resonator, 
or external cavity. The substrate 20 and external mirror 24 
are aligned relative to an optical axis and are spaced apart by 
a distance de?ning a cavity length L. Cavity length L is 
actually an optical thickness, ie the sum of the products of 
the refractive indices and thicknesses of each material Within 
the resonator. In all practical cases, though, this Will be 
dominated by the distance in air betWeen the substrate 20 
and the external mirror 24, and hence closely resembles the 
physical length of the resonator. The loWest shortest reso 
nator length L Would be equal to the active region thickness 
tact. BeloW this, an external resonator is meaningless. Prac 
tically, in order to generate a reasonable mode siZe for 
moderate poWer, the resonator length L Would be greater 
than 10 mm. 

[0040] The resonator is also characteriZed by a cavity loss, 
Which is the total sum of all mechanisms by Which laser light 
is removed from the cavity. The cavity loss comprises mirror 
loss and internal losses. The mirror losses describe the 
proportion of the poWer in the laser beam 28, FIG. 2 that is 
transmitted through the bottom mirror 42, in FIG. 2, and the 
external mirror 24, in FIG. 2, in one roundtrip through the 
resonator. The internal losses describe the proportion of the 
poWer in the laser beam 28, that is lost in one round-trip 
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through the resonator due to absorption Within the organic 
laser ?lm structure 22 and other materials Within the reso 
nator, as Well as re?ection and scattering losses from sur 
faces of intracavity elements. 

[0041] The optical pumping means 26 emits pump light 27 
With at least one Wavelength that is useful for energiZing the 
organic ?lm structure 22, preferably betWeen 380 nm and 
440 nm, depending on the host material. Particular embodi 
ments of the optical pumping means 26 Will be discussed in 
describing FIGS. 9 through 11. The pump light 27 has 
angular and spatial intensity pro?les characteriZing the illu 
mination of the organic ?lm structure 22. The pump light 27 
must provide a poWer density greater than the threshold 
poWer density. The threshold poWer density is de?ned as the 
poWer density required to produce a round-trip gain for the 
laser beam 28 that equals the cavity loss. 

[0042] In order to use LEDs as the source in the optical 
pumping means 26, the threshold poWer density must be 
kept beloW the inherent brightness limit of the LED output. 
In order to achieve this, it is desired that the bottom mirror 
42 have a re?ectivity greater than 99% and the external 
mirror 24 have a re?ectivity greater than 95%. Both re?ec 
tivities should exceed these minimum requirements over the 
entire range of possible laser Wavelengths. 

[0043] The substrate 20 is transparent to the pump light 
27, and is preferably a heat conductive material. Apreferred 
material is sapphire, although fused silica, other optical 
glasses, or transparent plastics could be used, particularly for 
loW-poWer applications. The substrate 20 can also be pro 
vided With a curved surface upon Which the organic laser 
?lm structure 22 is provided. A particularly advantageous 
surface shape for the substrate 20 is a concave spherical 
surface. 

[0044] The resonator is characteriZed by a number of laser 
modes, both axial modes that relate primarily to the emitted 
Wavelengths and lateral modes that describe the quality of 
the laser beam. These are Well-knoWn to those skilled in the 
art. The geometry of a stable resonator de?nes, in particular, 
a fundamental TEO0 lateral mode that has a Gaussian cross 
section. At the organic laser ?lm structure 22, the TEO0 mode 
is characteriZed by a mode radius W1, Which is de?ned as the 
distance from the center of the beam at Which the intensity 
drops off to a factor of 1/e2 (or 0.135) of the peak intensity 
at the center of the beam. 

