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Removal of absorption and increase in resolution in a near-field lens via optical gain
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A recent papefJ. B. Pendry, Phys. Rev. Le®5, 3966 (2000] showed how to construct a superlens that
focuses the near-field radiation and, hence, produce an image resolution unlimited by wavelength. The pre-
scription requires lossless materials with a negative refractive index: finite loss cuts off the finer details of the
image. In this paper we suggest a compensation for the losses by introducing optical gain media into the lens
design. Calculations demonstrate a dramatic improvement in performance for a silver/gain composite medium
at optical frequencies.
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There are two sorts of electromagnetic radiation: neafor the losses in silver by constructing a composite material
field and far field. The latter propagates as plane waves witlsonsisting of alternate slices of silver and an optical gain
a real wave vector, the former has an imaginary wave vectamaterial. Our conclusions are that considerable improvement
resulting in an exponential decay and therefore is confined ton performance is possible by this means. This enables us to
the vicinity of the source. Conventional lenses act only ondesign a “fiber-optic bundle” that consists of a multilayer
the far field: focusing the near field requires amplification.stack of alternating thin layers of lossy metsilver) and an
Unfortunately for imaging purposes the finer details of anamplifying positive dielectric mediuntan optically pumped
object are contained in the near field. Recently, it wassemiconductor, for exampleo transfer images with good
showrt that how a “perfect lens” could be designed in which subwavelength resolution across large stack thicknegges
both the near and far fields could be persuaded to contributde order of a few wavelengthsSuch a fiber-optic probe has
to an image. Theerfect len§ is just a slab of negative re- the property of acting on the near-field evanescent compo-
fractive materialNRM), where both the dielectric permittiv- nents as well as the radiative components of a source.
ity (¢) and the magnetic permeabiligy are negative simul- First, let us carefully examine the operation of the perfect
taneously = — e i in this casg?®a lens proposed earlier lens. The electromagnetic field in the two-dimensional object
by Veselagd using a ray analysis for the propagating modes(X-y) plane can be conveniently decomposed into the Fou-
The perfect lens amplifies the near field through a series dfier components,, k,, andk, and polarization defined by
surface-plasmon resonances. In a lossless system, this pro-
cess of amplification requires no energy input, other than that
from the source, but i_n the presence of Iosses_ the perfor- E(xy.zt)= > E, (kg ky k)
mance of the lens rapidly degrades as the quality factor of Ky Ky
the resonances deteriorates. For such a lens one requires )
negatives and u that are as free of loss as possible. Xexpi(kx+ky+kz—ot)], @

Losses are the ultimate IImItIng factors for resolution andwhere the source is assumed to be monochromatic at fre-
even a highly conducting metal such as silver, which wagyyencyw, k2+k2+ k2= w?/c?, andc is the speed of light in
suggested in Ref. 1 as a near-field lens material at opticzﬂee space. Obyviously, when we move out of the object
frequencies has a restricted performance. Redesigning ”ﬁfane, the phase of the propagating radiative components
lens to minimize absorption will help to attain improved SUb'(reaI k, for k2+k2<w?c?) and the amplitude of the non-
wavelength resolution. We have earlier suggested how to US& opagating Xevailescent componefitaaginary k, for k2
a large magnitude of the real part of and to use a layered 1 k2> w?/c?) change, and the image gets qurréd Thex per-
stack of alternating negative-positive dielectric layethis ;ecty lens performs th’e dual function of correcting .the phase

gives a greatly improved performance, but even in these sy of the radiative components as well as amplifying the near-

tems losses eventually limit the resolution. Absorption in thefield components brFi)n ina both of them to pethergto make a

lens materials will always limit the attainable subwavelength mp ¥ ging both ot 9 Lo
erfect image and thereby eliminating the diffraction limit on

resolution in any implementation. One possibility that arise he image resolution. In aeneral. the conditions under which
in optics is to use optical amplification to overcome absorp-, . ? ; tion. In g '
tion and this represents an interesting option to increase '[htgIS perfect imaging occurs are
subwavelength resolution of these superlenses. However, it is
not obvious how to incorporate the optical amplification into
the design of the perfect lens. Further, the influence of thavheree_ and u_ are the dielectric permittivity and mag-
optical amplification on the surface plasmons that are cruciahetic permeability of the NRM slab, respectively, andand

to the operation of the perfect lens is not clear either. We notg, are the dielectric permittivity and magnetic permeability
here that stimulated emission of surface plasmons in nanaf the surrounding medium, respectively. Under these condi-
structures has been proposed very recéntly.this Rapid tions, the transmission coefficient of the slab is exactly

Communication, we explore the possibility of compensatingexp(—ik,d), whered is the thickness of the slab. We have

E_ =784, MH_TT M4, i)
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earlier pointed out that these are precisely the conditions for
the existence of surface-plasmon modes at the surfaoed

that it is sufficient to meet these conditions at any one of the
intergaces to enable the amplification of evanescence in the
slab.

