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Scanning tunneling microscope (STM) induced light emission from artificial atomic scale structures
comprising silicon dangling bonds on hydrogen-terminated Si(001) surfaces has been mapped spatially
and analyzed spectroscopically in the visible spectral range. The light emission is based on a novel
mechanism involving optical transitions between a tip state and localized states on the sample surface.
The wavelength of the photons can be changed by the bias voltage of the STM. The spatial
resolution of the photon maps is as good as that of STM topographic images and the photons are
emitted from a quasipoint source with a spatial extension similar to the size of a dangling bond.
[S0031-9007(98)08376-8]

PACS numbers: 73.20.At, 73.20.—r, 78.66.—w

Nowadays, man-made structures can be created even onThe experiments were performed in a UHV chamber
the atomic scale on semiconductor and metal surfaces hyith a base pressure of8 X 107° Pa using an STM
means of atom manipulation using the scanning tunnelingperated at room temperature. Electrolytically sharpened
microscope (STM) [1,2]. Such atomic scale structures detungsten (W) tips and two types of Si(001) samples, an
signed appropriately should exhibit interesting electricalantimony-dopedrn = 1 X 10'® cm™3) and a boron-doped
optical, and magnetic properties as suggested by recefip = 1 X 10'® cm~3) sample, were used. The(&01)-
theoretical studies [3]. However, experimental observa{3 X 1)-H surface was prepared by standard procedures
tions of the properties of artificial atomic scale structureg6]. The photons emitted from the tip of the STM were
created by STM have been limited until now. Gimzewskicollected by an optical fiber bunch mounted in the UHV
et al. [4] and Berndgt al. [5] have pioneered another abil- chamber and exhibiting constant optical transmission from
ity of the STM. Detecting photons emitted from the tunnel400 to 1100 nm. The photons were counted using cooled
gap of the STM, they showed that light emission characterphotomultiplier tubes (PMTs). In order to obtain the spec-
istics of sample surfaces can be obtained with atomic scaleal information, a Hamamatsu R636-10 PMT was used in
spatial resolution. In the present paper, we report for theombination with interference filters at five different wave-
first time light emission characteristics of artificial atomic lengths from 400 to 800 nm [photon energigs/) from
scale structures fabricated by STM and observations d3.10 to 1.55 eV], each filter having a bandwidth of 40 nm.
clear optical transitions of tunneling electrons between &he system response could be considered constant in the
tip state and localized energy levels on a sample surfacevavelength interval covered by the filters.

The model example of artificial atomic scale structures Figure 1(A) is a filled state STM topographic image of
chosen in the present work is an array of silicon danglingan atomic scale pattern of exposed DBs forming the letter
bonds (DBs) on hydrogen-terminated®il)-(3 X 1) re-  “P” with a lateral size of 17 nm on the-type S{001)-
constructed surfaces [801)-(3 X 1)-H surfaces]. The Si (3 X 1)-H surface created by STM induced desorption of
DBs are created with atomic resolution using the STM tipH atoms [2]. The STM image was recorded using normal
to desorb H atoms from the surfaces [2]. At both po-constant current imaging conditions. Figure 1(B) shows
larities of bias voltage, the Si DB sites exhibit a muchthe photon intensity as a function of the position of the
stronger light emission in the visible spectral range tharSTM (photon map [4,5]). The photon map was recorded
H-terminated Si sites, the spatial resolution of the lightat the same area as in Fig. 1(A) using the constant current
emission being comparable to that obtained in STM toposcanning conditions: sample bias voltayig = —3 V,
graphic images and the wavelength of the photons emittetlinnel current/;, = 8 nA, and a slow scanning velocity
can be changed by the bias voltage of the STM. The light; = 9 nm/s. Figure 1(C) is the STM topographic image
emission does not involve diffusion of carriers or surfacerecorded after the photon map with the same scanning
plasmon modes implying that the photons are emitted froneonditions as in Fig. 1(A). From the photon map, it is
a quasipoint source with a spatial extension comparable tobserved that the exposed DBs forming the letter P exhibit
the size of a DB. a large photon intensity/how0n) [~160 countgsec (cps)
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FIG. 1. (A) STM topographic filled state image of exposed
dangling bonds forming the letter P on a((®il)-(3 X 1)-H
surface ¥, = =2V, I, = 0.2 nA, v, = 1400 nm/s; (B) the
photon map recorded at the same area as in (A) using
-3V, I, = 8 nA, andv, = 9 nm/s; and (C) STM topographic
image recorded after the photon map and with the same
scanning conditions as in (A). The later size of the letter P
is 17 nm.

