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The electromagnetic enhancement effect in scanning tunneling micro$sap® light emission

from GaAs has been investigated by the finite difference time domain method. We have calculated
the intensity of light emitted by the recombination of minority carriers injected from the tip and
majority carriers in the sample. The results depend not only on the material and the shape of the tip
but also on light polarization. When the tip is tungsten whose dielectric function has a positive real
part at 1.5 eV, the p-polarized light intensity depends strongly on the size of the tip and the location
of recombination. However, thes-polarized light emission depends only weakly on these
parameters. If the tip is a perfect metal, fhrpolarized light intensity becomes a few times stronger
than that for the W tip of the same shape. On the other hand;pbéarized light intensity becomes
weaker than that for the W tip due to the electromagnetic screening effect of a perfect metal. We
conclude that the combination of the W tip asgbolarized light detection is suitable for precise
measurement of the tip-position dependence of STM light emission properties. A tip with a negative
value of the real part of dielectric function is preferable to the W tip, if one does not analyze the
tip-position dependence of STM light emission, because STM light emission is enhanced relative to
the case of the W tip. €2003 American Institute of Physic§DOI: 10.1063/1.1554473

I. INTRODUCTION recombination of minority carriers injected by the tip and
_ o majority carriers in the sample. Diffusion of the injected car-

The recent development of microfabrication technologyyiers in the sample before electron-hole recombination is one
has made it possible to create nanoscale structures even Wigh the major factors that determine the spatial resolution.
an atomic level precision, and the needs for characterizatiof|yaradoet al® and Tsuruokaet al’ estimated the diffusion
techniques for individual nanostructures are increasingiength by measuring the STM light intensity as a function of
Scanning tunneling mmrosgop{é‘l’M) light emission is an  he |ateral distance between light emitting quantum struc-
ideal tool for this purpos&? In this method electrons are tures and the tip position.
injected into a specific nanostructure in the STM image, and  Anqther factor that must affect the spatial resolution but
the light emitted from that structure is analyzed. Thus ong g not been taken into account so far is an electromagnetic
can learn the electronic and optical properties of targetednnancement effect of the tip. The electric field generated by
individual nanostructures. _an oscillating dipole located in the STM tip—sample gap re-

Spatial resolution is crucial for any local area probing giop, js electromagnetically enhanced by the presence of the
technique. Since the lateral size of the tunneling current o ip.8 As a result, STM light emission must be stronger for
STM is less than 1 nm, atomic scale spatial resolution igyjectron-hole recombination just below the tip than for that
achieved for metallic and |_nd1r5ect gap semiconductorgay from the gap region. One has to clarify this electro-
samples in STM light emISSIO:ﬁ. However, when the 1 agnetic enhancement effect to properly analyze the STM
sample is a direct gap semiconductor such as GaAs, 1‘act0[®ht emission from a direct gap semiconductor sample.
other than the lateral size of the tunneling current play an™ Tne conventional STM light emission theoflé&are not
important role in determining the spatial resolution. STMzpqjicaple to the present problem, because they cannot treat
light emission from a direct gap semiconductor is excited by 5giation from a dipole located at positions other than the
center of the STM gap. Very recently Wu and Mills suc-
dElectronic mail: uehara@riec.tohoku.ac.jp ceeded in avoiding this restriction in their dielectric thebry.
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100 nm calculation; is the Planck constant divided byr2t is time.
Since the electronic band structure of GaAs is isotropic in
thek space around the band gap, we assuhed,=1,. No

p-pol. correlation was assumed between the phases, because the

A
Y

Tip Far-field STM light is incoherent, i.e., we seija;)=0 for i#].
0 Here(- - -} indicates a statistical average.
' The electromagnetic field radiated from the point current
Vacuum ; source was calculated in a space with the size of 100 nm
d . X100 nmx 100 nm by the FDTD method. The calculated
5 space was surrounded by a perfectly matched l&g®iL) so
] that the electromagnetic field arriving at the boundary is not

