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A cryogenic scanning tunneling microscope is used to induce band edge luminescence from
GaAs�110�. The emission intensity varies within the unit mesh of the surface. This atomic resolution
reflects variations of the efficiency of hole injection into states at the valence band maximum.
Moreover, the hole injection efficiency is modulated by local potential fluctuations due to
dopants. © 2010 American Institute of Physics. �doi:10.1063/1.3360203�

The tip of a scanning tunneling microscope �STM� may
be used to locally inject electrons or holes into a sample and
excite the emission of light. Such luminescence has been
observed from metals, molecules on metal surfaces and ul-
trathin insulating films, and semiconductors. In the former
cases, the luminescence involves processes at the sample sur-
face, namely, inelastic tunneling or molecular excitations. As
the tunneling current is localized to atomic dimensions,
atomic scale resolution in maps of the emitted intensity has
been achieved.1–4 In the case of most semiconductors, lumi-
nescence is caused by the recombination of minority and
majority charge carriers. Minority carriers may be directly
injected or created by scattering of injected majority
carriers.5–14 Consequently, the spatial resolution of the lumi-
nescence signal is expected to be determined by the diffusion
length of thermalized minority carriers inside the sample ma-
terial. Indeed, STM induced luminescence did not exhibit
atomic resolution, in agreement with the expectation based
on carrier diffusion. Atomic scale contrast was observed only
at atomic steps, and has tentatively been attributed to a modi-
fied carrier injection,6 and for Si�111� surfaces, where it has
been linked to spatial variation in localized plasmons.15

Here, we present STM induced luminescence data from
GaAs�110� surfaces. Atomic resolution is observed for the
first time, and interpreted in terms of the efficiency of hole
injection at the valence band edge, which varies on the
atomic scale.

The experiments were performed with an ultrahigh
vacuum �UHV� scanning tunneling microscope operated at
low temperature �7.3 K�. n-type GaAs samples �Si doped,
1018 cm−3� were cleaved in UHV to expose a clean �110�
surface. Photons emitted from the surface area underneath
the apex region of a W tip were collected with a lens
mounted inside the vacuum chamber. The collected light was
guided via an optical fiber to a grating spectrometer and a
liquid nitrogen cooled charge coupled device detector.16

In the present experiment, we observed luminescence at
both polarities of the applied voltage. At negative sample
voltages, hole injection from the STM into the n-type GaAs
sample leads to photon emission with an estimated quantum
efficiency of 5�10−5 photons per electron in agreement
with earlier work.17 Spectrally resolved luminescence data

�Fig. 1� reveal an intense emission centered at �840 nm.
This wavelength is consistent with the band gap of 1.49 eV
expected for GaAs, doped 1018 cm−3, at 7 K.18 An additional
emission is observed around 915 nm. Guo et al.10 tentatively
attributed a similar spectral feature to surface defects. Below
we suggest that this additional peak may be tip-induced.

At negative sample bias the luminescence is observed to
occur above a threshold of VS�−1.6 V, which is consistent
with the onset of hole injection into the bulk VB �Fig. 2� and
previous work.9,10,17 At positive bias, the emission sets in at a
distinctly higher bias voltage of �3 V as expected for impact
ionization processes.6 Figure 3�b� shows the spatial distribu-
tion of the band edge luminescence recorded simultaneously
with the STM topograph in Fig. 3�a�, which was measured at
VS=−1.9 V. The “photon map” exhibits a 6% intensity
modulation with atomic periodicity. We verified that this
modulation was not due to a malfunction of the STM feed-
back. A unit cell indicated in both images reveals a lateral

offset of the patterns. Along the �11̄0� direction, the photon
intensity maxima are centered between topographic maxima.
Along �001�, they are offset by �0.09 nm. This is further
visualized in Fig. 3�c�, where maps of maxima of the light
intensity �light gray� and the topograph �dark gray� are su-
perimposed. In addition to the intensity variations on an
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FIG. 1. Luminescence spectrum recorded at a sample voltage VS=−1.9 V
and tunneling current I=1 nA over an exposure time of 1 s. The spectrum is
corrected for detector response.
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atomic scale, an additional modulation is observed on a
larger length scale of �3 nm. A related slow variation in the
apparent topographic height may be discerned in the topo-
graph.