As it is difficult to obtain negative permeable media at
optical frequencies, it was suggested in the original paper
that metals(such as silverwith negative permittivity alone
could be good lens materials ferpolarized light. Particu-
larly in the near-field limit, wherdZ + k2> w?/c?, the elec- =] ] 8'+ S Lo
tric and magnetic fields are independent of one another, if we
confine our attention to electric fields, we have a simplified FIG. 1. Schematic of the layered structure considered here. The

requirement for the function of the lens, positive amplifying and negative dissipative dielectric layers are
assumed to be of equal thickne$2. The object and image planes
e_=—¢&,4, 3 are on either side of the stack at a distanceb/df from the edges.

. . . . . The total length of the systen i=iZN &, whereN is the number of
with the magnetic permeability now becoming irrelevant. layers with negative dielectric constant.

The performance of a silver lens is, however, limited by

losses and the positive magnetic permeability. Their effects . o

can be reduced by redesigning the lens as a multilayer stad@use both absorption and amplification do not cause dephas-
of very thin alternating layers of metér NRM) and posi-  ing of the wave—a consequence due to the bosonic nature of

bility that if e_ is lossy, i.e., emission. _ o
Now let us consider the layered system shown in Fig. 1,
Im(e_)>0, (4)  but with the gain included in the positive medium, so as to
» ] o ] exactly counter the effects of absorption in the negative me-
then the condition may still be satisfied, provided that dium. This can, for example, be accomplished by using a
semiconductor laser material such as GaN or AlGaAs for the
Im(e ) <0. 5 positive medium and silver for the negative medium. Using

In other words, we need a medium that exhibits gain. ThusP!ué/ultra-violet light to pump the AlGaAs, one can make the
the use of optical amplification is implied in tperfect-lens AlIGaAs now optically amplifying in the red region of the
condition itself. Note here that keeping with the standardSPectrum, where one can satisfy the perfect-lens condition
practice, we have subsumed all the processes relating to tfi@r the real parts of the dielectric constant. By adjusting the
amplification (or absorptioh of the electromagnetic wave PUMPp laser intensity, the imaginary part of the positive gain

into the negativéor positive imaginary part of the dielectric Medium can be tuned. The imaging can now be carried out in
constant. red. Of course, it would be possible to use other materials

We approach this by considering the perfect-lens condif’.‘”d' correspondingly, different wa\./elenglths of light. Alterna-
tion on the dielectric permittivity in Eq(3). The dissipation  tively, one could also use other high gain processes such as
which shows up as an imaginary part of the dielectric conR@man gain for this purpose. N _
stant represents a deviation from the perfect lens condition, e Show the transmission coefficient, calculated using the
and limits the image resolution. To satisfy the perfect-lendransfer matrix methodf, for this layered medium with gain

conditions in both the real and the imaginary parts, we would? Fig. 2. Our numerical calculations are exact and are not
require carried out in the near-field approximation. The transmission

is large and comparatively fldtompared to the lossy pas-
sive casg almost up to the poirit,, where the transmission
resonances for the corresponding lossless system 6¢curs
In other words, the positive medium should be optically am-and the transmission begins to decay exponentially. It is al-
plifying (as in a laser gain mediunin order to counter the most as if the effects of absorption have been canceled out.
effects of absorption in the negative medium. Then theFurther, it is almost independent of the total length of the
perfect-lens conditions would be “perfectly” met and the stack. However, it does not result in an exact cancellation
perfect image would result, at least in the quasistatic limitand this can be seen from the fact that the transmission reso-
Now the surface states at the interface between the dissipaances of a completely lossle@nd gainlesssystem are not
tive metal and an amplifying positive dielectric displays arestored. One can see some remnants of these resonances for
very interesting behavior. There is a net flux of energy acrosthe case whes _=—1+10.1, and even lesser for the more
the interface—from the positive amplifying medium into the absorptive(realistic for silvej case ofe . =—1+i0.4. But it
absorbing negative medium. This is in contrast to the lossless clear that the image resolution will be improved vastly and
(and gainlesssystem, where there is no net flux of energyto an almost similar extent in both cases, regardless of the
normal to the interface, and the fields are purely evanescenievels of absorption/gain, provided that the gain is large
We should also note that such a cancellation of absorption ienough to compensate for the absorption. Thus, with ampli-
one location by generation in another is possible only befication included, the deleterious aspect of absorption that it

! . n ! . n
e, =e,—le,, e_=—g,tie,. (6)
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FIG. 2. The transmission coefficient for a layered stack of posi- o 10 2 30 40
tive and negative dielectric layers when the positive media are op-
tically amplifying. The thicknesses of the positive and the negative F|G, 3. Top panels: The transmission functideft) and the
dielectric layers are/2=10 nm. electromagnetic field intensity at the image pldright) obtained