[0045] For stable tWo-mirror spherical resonator con?gu 
rations, the mode radius W1 of the TEO0 mode is given by a 
Well-knoWn relation (see, for example, A. E. Siegman, 
Lasers (University Science Books, Mill Valley, Calif., 
1986)), 

[0046] Where )L is the laser Wavelength and g1 and g2 are 
referred to as the g-parameters for the substrate 20 and the 
external mirror 24, respectively. These are given by equation 
2, 

(Eqn. 1) 
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_ 1 L (Eqn. 2) 

81,2 — — [0047] In equation 2, R1 is the radius of curvature of the 

substrate 20 and R2 is the radius of curvature of the external 
mirror 24, assuming both mirrors have spherical or planar 
surfaces. 

[0048] It is desired to have W, large in order to produce a 
high poWer. One particular resonator that achieves this is a 
nearly-hemispheric resonator. In this particular embodiment, 
the substrate 20 has a concave spherical shape With radius of 
curvature R1, and the external mirror 24 is planar (i.e. R2 is 
in?nite, and hence g2=1 in equations 1 and 2). The cavity 
length L is set to be slightly smaller than the radius of 
curvature, R1, by a detuning A as denoted mathematically in 
equation 3, 

L=R1—A. (A>O for stable resonator) (Eqn. 3) 

[0049] For this special case, the mode radius W1 is given 
in terms of the radius of curvature R1 and the detuning A in 
equation 4, 

LRI R1 ‘ ‘ (Eqn. 4) 
W? = T I — l . (Nearly hemisphenc resonator) 

[0050] The nearly-hemispheric resonator is also particu 
larly advantageous due to the ease With Which the mirrors 
can be aligned. As discussed in the aforementioned Siegman 
reference, alignment simply consists of laterally translating 
the concave mirror (in this case, substrate 20) relative to the 
optical axis. The desired mode radius W1 is then achieved by 
translating, via a micrometer, the external mirror 24 relative 
to the substrate 20 (or vice versa) to produce the detuning A 
as determined from equation 4. 

[0051] The resulting mode radius W1 as a function of the 
detuning A is plotted in FIG. 3. Curve 36 shoWs hoW the 
mode radius W1 as a function of the detuning A for a 
nearly-hemispheric resonator With a 100-mm radius of cur 
vature. Curve 38 shoWs the same for an equivalent resonator 
With a 200-mm radius of curvature. Curve 40 shoWs the 
same for an equivalent resonator With a 500-mm radius of 
curvature. Using a modestly long cavity, it is apparent that 
a mode radius of 2 mm or more is readily achievable. Larger 
mode radii are possible if one is Willing to use a longer 
resonator or operate near the edge of the resonator stability 
boundary. In FIG. 3, this corresponds to very small A, at 
Which W1 diverges. 

[0052] It is important to note that the reason that the mode 
can be made large at the active region in this geometry is that 
the active region is situated on the concave mirror. It has 
long been knoWn that the poWer density can be reduced in 
bulk laser materials by situating them near the concave 
mirror in a nearly-hemispheric resonator. HoWever, other 
related external-cavity lasers, such as the optically-pumped 
vertical cavity semiconductor lasers and thin-disk lasers 
discussed previously, are fabricated solely on planar sub 
strates. Thus, using such a laser material as the end-mirror 
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of a cavity forces the Gaussian mode to have a beam Waist 
at the active region, Where the beam diameter is by necessity 
small for a resonator of reasonable length. The organic laser 
materials offer the ?exibility of being deposited on curved 
substrates, alloWing us to take advantage of the unique 
properties of the Gaussian mode propagation in a spherical 
resonator. 

[0053] Other stable laser resonators are also applicable to 
the invention. Confocal resonators, Which utiliZe identical 
spherical mirrors for both the end mirrors With cavity 
spacing equal to the radii of curvature, offer improved 
resonator stability at the expense of reduced mode area at the 
organic laser ?lm structure 22. Anearly concentric resonator 
could be used instead of a nearly hemispheric resonator, 
Which Would offer the bene?t of a larger mode area on the 
external mirror 24 and the capability to collimate the laser 
beam 28 by adding optical poWer to the external mirror 
substrate. These improvements from a nearly concentric 
resonator Would come at the expense of more difficult 
alignment and reduced mechanical robustness, though. 
Finally, resonators With more than tWo mirrors, such as ring 
resonators or resonators With fold mirrors are knoWn in the 
art and are Within the scope of the invention. 