in the bright regions in B], while/lypeon from H-
terminated areas is much lower-{0 cps in the dark
regions in B) and cannot be distinguished from the dark
count level of similar magnitude.l;, was stable during
recording of the photon map excluding the possibility that
the contrast in the photon map could be due to fluctuations 155eV
in I,. Comparing Figs. 1(A) and 1(C), it is noted that the ° ]
letter P created by the STM is modified only slightly after W 4 w p/
recording the photon map at slow speed and fairly high T —ﬁ — — .—_—_]—.—lﬁ@
V, andI;. Note that the DB features in the photon map -8 -4 0 4 -8 -4 0 4
have as good a resolution as in the topographic images. Sample bias (Volts)

The photon map for then-type sample shown in
Fig. 1(B) was recorded at negatiwé,; but for positive FIG.2. STM induced photon intensity from dangling bond

: sites on Si001)-(3 X 1)-D surfaces as a function of sample bias
Vs, H desorption occurs at a much lowkr[2,7] where voltage (I, = 4 nA) at five different photon energiedv) as

Iphoton Would be too low to be de_tecteq with the pres_entindicated for (A)—(E) the:-type sample and (F)—(J) thetype
system. However, the desorption yield of deuteriumsample. The solid curves are a five-point least-squares filter to
(D) from D-terminated Si(001) surfaces is much lowerthe data. The horizontal dashed lines indicate the noise level,

than the corresponding desorption yield of H [8]. Usingand the vertical bars mark the threshold sample bias where the
a positive V, = +3V and I, = 2 nA, we were able photon intensity becomes larger than the noise level.
to obtain photon maps of exposed DBs onpaype
Si(001)-(3 X 1)-D surface withIyhoon ~ 130 cps from In Fig. 3, Vs iS plotted as a function of the en-
DBs andlpeon ~ 12 cps from D-terminated areas. ergy of detected photorigv) for the n-type sample (open

In Fig. 2, Iphoon from DB sites on10 X 10 nm*  symbols) and thep-type sample (filled symbols). Thin
squares of DBs created by the STM tip is plotted as aolid lines going through the origin with slopesl and
function of vV, using I; = 4 nA and interference filters —1 V/eV are indicated in the upper part (positivg) and
at five different values ofiv as indicated for (A)—(E) the lower part (negativ®},) of Fig. 3, respectively. This
the n-type sample and (F)—(J) the-type sample. The dependence oV, s UpPON hv is expected if the light
circular symbols correspond to the experimental data andmission is caused by spatially indirect dipole transitions
the solid curves are results of employing a least-squaresf tunneling electrons with an energy equal to the differ-
smoothing filter to the data. The noise level is indicatedence between the Fermi levels in the tip and in the sample.
by horizontal dashed lines and the vertical bars mark thét both polarities ofV, for the p-type sample, the ex-
threshold sample biagV; ines) Where Ipnoion beCOmMes  perimental data approximately follow a linear relationship;
larger than the noise level. We have also measiygd, but for thern-type sample, this is true only at negativeg.
as a function ofl, with V, being kept constant. For At positive Vj,, Vp s IS ~1.3 eV larger for then-type
both types of samples and for both polarities ¥, @ sample than for the-type sample whehav = 2 eV.
the results showed an approximately linear relationship According to the experimental data presented in the
betweenl,hoon @and/;, and the quantum efficiency (QE) present paper, the DB surface statesst playan impor-
being almost independent §f was estimated to be of the tant role in the photon emission process at both polari-
order of 10~ photongelectron. ties of V,. The low QE of the photon emission process
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0 1 2 3 surface and with the wave vectors being parallel to the sur-
— T face. The latter condition is important for the escape of the
photon from the cavity between the tip and sample, since
in a cavity between two metal surfaces with a separation
less than 1 nm only photon modes with wave vectors par-
allel to the surfaces are allowed.