. reflected but is perfectly absorbed by PML. Hence one can
 Sample obtain the electromagnetic field inside the calculated space.
' The intensity of the light that is radiated in tle- z plane at

FIG. 1. Cross-sectional view of the STM gap modeled in the present analy‘-"'?'00 from the sample Surfac(e'e"_ the Int_enSIty Of_ the far-
sis. Electron-hole recombination is represented by a point current source field) was calculated by connecting the field obtained by the
FDTD method(i.e., the near-fieldto the far-field by the

standard method in the FDTD analy&fsThe light with the
However, we chose not to use the dielectric theory for ouelectric field parallel and perpendicular to tke z plane are
analysis. In the dielectric theory of STM light emission in- p ands polarized, respectivelysee Fig. 1
cluding the Wu and Mills theory, a virtual dipole is found ~ We analyzed the electromagnetic enhancement effect for
from the field induced by a dipole located in the STM gaptwo tip materials. They were tungsteiV) and a perfect
region in the first step of the calculation, and then the emismetal. W is one of the common materials for the tip. The real
sion intensity is calculated from the far-field radiation of the part of the dielectric function of W is positive for photon
virtual dipole located on the sample surface. Since the gecgnergy of 1.5 eV The electromagnetic enhancement effect
metrical shape of the tip is not taken into account in theis stronger for the tip with a negative real part than for that
second step, the dielectric theory is not suitable for quantitawith a positive real part like W.This means that the STM
tive analysis of STM light emission intensityWe have cal-  light emission efficiency for a tip with a negative real part is
culated the STM light emission intensity as a function of thehigher than that with a positive real part. In order to know
distance between the tip and the location of electron-holéow the efficiency is improved by using a tip with a negative
recombination using the finite difference time domainreal part, we calculated STM light emission for a perfect
method(FDTD).1314 metal tip whose real part of the dielectric function is negative
infinity.
The FDTD method has a limited applicability to electro-
Il. METHOD magnetic problems containing materials with a finite imagi-
Figure 1 shows the cross-sectional view of the STM gaphary part of the dielectric function. In the present work, we
modeled in the present calculation. The tip shape is specifiedeglect the imaginary part of the dielectric function of W and
by angled and widthL of the tip front. The tip—sample gap GaAs; the dielectric functions of W and GaAs are assumed
distance is denoted by. We setd andd equal to 45° and 1  t0 besyw=+4.3 andsgaas= +13.4, respectively?
nm, respectively, in the following calculation. TRe-y axes
andz axis are taken parallel and perpendicular to the sample
surface, respectively. The origin of the-y—z coordinate || RESULTS AND DISCUSSION
system lies at the cross point of the sample surface and the
symmetrical axis of the tip shown by the vertical dotted line  First we analyze the electromagnetic enhancement effect
in Fig. 1. The direction of the axis is taken to be positive in in the W tip-GaAs sample system. Figure@)2and 2b)
the downward direction as illustrated in Fig. 1. Hence theshow the variation of the- ands-polarized light intensities,

o

regionz>0 corresponds to the interior of the sample. respectively, for current source locations fras 0 nm toz
We modeled the recombination emission of an electron= 32 nm along the vertical dotted lir{ee., thez axis) in Fig.
hole pair in the GaAs sample by a point current souirGee., 1. Filled squares, circles, and rectangles correspond to the
a current source with an infinitesimally small size results for tips withL=4, 12, and 24 nm, respectively.
AE AE We see from Fig. Qh_) that thep—polarized light intens_ity
()=l sin —2t+ ay |, Iysin(—gt+ay), depends on both the widthof the tip front and the vertical
h h positionz of the current source. While the light intensity for