[0054] Unstable resonators are also commonly knoWn and 
are Within the scope of the invention. HoWever, because 
unstable resonators are typically characteriZed by high cav 
ity losses, they are typically undesirable for the present 
invention that requires a high-?nesse cavity to maintain loW 
threshold pump density. 

[0055] Returning to FIG. 1, the control of lateral laser 
modes is noW discussed. There are tWo means by Which 
fundamental TEO0 operation can be achieved. First, an aper 
ture 30 With a hole is provided that can remove all higher 
order modes. If the aperture 30 is circular, all higher-order 
modes Will experience more diffraction loss than the fun 
damental mode. As is Well knoWn to those skilled in the art, 
the aperture 30 should have a hole With radius chosen to 
produce a tolerably loW loss for the TE0O mode and higher 
losses for TE1O and higher-order modes, With the loss 
difference being sufficient for their suppression. As dis 
cussed in the aforementioned Siegman reference, a general 
rule of thumb is to use an aperture 30 With hole diameter 
equal to J'IZWZ, Where W2 is the mode radius at the aperture 30. 
For stable resonators With the aperture located near the 
external mirror 24, the mode radius W2 is given by equation 
5, 

(Eqn. 5) 

[0056] In this particular laser system, though, Where it is 
essential that cavity losses for the fundamental mode be kept 
to a minimum to reduce the threshold, a larger hole Would 
be preferred, With diameter closer to 4 W2. 

[0057] The lateral mode control can be further realiZed by 
matching the spatial intensity pro?le of the pump light 27 to 
the desired spatial intensity pro?le of the laser beam 28 at 
the organic laser ?lm structure 22. Because the pumping rate 
of the laser is proportional to the intensity of the pump light 
27, an excitation distribution is de?ned proportionally to the 
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spatial intensity pro?le of the pump light 27 at the organic 
laser ?lm structure 22. For example, if a TEO0 mode With 
mode radius W1 is desired, the optical pumping means 
should produce an excitation distribution that is substan 
tially Gaussian With mode radius W1 and aligned to the 
desired TE0O mode. This effectively acts as a soft Gaussian 
aperture, and can be used in combination With, or instead of, 
the aperture 30. 

[0058] In the thin-?lm organic laser 10, a Wavelength 
tuning element 34 can be provided. The Wavelength tuning 
element 34 alloWs the Wavelength of the thin-?lm organic 
laser 10 to be tuned over a prescribed range. The Wavelength 
tuning element 34 can be, for example, a birefringent tuning 
element or a Wedged Fabry-Perot etalon, both of Which are 
Well-knoWn in the art. Alternatively, it is obvious to those 
skilled in the art that if tuning is not a desired feature of the 
thin-?lm organic laser 10, but a linearly polariZed output 
beam is desired, the Wavelength tuning element 34, can be 
replaced by a BreWster WindoW 

[0059] FIG. 4 shoWs the cross-section of a second organic 
laser ?lm structure 22b. The second organic laser ?lm 
structure 22b is provided atop the substrate 20, and receives 
pump light 27 in order to produce a laser beam 28. The 
second organic laser ?lm structure 22b comprises a bottom 
mirror 42, and an active region 47 comprising a single 
organic gain layer 48. The bottom mirror 42 is identical to 
that in the ?rst organic laser ?lm structure 22a, and is 
depicted as a single layer in FIG. 4 for simplicity. 

[0060] The second organic laser ?lm structure 22b differs 
from the ?rst organic laser ?lm structure 22a in that an 
internal mirror 60 is provided atop the active region in place 
of the top pump mirror 50. The internal mirror 60 is similar 
to the top pump mirror 50 in its material composition and 
fabrication technique. HoWever, the internal mirror 60 is 
designed to provide a partial re?ectance, Rim, of the desired 
range of laser Wavelengths. 