Schematic energy band diagrams can then be drawn as
illustrated in Fig. 4 for ap-type semiconductor sample
[Si(001)] and a metal tip (W) and, > 0 (A) andV, < 0
(B). In Figs. 4(A) and 4(B), the two Fermi levels- and
E} are indicated by dashed and solid lines, respectively.
The bonding DB surface staieis located at 0.2 eV below
the valence band maximuiy,, and the antibonding DB
surface stater™ is located at 0.4 eV below the conduction

Threshold sample bias (Volts)

41 @ p-type e | band minimumEe [12]. In Figs. 4(C) and 4(D)/photon
as obtained from Fig. 2 is plotted as a functionkaf for
0 1 2 3 V, > 0andV, < 0, respectively.
Energy of detected photons (eV) For positiveV,, the energy bands bend upwards as illus-

trated in Fig. 4(A). In thepneon Spectra [see Fig. 4(C)],
FIG. 3. Threshold sample bias obtained from the vertical bardhere is a peak v ~ 2 eV forV, = +3 V. This peakis
in Fig. 2 as a function of the energy of detected photons foiinterpreted to be due to spatially indirect dipole transitions
the n-type sample (open symbols) and theype sample (filled  of tunneling electrons from a filled state closeftp in the
o samse T e ey a2 ShGH t to the emptyr” iate in he Sample see short arrow i
curves are guides to the eye. Fig. 4(A)], since forV, = +3 V, the 7" state is located
at~2 eV belowEr and~1 eV aboveEr. The position
(~107% photongelectron at both polarities df,) and the  of the peak or equivalently the wavelength of the emitted
broad band emission from 1.55 to 3.1 eV as observed iphotons can be changed by the bias voltage. \Whers
Fig. 2 make the possibility of band to band electron-holeincreased tot+4 V, the peak is shifted tav ~ 2.5-3 eV
pair recombination unlikely. Effects of surface plasmon(this shift is smaller than the increase di,,, since up-
modes can also be excluded, since the surface plasmavard band bending increases with increasing. The
energy for Si(001) surfaces is12 eV [9], which is far  peak disappears fdf, = +5 V and +6 V where it is ex-
away from the range covered by the experimental data seected to be located outside the measuring range. Dipole
and a W tip exhibits no well-defined plasmon modes [10].
We also exclude optical transitions where an electron for
V, > 0 or a hole forV, < 0 after tunneling through the Vacuum
tip-surface barrier causes an optical transition in the semi hv
conductor via a dangling bond channel. At negative bias‘A Y%b>0
only a small fraction of the hole current originates from
low lying hole states [7], and in contrast to the experimen-g, = \
tal observations, QE would be much lower fgy < 0 Er_ _ _ _ = -
than forv, > 0. Ey A
Other measurements show that QE is nearly indepen A
dent of the tunnel current and the tip-sample distance. ThB v <0
electric field between the tip and the sample depends on th hv
tip-sample distance implying that the polarization of a dan-::c y
gling bond also depends on this parameter. It is thereforeE:— ——— L X5 —T
unlikely that the dominant mechanism is scattering of tun- 1 AN o
neling electrons with the Coulomb field of charged DBs ¢ b 1 > 3
[11]. Instead we find that the experimental data can read // \ E:  Energy of photons (eV)
ily be interpreted in terms of spatially indirect dipole tran- >
sitions between electronic states in the tip and DB stateBIG. 4. Schematic energy band diagrams of the semiconduc-
on the sample surface. From this mechanism, broad bari@lr sample, the vacuum and the metal tip regions in the case
photon spectra and similar QE at positive and negativg a p-type Si(001) sample, (Ay, > 0 and (B)V,, <0. In
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. - C) and (D), the corresponding photon intensities are plotted as
V), are expected as observed experimentally. For a dipol f)unctio(n )of the energ@ of phgot%ns at various values/ppfas

transition between the tip and the sample, the emitted phgndicated. The horizontal dashed lines in (C) and (D) indicate
tons will mainly have a polarization perpendicular to thethe noise level.
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transitions of tunneling electrons into an empty state potength of the photons emitted could be changed by the
sitioned just aboveEr [see long arrow in Fig. 4(A)] bias voltage of the STM. Since the mechanism does not
determines the magnitude @V, 5. AS observed in involve carrier diffusion or surface plasmon modes, the
Figs. 2(F)—2(J), théppoon just above the positivé), s photons are emitted from a quasipoint source with an ex-
is large and exhibits a sharp peak for large valuegawf tension comparable to the size of a DB.

(=2.07 eV), but for small values ohv (=1.77 eV), the We thank M. Tsukada, A. P. Jauho, and K. Johnsen for
Iphoton 1S smaller and the spectra are more dull. This sughelpful discussions. K.S. acknowledges support from the
gests that ther state in Fig. 4(A) becomes empty and actsDanish Research Councils (STVF No. 9800466).

as the final state of optical transitions for largg which
causes a large band bending at the sample surface. For
negativeV,, the energy bands bend downwards as illus-
trated in Fig. 4(B). In this case, thighoon SPECtra shown in
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