APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 17 27 APRIL 1998

Laser field enhancement at the scanning tunneling microscope junction
measured by optical rectification
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In this letter we report the measurement of the field enhancement at the tip of a scanning tunneling
microscope, by means of the detection of the optical rectification current. A field enhancement
factor between 1000 and 2000 is obtained for highly oriented pyrolytic graphite and between 300
and 600 for gold. Field enhancement factors found are strongly dependent on the particular tip used.
The magnitude of the emitted light at the field enhanced region, calculated from the measured
optical voltage, could be easily detected by a simple photodiode19@8 American Institute of
Physics[S0003-695098)01317-5

The near field scanning optical microscofnown as by a lock-in amplifier in series with the current loop, with a
SNOM or NSOM* has provided an increase of the resolu-reference signal coming from a photodiode that samples the
tion of optical microscopes by several orders of magnitudejaser light. The STM current—voltage converter has a known
These microscopies rely in the use of an aperture to chop thgequency dependence with a cutoff at about 8 kHz; there-
wave front and the achievable resolution is of the order ofgre, all the modulated signals have been corrected by this
tens of nm, limited by fact that the aperture cannot decreas'%sponse. The lockin output may be reinjected in the STM
beyond the skin depth of the lightAlternative apertureless data acquisition module in order to recoreV curves of

sch(_eme_s have p_rov_ed to be the_solu_uon to th_|s IIIﬁmt""t'onphotoinduced current simultaneously with normal ones. In
relying in the emission from the light-induced dipole at the . L .
our system the sign of the dc voltage coincides with the

dielectric tip of a force microscopt’ An alternative scheme : . . ) ; . .
would be to use the field enhancement at a metallic tip aris‘—)oIarlty of the tip. The light is polarized with the electric

ing from the plasmon resonance, as found in surface enf—ield in the incidencg plane_p( polarizatio_lj, S‘_) that a net
hanced raman spectroscopyihe field enhancement pro- Component appears in the tip—sample direction.

vides an excellent source for linear and nonlinear !f the electric field from the light is enhanced at the tip,
microscopies with high spatial resolution. The actual valudt should induce a voltage between the tip and sample at the
for the field enhancement has never been measured, and tHeptical frequencyw;, Vi= v cos(t). If the tunneling is fast
oretical calculations predict enhancement factors larger thagnough, this modulated field should give rise to a rectified
1000, strongly dependent on the tip—sample distance, geongontribution arising from the series expansion:

etry of the tip and sample, and dielectric response of the tip
and sample materials at the optical frequefiéin this letter,

we report the measurement of the field enhancement at the ST hEAD !
tip of a scanning tunneling microscop®TM), by means of

the detection of the optical rectification current. Field en-
hancement factors larger than 1000 are found, strongly de-
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LASER

Figure 1 shows the experimental setup used. A low
power laser is modulated before being focused into the tip—
sample junction. The spot size was about 1O®<50 um
and the incidence angle was 60° with the horizontal. Results L OCKAN
were obtained in samples of highly oriented pyrolytic graph- | p-c-==-}cue-- —— reference
ite (HOPGQ and a gold foil of about 0.3 mm thickness. The FEEDBACK DATA i__l
STM tip is approached without light illumination until the CONTROL | | ACQUISITION
desired tunneling current is obtained at a set tip—sample volt-
age. The current is preamplified and measured by the STM
control module. Time constant of the feedback loop is set to
correct drifts of low frequency but does not respond to the . ) .
frequencies used for the light modulation. UsliaV curves FIG. 1._ Experlmental setup. An ele_ctrlcal modulgted I_ow powgolarized

. . laser diode X =670 nm) is focused into the STM junction by a 70 mm focal
are measured applying a voltage ramp to the tip at constamngth objective. The tunneling current and the modulated current are mea-

tip—sample distance. The modulated component is measuredred, and the tunneling current—voltage-¥) curve and photoinduced
current-voltagel(,—V) curve can be recorded simultaneously. The detector
samples the laser emission, in order to obtain an absolute reference for the
¥Electronic mail: bragas@df.uba.ar phase.
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whereV,, is the bias voltage. The linear term averages to
zero, and the second derivative term is proportional to the
laser intensity and hence will appear in the lock-in in phase
with the light modulation. This term was shown to appear by
Volker et al®® for the infrared at GHz modulation frequen-
cies.

As the light is being modulated, a thermal expansion -31
contribution to the tunneling current appears at the modula-
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tion frequencyw. In a previous work we have showhthat 04 02 00 02 04 06
bias voltage (V)

—_
(=2
~

the thermal expansion contribution will roll off asel,/ and

the in phase contribution asdl?, above a cutoff frequency
that depends on the thermal diffusivity of the sample and the
laser beam spot size. Unfortunately, due to the limited band-
width of the current amplifier of the STM, driving the system
above the cutoff frequency would require very large spot
sizes, that would reduce the beam intensity below detectable
levels of light-induced currents. The thermal contribution
cannot be avoided, but can be discriminated by using the fact

aolf B(IY=0.38 B(e2/5v2)=0.61
R2=0.967

in phase photoinduced current (pA)

that the thermal expansion gives rise to a change in the gap -40

distance, that for small biasing voltagéess than 0.5 1/2V2=7105+510% [V2]
yields a modulated curremt following anl{—V curve pro- 501 '

portional to the statid—V curve!® Hence the measured ) 04 02 00 02 04 06
modulated currentl() will have two contributions, one of ' bias voltage(V)

thermal origin proportional to the background current, and

one from the obtical rectification followina the last term of FIG. 2. (a) Tunneling current vs bias voltage curve for a foil gold sample
pu meat wing and Pt—Ir tip. The setpoint was set\4t= —100 mV, I,=0.2 nA. The inset