[0061] The resulting coupled cavity de?nes a ?rst resona 
tor With a thickness equal to the thickness of the active 
region, tact. The optical length of the ?rst resonator is equal 
to the refractive index of the organic gain material multiplied 
by tact, plus the penetration depth into each of the bottom 
mirror 42 and the internal mirror 60. The penetration depth 
is related to the re?ection phase shift, as is Well knoWn to 
those skilled in the art, and is obtained using standard thin 
?lm analysis techniques, Which are Well-knoWn to those 
skilled in the art. The separation betWeen the internal mirror 
60 and the external mirror 24 de?nes a second resonator. 

[0062] Thus, the thin-?lm organic laser 10 using the 
second organic laser ?lm structure 22b is a coupled-cavity 
con?guration. Details of coupled-cavity laser physics are in 
the prior art (cf. Rose et al, Phys. Rev. A 46, p. 603 (1992)). 
What folloWs is a phenomenological description of the 
principles of the coupled cavity laser. 

[0063] FIG. 4 explicitly shoWs the standing Wave 62 that 
is created by the re?ection of the circulating laser beam 28. 
The interference of the incident and re?ected laser beam 28 
gives rise to the standing Wave 62. Thus, the standing Wave 
62 has a period of half the laser Wavelength in the active 
region 47. The ?rst resonator is completely analogous to a 
Fabry-Perot etalon. In other Words, the thin-?lm organic 
laser 10 using the second organic laser ?lm structure 22b 
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Would operate at the one or more laser Wavelengths for 
Which both the ?rst and second resonators have optical 
lengths that are approximately integral numbers of half 
Wavelengths. Because the spacing betWeen the Wavelengths 
of neighboring resonance peaks for a resonator is inversely 
proportional to the resonator length, short resonators Will 
typically have very Widely separated longitudinal modes. 
Thus, the ?rst resonator, With optical length typically on the 
order of a feW microns or less, serves to limit the range of 
possible laser Wavelengths. In fact, the ?rst resonator can be 
designed such that only one resonance peak exists Within the 
gain bandWidth of the organic laser material. 

[0064] In practice, the resonances of the ?rst and second 
resonators Will have a ?nite spectral Width related to the 
re?ectivity of the internal mirror 60. The thin-?lm organic 
laser 10 using the second organic laser ?lm structure 22b 
Would then tend to operate at a single laser Wavelength that 
provides the best overlap of the resonances of the ?rst and 
second resonators and falls nearest the peak of the gain curve 
of the organic gain layer 48. 

[0065] The ?rst organic laser ?lm structure 22a is a 
preferred embodiment if a Wavelength-tunable laser is 
desired. The Wavelength selectivity of the second organic 
laser ?lm structure 22b Would frustrate any attempts at 
Wavelength tuning using the tuning mean described previ 
ously. One could achieve small tuning ranges by controlling 
the temperature of the second organic laser ?lm structure 
22b, thereby changing the optical length of the ?rst resonator 
through thermal expansion and dn/dT. 

[0066] If Wavelength tuning is not desired, though, and no 
Wavelength-selective elements are used in the resonator, 
then the second organic laser ?lm structure 22b is preferred 
for most applications. The ?rst organic laser ?lm structure 
22a can be susceptible to spatial hole burning, Which Would 
alloW a very large number of laser Wavelengths to operate 
and cause mode partition noise. For some applications, 
especially those desiring loW coherence, this may be toler 
able, or even desired. An example could be a display system 
using a light valve, Wherein the display Would not be 
sensitive to high-frequency laser noise and the broad laser 
Wavelength range Would be bene?cial for speckle reduction. 