AE the tip front width L=4 nm is greater than that fokt
Izsin(TgtwL agl |, (1) =24 nm for the vertical positior=0, the former decreases
faster than the latter with increasirrgAs a result the light
wherel; and «; are the ith components €x, y, z) of the intensity for z greater than a few nm becomes lesslLfor
amplitude and the phase, respectivel\g is the band-gap =4 nm than forL =24 nm. In contrast t@ polarization, the
energy of the sample and is fixed at 1.5 eV in the followings-polarized light intensity depends weakly @n[see Fig.
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FIG. 2. (a) and(b) show the variation of the- ands-polarized light inten- FIG. 3. zposition dependence of the enhancement factor of the W tip and
sities, respectively, for current source locations fram0 nm toz=32 nm GaAs sample systemg) and (b) correspond tgp- and s-polarized light,
along the vertical dotted line in Fig. 1. The tip and the sample materials argespectively. Filled squares, circles, and rectangles are results for tip widths
W and GaAs, respectively. Filled squares, circles, and rectangles correspothd=4, 12, and 24 nm, respectively. Dotted curves are guides to the eye.

to the results for tip width& =4, 12, and 24 nm, respectively. Dotted curves

are guides to the eye.

the presence of the fip The enhancement factor for

s-polarized emission is slightly less than unity for the current
2(b)] and monotonically increases with saturating forz ~ source positiorz=0 and increases slowly to the asymptotic
>15nm. We note that thepolarized light is not weak rela- value of unity for largez.
tive to thep-polarized light. Next, we analyze the variation of the enhancement factor

In order to clarify the role of the tip in determining the for different current source locations parallel to the sample

light emission properties shown in Fig. 2, we calculated thesurface. Figure 4 shows the variation of the enhancement
enhancement factor that is defined by the ratio of the lightactor for the current source movement froms — 32 to 32
emission intensity with a tip to that without a tip. The en- nm along the straight line defined lay=-4 nm andy=0 (see
hancement factor greater than unity means that the emissidhe dotted-dashed line in Fig).1Figures 4a) and 4b) are
is enhanced by the presence of the tip. Figure 3 showg thethe results forp- and s-polarized light, respectively. Filled
dependence of the enhancement factor corresponding to tlsguares, circles, and triangles show the results for the tips
light intensity in Fig. 2. Figures(2) and Zb) are the results with L=4, 12, and 24 nm, respectively. Since the light inten-
for p- and s-polarized light, respectively. Filled squares, sity without the tip depends on theposition of the current
circles, and rectangles correspond to the results for the tipsource but is independent of itsandy positions, the light
with L=4, 12, and 24 nm, respectively. The enhancemenintensity corresponding to each enhancement factor in Fig. 3
factor for p-polarized light takes the maximum value for thecan be deduced from Fig. 2.
current source position=0 and decreases asymptotically to For p-polarized light[Fig. 4(@], the enhancement factor
unity asz increasesgi.e., the enhancement factor for the cur- depends strongly on the horizontal positiof the current
rent source position far away from the tip is not affected bysource. Wherx is less than— 15 nm(i.e., the current source
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FIG. 4. x-position dependence of the enhancement factor of the W tip-GaAgzth' Ist.' )f'ggilt'on delpendetn(r:(r(;) of (tjrli)enhancemgntt f_act(()jr forlth_e [zjerfect
system along the straight line defined by 4 nm andy=0: (a) and (b) metal ip S sample systena) an correspond Ig- ands-polarize

. ; . : . light, respectively. Filled squares, circles, and triangles show the results for
correspond t@- ands-polarized light, respectively. Filled squares, circles, the tio widthsL =4 12. and 24 nm. respectively. Dotted curves are auides
and triangles show the results for tip widths=4, 12, and 24 nm, respec- P T ’ P Y- 9

tively. Dotted curves are guides to the eye. to the eye.