(a) with a single slab of silver of 40 nm thicknegb) when the slab

limits resolution, is canceled out while the desirable aspeci SPIit into eight thin layers 06/2=5 nm thicknessesg) layered
that it softens the transmission resonances by preventing dfiver-dielectric stack with optical gain anbl2=5 nm and(d) lay-
vergences is retained. Only the transmission resonance clogéid Sﬂlyer'd.'elecmc stack with optical gain aai2=10 nm. &
to kg is relatively undamped. In Fig. 2, the transmission:_lﬁh'o'4 n (c) and (d.)' Bottom pan_els. For aﬁlayered stack of

0 vely P 9 < . large total thickness with optical gaine{=+*150.4) and /2
across a multilayer stack of 600 nm thickness is sheilva =10 nm for 20=600 nm, 900 nm, and 1200 nm. The dotted lines
|nd|V|dl_JaI_Iayers are of 10 nm thicknesdNVe see that the show the position of the slit in the object plane
transmission reduces only to 0.1lgt/ky~20 fore _=—-1
+i0.4 and an image with a resolution of abau20 can, in  are well resolved, there are extra background structures that
principle, be transferred across the distance of the order of show up in the image corresponding to the larger transmis-
(the wavelength of light Note that the resolution can be sion at smallek, . There is an overcompensation in the lens
marginally larger when the small transmission tail beyond isfor (subwavelength wave vectors in the rangéd,<k,
considered. The case when a high index dielectric such as 10k, due to the band of transmission resonances that are
AlGaAs is used and the wavelength is tuned to match theelatively undamped nedk, and, hence, the transmission
perfect-lens conditions.. = £12%10.4, \=578 nm for sil-  function is not constant with the wave vector. This overcom-
ver), is also shown in Fig. 2. We should also note that mak-pensated amplification also results in the large image inten-
ing the layers thinner would improve the resolution evensity. We note that the effect of these resonances reduces for
further, and we have been quite conservative in our choice ahuch larger thicknesses and the transmission function is ac-
layer thickness. We show in Fig. 3 the transmission as aually more constant for thicker stacks. Although waves with
function of the parallel wave vector and the images obtainedery large wave vectors also get effectively amplified even
by such layered media with optical gain. The object consist$or large stack thicknesses, the transmission resonances do
of two slits of 20 nm width which are separated by 80 nmnot allow a clean image to be produced. We note, however,
peak-to-peak distance. In the top panel we show the imagehat since the high spatial frequency components are trans-
for the case when the distance between the object plane ferred across, knowledge of the transmission function of the
the image plane is @=80 nm. For comparision, we also lens would enable one to recover a clean image from the
show the case of the original single slab of silver as the lensbserved image. Alternatively, structuring the silver slabs in
(solid line andé/2=40 nm) and a layered but gainless sys-the transverse direction will create plasmonic band structures
tem. The two peaks in the image for the single slab carand one can engineer these band structures to inhibit the
hardly be resolved, while they are clearly resolved in thetransmission resonances closekip The transmission func-
case of the layered system with no gain. The improvement iions suggest that an image resolution of alma&5 could
the image resolution for the layered system with gain overasily be achieved with these systems.
the corresponding gainless systems is obvious with the sharp As a note of caution, we note that in the presence of
edges of the slits becoming visible. In the bottom panel, wentense field enhancements that are expected in this system,
show the images formed by layered media with gain, buthe gain is likely to get saturated. The largest field enhance-
with very large total thicknesses of the order of few wave-ments will be for the largest transverse wave vectors. If we
lengths (21=600 nm, 900 nm, and 1200 nmFor a lossy make the layers very thin, the local field enhancements will
passive system, in comparision, almost nothing would beaot be as intense and the gain might not get completely
visible at such large distances from the source. In the case ®leached. In general, however, we do expect that the effec-
the layered system with gain, although the slits in the imageive gain will be somewhat reduced and the corresponding
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enhancements of the image resolution will be smaller. Anport evanescent waves with very little attenuation even over
other point of concern is that the system with gain couldlarge stack thicknesses. Thiptical-fiber bundlecan thus act
become unstableand undergo self-sustaining oscillations in on the evanescent near field of a radiating source and images
the transverse direction due to spontaneous symmetry brealith high subwavelength resolution can be transferred
ing. It is clear that such effects will be minimized for a across. The potential applications are immense and range
system with very thin layers. We are analyzing the effect§rom nanoscale lithography to near-field optical imaging and
that are beyond the scope of this paper and those results wiilata storage.
be presented elsewhere.

In conclusion, we have shown that a multilayer stack of S.A.R. would like to thank Professor Geoff New for dis-
thin alternating layers of silver and a positive amplifying cussions and acknowledge the support from DoD/ONR
dielectric medium with optical gain/amplification can trans- MURI under grant No. N0O0014-01-1-0803.
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