[0067] FIG. 5 shoWs a cross-section of a third organic 
laser ?lm structure 22c. The third organic laser ?lm structure 
22c is provided atop the substrate 20, and receives pump 
light 27 in order to produce a laser beam 28. The third 
organic laser ?lm structure 22b comprises a bottom mirror 
42, an active region 47, and a top pump mirror 50. The 
bottom mirror 42 and the top pump mirror 50 are identical 
to those in the ?rst organic laser ?lm structure 22a. Spe 
ci?cally, the top pump mirror 50 is transmissive over the 
possible range of laser Wavelengths. Alternatively, an inter 
nal mirror could replace the top pump mirror 50 to create a 
coupled-cavity variant of this embodiment. 

[0068] The third organic laser ?lm structure 22c differs 
from the ?rst organic laser ?lm structure 22a in that the 
active region 47 is characteriZed by a resonant periodic gain. 
The active region 47 includes one or more periodic gain 
regions 72 and organic spacer layers 74 disposed on either 
side of the periodic gain regions 72 and arranged so that the 
periodic gain regions 72 are aligned With the peaks of the 
standing Wave 62. This is illustrated in FIG. 5, Where the 
laser’s standing Wave 62 is schematically draWn. Since 
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stimulated emission is highest at the standing-Wave peaks 
and negligible at the standing-Wave nodes, it is inherently 
advantageous to form the active region 47 as shoWn in FIG. 
5. 

[0069] The organic spacer layers 74 do not produce stimu 
lated or spontaneous emission and do not signi?cantly 
absorb either the laser beam 28 or the pump light 27. An 
example of a material for the spacer layer 74 is the organic 
material 1,1-Bis-(4-bis(4-methyl-phenyl)-amino-phenyl) 
cyclohexane (TAPC). TAPC Works Well as the spacer mate 
rial since it largely does not absorb either the laser Wave 
lengths or the pump Wavelengths, and, in addition, its 
refractive index is slightly loWer than that of most organic 
host materials. This refractive index difference is useful 
since it helps in maximiZing the overlap betWeen the stand 
ing Wave peaks and the periodic gain region(s) 72. 

[0070] Employing periodic gain region(s) instead of a bulk 
gain region results in higher poWer conversion ef?ciencies 
and a signi?cant reduction of the unWanted spontaneous 
emission. The placement of the gain region(s) is determined 
by using the standard matrix method of optics (CorZine et al. 
IEEE J. Quant. Electr. 25, 1513 [1989]). To get good results, 
the thicknesses of the periodic gain region(s) 72 need to be 
at or beloW 50 nm in order to avoid unWanted spontaneous 
emission. 

[0071] Another advantage of employing periodic gain 
region(s) instead of a bulk gain region, speci?c to an 
external resonator concept, is a signi?cant reduction in 
spatial-hole-buming-induced mode-hopping. This Was 
described phenomenologically by Caprara et al in US. Pat. 
No. 6,097,742. 

[0072] The aforementioned embodiments of the organic 
laser ?lm structure 22 utiliZed a single molecular composi 
tion of organic gain material, ie a single host-dopant 
combination. As demonstrated in the folloWing three 
embodiments of the organic laser ?lm structure 22, multiple 
molecular compositions of organic gain materials could be 
used, for example to enable extremely broad tuning ranges 
by using a Wavelength-selective element in the resonator 
With a very large free spectral range. Alternatively, multiple 
molecular compositions of organic gain materials could be 
used to simultaneously generate tWo or more Widely sepa 
rated Wavelengths. One pertinent example is a White laser 
simultaneously emitting tWo or more Wavelengths in a single 
beam, Wherein the tWo or more Wavelengths mix in color 
space to produce White. A preferred embodiment for this 
example Would utiliZe three different Wavelengths in the red, 
green, and blue spectral regions. Alternatively, tWo Wave 
lengths could be from the cyan and red spectral regions or 
from the blue and yelloW spectral regions. 