To interpret the observation of atomic resolution in the
photon emission, we first discuss the tunneling conditions.
The proximity of the biased tip to the unpinned GaAs�110�
surface induces a band bending in the semiconductor, due
to its limited carrier concentration. Calculations of this
band bending, taking into account the effects of carrier
dynamics,19 yield the valence and conduction band edge po-
sitions shown in Fig. 4 as a function of the voltage for dif-
ferent doping levels. Tunneling out of the VB at the surface
is possible once the VB edge has an energy higher than the
Fermi energy of the tip. Figure 4 shows that the onset for
tunneling from the VB occurs thus at VS=−1.89 V. In addi-
tion, at negative voltages, the CB edge is pulled below the
Fermi energy of the GaAs sample �located at 0 eV� and
electrons accumulate at the surface in the CB. At the voltage
used to measure the topograph in Fig. 3�a�, i.e., 1.9 V, the
current is thus predominantly due to tunneling out of the
electron accumulation zone in the CB and a minor fraction is
due to hole injection into the VB. Thus, the topographic
maxima reflect the positions of empty C3 dangling bond

states localized above the Ga atoms and the image shows the
Ga sublattice.19

Combining the analysis of the topograph with the experi-
mentally observed offset between topographic and lumines-
cence maxima, we find that the luminescence is most intense
when the tip is located above As atom sites, i.e., where the
maxima of the occupied surface density of states at the VB
maximum are localized.20 We interpret the atomic-scale in-
tensity variations as maps of the effective efficiency of the
hole injection for radiative recombination. The enhanced
photon intensity is related to the enhanced occupied density
of states arising from the particular electronic structure of the
GaAs�110� surface. Filled states near the Fermi energy,
which are suitable for hole injection, are present only close
to the As atom sites. This is where most intense lumines-
cence is excited in the experiments. Whereas the topographic
image is determined by the current from the CB �ICBM� the
luminescence is particularly sensitive to the smaller current
component IVBM which originates from states near the VB
maximum.

The energy of the emitted photons suggests that electron
transitions occur from the GaAs bulk CB minimum to the
VB maximum, since the surface band gap is larger.21 In ad-
dition, the surface gap is indirect. Therefore, we suggest that
the holes which give rise to light emission are injected into
the tails of bulk VB states near the surface and recombine
with electrons in the tails of the bulk CB states near the
surface.

An alternative mechanism that might lead to atomic res-
olution involves the vertical motion of the tip, which is in-
duced by the constant-current mode of operation of the STM,
as observed from metals.22 However, in the present case,
enhancement of the electromagnetic field by local modes is
not known to play a significant role. Moreover, the intensity
maxima do not coincide with topographic minima as would
be expected for such a scenario. We discard this possibility.

At this stage we address the second emission peak at
915 nm, corresponding to a photon energy of 1.35 eV, i.e.,
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FIG. 4. �Color online� Calculated energies of CB minimum and VB maxi-
mum along with Fermi energy of the tip vs sample voltage. Energies are
measured with respect to the Fermi energy of the sample. Dotted, dotted-
dashed, and solid lines correspond to doping levels 1�1018, 2�1018, and
4�1018 cm−3, respectively. Further parameters: tip work function 4.5 eV,
tip-sample distance 0.9 nm, and donor level 5.8 meV.

FIG. 2. Schematic energy diagram of the tunneling junction with negative
bias applied to the n-type GaAs sample. Most of the tunneling current is due
to tunneling from the CB minimum �ICBM�, which determines the topo-
graphic image. A small current component �IVBM� �1� originates from states
near the VB maximum and �2� generates holes at the VB maximum which
�3� recombine with conduction band electrons.

FIG. 3. �Color online� �a� STM topograph �I=1 nA; V=−1.9 VS; and
3�3 nm2� of a terrace of GaAs�110� and �b� map of the photon intensity
with wavelengths 791 nm���950 nm acquired simultaneously. �c� Su-
perposition of maxima in topographic �dark gray� and intensity �light gray�
maps. A unit cell at identical lattice positions is indicated in each image.
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120 meV smaller than the bulk band gap. Since there are no
surface states in the fundamental band gap on GaAs�110�
surfaces and no defects were present, a lower transition
energy cannot be attributed to the GaAs�110� material
alone. Similarly a transition from a Si donor state can be
excluded as an origin of the emission, because its binding
energy is too small even when taking into account the in-
crease due to a modified surface dielectric constant �surf
= ��r,GaAs+�r,vacuum� /2.23 We tentatively propose that the
sharpness of the tip induces a local band bending and forms
a potential well, which confines quantum states with energies
within the band gap and leads to an emission with a lower
photon energy.24

Finally, the long-range variation in the topographic
height can be attributed to the presence of a subsurface Si
donor.25 The donor is positively charged and thus surrounded
by a screened Coulomb potential. At the surface the screened
Coulomb potential induces a downward band bending of the
VB by up to �80 meV depending on the distance to the
charge center.26 This leads to a reduction in the VB density
of states available for hole injection and, hence, a lower in-
tensity of the luminescence. In analogy fluctuations of the
local potential induced by fluctuations in the dopant
distribution27 will also induce fluctuations on the lumines-
cence intensity.
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