Eq. (1): shows the 90° dephased component of the photoinduced current, where the
5 full line is the fit with the tunneling current, making evident the thermal
2 nature of this componentb) In-phase photoinduced current vs bias voltage.
I p— al+b 0',7 +c. 2 The 8%'s are the standard partial regression coefficieRfsis the regression
coefficient. The full line is a fit including a linear dependence with the

The coefficienta accounts for the in—phase thermal eXpan_second derivat_ive of the static curjeee Eq(2)]. The value_of the rectified

. . . . . voltage (show in the figurg can be calculated from the fitted parameters.
sion .con.trlbutlon. The term witlb accounts for thg optical | _cer intensity-3x 10° W/m2. Modulation frequency 10 kHz.
rectification and the constant term was added in order to
account for the observed offset, and will be discussed later.

-V and I,-V curves were recorded for different static potential can be usgdyielding 12-0.6 mV for Au
samples(HOPG and Ay, for different tips and at different and 38-3 mV for HOPG. Assuming a tip—sample distance
set points of the STMthat would correspond to different between 0.5 and 1 nm, which are conservative values for
tip—sample distancesTwo typical cases are shown in Fig. 2 typical STM conditions, and from the laser pow@0 mwW)
for gold and Fig. 3 for HOPG, obtained both with the sameand beam size at the samgE00 umXx50 um), a field en-
tip (mechanically cut Pt—Ir tipand the same laser power and hancement factor between 1000 and 2000 is obtained for
focusing conditions. The modulated current versus voltagéglOPG and between 300 and 600 for gold. The same mea-
curves were fitted by Eq2) for both in-phase and quadra- surement repeated with other tips yielded somewhat smaller
ture components, and the partial regression coefficients wenelues.
obtained for the least square fit. The standard partial regres- The constant terms added to the fit were always of the
sion coefficients 8, expresses the relative standardizedorder of magnitude of the noisa few pA), so that no sys-
strengths of the effects of the different independent variabletematic measurement was possible to clearly pin down its
on the same dependent variable in a multiple regressibn.  origin. Modulation of the capacity between the tip and the
all cases a negligible contribution from the optical rectifica-sample due to the thermal expansion yields values too low to
tion was obtained from the fit for the in-quadrature compo-account for the observed offset. Direct optical transitions be-
nent (in the inset of the Figs. 2 and) &s well as for the tween the tip and the sample is one possible mechanism to
curves recorded witls polarized light(no component of the explain the offset, once the field enhancement is taken into
electric field in the tip—sample directiprwhile the in-phase account. In fact, the intensity of>310° W/m? enhanced by
component always requires a larger relative weight of thel(? yields a cross section of 16° cn? if the induced current
optical rectification. The constant term was not present if thes 3 pA. This number is within typical values for atomic
light was blocked, indicating it is of optical origin. dipole transitions, and considering that the local nature of the

From the fitted value of parametbrand using Eqs(1l)  field and the fact that the transition is between neighboring
and(2), the light-induced voltage drop across the tip—sampleatoms, no selection rules apply, many states contribute to the

junction can be compute@ue to the small size, the electro- transition and the dipole moment should be large. This
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(a) 107— The large enhancement of the field obtained should pro-
84010 vide an easily detected emitted power from the field en-
6005 / hanced region. To estimate the order of magnitude of the

&; 4] / emitted power expected, a very simple naive model was

= 2_:2::’2 used. The light was assumed to induce a dipole at théofip

© o] o8 -04 00 04 0s radiusR), and an image at the sample. Requesting a constant

3 2] potential surface at the tip and sample, and a voltage drop

E’ 4 between the tip and the samflecated at a distanc#), the

g ] position and momentp) of the tip dipole can be computed,

2 8 yielding for R>d:

10 : : : p=9V;(R%d/6)" 3
-0.8 -0.4 0.0 0.4 0.8
bias voltage (V) that would radiate a power between 0.1 and 100 nWdfor

(b) o 60 B=023 BEAVA=075 =0.5nm andR betv_veen 10 nm and 100 nm. These values

% R2- 0 5423 are in agreement with the 2 nW collected power reported by

& 401 Caldaroneet al? for a gold covered silicon sample, in very

3 12V2 =7 104 £ 10 similar experimental conditions.

° 204 ! In conclusion, the optical field enhancement at the STM

§ junction has been measured for platinum tip and HOPG and

£ 0 gold samples, yielding for some cases values larger than

2 1000, depending on the particular tip used. These values in-

= -201 dicate that the field enhancement should provide a unique

§ tool for a new type of microscopfield enhanced scanning

S -401 optical microscopy and moreover for nonlinear optical mi-

T 08 o4 oo o4 08 croscopy and spectroscopy.
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