[0073] FIG. 6 shoWs a cross-section of a fourth organic 
laser ?lm structure 22d. The fourth organic laser ?lm 
structure 22a' is provided atop the substrate 20, and receives 
pump light 27 in order to produce a laser beam 28. The 
fourth organic laser ?lm structure 22d comprises a bottom 
mirror 42, an active region 47, and a top pump mirror 50. 
The fourth organic laser ?lm structure 22d differs from the 
?rst organic laser ?lm structure 22a in that its active region 
47 comprises three different bulk organic gain layers con 
taining molecular compositions (organic host-dopant com 
binations) for three different laser Wavelength ranges. The 
active region 47 comprises a ?rst organic gain layer 80a With 
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a ?rst molecular composition provided atop the bottom 
mirror 42, that provides gain Within a ?rst laser Wavelength 
range. A second organic gain layer 80b With a second 
molecular composition is provided atop the ?rst organic gain 
layer 80a, and provides gain Within a second laser Wave 
length range. A third organic gain layer 80c With a third 
molecular composition is provided betWeen the second 
organic gain layer 80b and the top pump mirror 50, and 
provides gain Within a third laser Wavelength range. The 
bottom mirror 42 in the fourth organic laser ?lm structure 
22d must be highly re?ective for the Wavelengths spanning 
the ?rst, second, and third laser Wavelength ranges While 
being transmissive to the pump light 27. Conversely, the top 
pump mirror 50 must be highly transmissive for the Wave 
lengths spanning the ?rst, second, and third laser Wavelength 
ranges While being re?ective to the pump light 27. Alterna 
tively, the top pump mirror 50 could be replaced With an 
internal mirror With a partial re?ectance for the Wavelengths 
spanning the ?rst, second, and third laser Wavelength ranges 
in order to create a coupled-cavity variant of this laser. 

[0074] FIG. 7 shoWs a cross-section of a ?fth organic laser 
?lm structure 226, Which features resonant periodic gain 
regions. The ?fth organic laser ?lm structure 226 is provided 
atop the substrate 20, and receives pump light 27 in order to 
produce a laser beam 28. The ?fth organic laser ?lm 
structure 226 comprises a bottom mirror 42, an active region 
47, and a top pump mirror 50. The ?fth organic laser ?lm 
structure 226 further comprises three different molecular 
compositions (oganic host-dopant combinations) in different 
periodic gain regions. First periodic gain regions 90a are 
provided comprising material With a ?rst molecular com 
position that provides optical gain Within a ?rst laser Wave 
length range. A ?rst standing-Wave intensity pattern 92a is 
shoWn schematically, and corresponds to the standing Wave 
of a laser Wavelength Within the ?rst laser Wavelength range. 
The ?rst periodic gain regions 90a are situated to substan 
tially overlap the peaks of the ?rst standing-Wave intensity 
pattern 92a. 

[0075] The active region 47 of the ?fth organic laser ?lm 
structure 226 further comprises second periodic gain regions 
90b comprising material With a second molecular composi 
tion that provides optical gain Within a second laser Wave 
length range. A second standing-Wave intensity pattern 92b 
is shoWn schematically, and corresponds to the standing 
Wave of a laser Wavelength Within the second laser Wave 
length range. The second periodic gain regions 90b are 
situated to substantially overlap the peaks of the second 
standing-Wave intensity pattern 92b. 

[0076] The active region 47 of the ?fth organic laser ?lm 
structure 226 can further comprise third periodic gain 
regions 90c comprising material With a third molecular 
composition that provides optical gain Within a third laser 
Wavelength range. A third standing-Wave intensity pattern 
92c is shoWn schematically, and corresponds to the standing 
Wave of a laser Wavelength Within the third laser Wavelength 
range. The third periodic gain regions 90c are situated to 
substantially overlap the peaks of the third standing-Wave 
intensity pattern 92c. 

[0077] The regions betWeen the layers comprising the 
?rst, second, and third periodic gain regions 90a, 90b, and 
90c, are ?lled With a spacer layers 74. The spacer layers have 
thicknesses controlled to locate the ?rst, second, and third 