seen from the observation point is placed beyond thettig  value of the enhancement factor for a perfect metal tip is a
enhancement factor is less than unity. As the current sourdew times larger than that for the W tip for the same value of
approaches the center of the tip=<0), it increases rapidly. L. On the other hand, the enhancement factoisfpolarized
We note that the enhancement factor takes the maximuright is less than that for the W tip and dependsxoand L.
value atx=2, 6, and 12 nm for tip widthk =4, 12, and 24 At the center of the tipX=0) it takes the minimum value,
nm, respectively. It takes the maximum value when the curwhich becomes smaller with. The origin of this minimum
rent source is placed just below the edge of the tip. Then ifor s-polarization light is the screening effect of the perfect
decreases to the asymptotic value of unity for laxgBigure = metal surface. The components of the current source parallel
4(b) shows the results fa-polarized light. In contrast to the to the perfect metal surface are strongly damped, because of
case of p polarization, the enhancement factor depends vetlie electromagnetic screening effect. Hence ¢ipwlarized
weakly onx andL. light takes the minimum intensity at the center of the tip.
Next let us examine the enhancement factor for a perfect As seen from Figs. 4 and 5, tlxgposition dependence of
metal tip-GaAs sample system. Figure 5 showsdpesition  the enhancement factor fprpolarized light is asymmetrical
dependence of the enhancement factor; the current sourcewvsth respect to the center of the tix£0). We will now
moved fromx=—32 to x=32nm along the straight line demonstrate that this asymmetry is characteristic of the STM
defined byz=4 nm andy=0. Figures %a) and 3b) are the light emission from a GaAs sample, i.e., characteristic of a
results for p- and s-polarized light, respectively. Filled direct gap semiconductor sample and not that of the specific
squares, circles, and triangles are the results for tips with tip shape. For this purpose we have calculatedxtpesition
=4,12, and 24 nm, respectively. We see that the maximundependence of the enhancement factor of the W tip-perfect
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magnetic enhancement effect from the observed results to
obtain its precise value. Figurgh} shows thats-polarized

light emission measurements are preferable for precise deter-
L=4 nm mination of the diffusion length, because no correction for

p-pol.

50 | the experimental result is required.
b STM light emission is basically weak, because the tun-
.=. neling current is limited to a nanoampere level to avoid

sample damage. If one wants to observe STM light emission
from an isolated quantum semiconductor structure but does
not intend to analyze the tip-position dependence of the
emission characteristics, a tip with a negative value of the
real part of dielectric function is suitable, because the STM
light is enhanced more strongly than for the case of a W tip.

Enhancement factor

ssesnunneeseseIsesInel
R

u‘. "".
0 Lmey @ sy | IV. CONCLUSION
40 20 0 20 40 The eflectrogw:gner':ic el:hancemlent gf;ectvi/n S'I(;M Ii?ht
. i emission from s has been analyzed for W and perfect
X pOSIthﬂ (nm) metal tips by the FDTD method. When the tip material is W,

FIG. 6. x-position dependence of the enhancement factor of the W tip-thep'pOIarized ”ght intenSity depends Strongly on the size of
perfect metal sample fqr-ploarized light. Here the tip width is fixed at 4 the tip and the location of recombination with respect to the
nm. Dotted curve is a guide to the eye. tip, but thes-polarized light emission depends very weakly
on these parameters. For a perfect metal tippipolarized

) ) ) light intensity is a few times stronger than that for the W tip
metallic samplt_e system using the same t'_p shape. We NOith the same shape. However, thpolarized light intensity
that. the STM light emission from a_metalhc sample is no_tis weaker than that for the W tip, due to the electromagnetic
excited b_y electrgn—_holg reco.mblnatlon. In.use of a meta”'cscreening effect of the tip. We found that the combination of
sample, I|g_ht emission 1S radiated by Ioc;allzed surface plaSéW tip ands-polarization light detection is best for a precise
mons confined in the gap beltween the tip and sample. Thu easurement of the tip-position dependence of STM light
we place the 'current source in the vacuum above the sampigission characteristics. A tip with a negative value of the
surface. In this case, as already pointed out, the componeng,, part of dielectric function is more preferable than a W tip
of the current source parallel to the surface are strongl)ovhen one does not analyze the position dependence of the
damped. Hence, we stf=1,=0 here. STM light emission characteristics.

Figure 6 shows the variation of the enhancement factor

with a movement of the current source froms — 32 to 32
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