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Probing local currents in semiconductors with single molecules

Jean-Michel Caruge and Michel Orrit
Centre de Physique Mole´culaire Optique et Hertzienne, CNRS et Universite´ Bordeaux I, UMR 5798, 351,

Cours de la Libe´ration F-33405 Talence Cedex, France
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The narrow zero-phonon lines of single molecules at low temperatures can be used as sensitive probes for
slow dynamical processes in solids at nanometer scales. Here we propose to probe electric conduction in
semiconductors. In poorly conducting samples of ZnO, we found that only a small fraction of the molecules
react to electric currents, but these reactions can be very strong, leading to line broadening or to changes in the
fluorescence autocorrelation function. Even for moderate applied voltages, we found a few ‘‘hot spots’’ point-
ing to a strong spatial concentration of joule heating in areas less than 100 nm in size. A single molecule can
therefore act as a nanothermometer. In more conducting samples of indium-tin oxide, we found even more
surprising effects. For most molecules, we observed large shifts of the molecular lines under static voltages.
The shift does not arise from a conventional Stark effect and cannot be attributed to lattice heating because the
lines do not broaden, even for the highest voltages we used. We propose that the shift is caused by a change of
polarizability of the semiconductor on application of a current, possibly related to hot carriers. When we
applied ac currents to the sample, we observed clear resonant structures at very low frequencies, between 100
Hz and a few MHz. The resonance spectra were completely different for different molecules in the same laser
spot of less than 1 micrometer in radius. We also observed autooscillations of the molecular transition fre-
quency when a dc voltage was applied to the semiconductor film, with a clear threshold and oscillation
frequencies lower than 100 kHz. The interpretation of these effects is still open, but we think that the molecules
are very close to the semiconductor surface, making image effects quite strong. The surprising resonating
systems we discovered could be related to recharging waves, whose existence was predicted theoretically some
30 years ago in compensated semiconductors.

DOI: 10.1103/PhysRevB.64.205202 PACS number~s!: 72.20.2i, 73.61.Ga, 78.55.Kz, 78.90.1t
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I. INTRODUCTION

Nanoscience and nanotechnology need ever smaller
faster devices to acquire, store, and process ever la
amounts of information. Building and integrating small
and smaller components is a fascinating technological c
lenge, whose ultimate limits are set only by the finite sizes
atoms and molecules. Whereas the basic physical laws
erning the interactions of electrons and nuclei are known
principle, the complex interplay of their collective properti
with quantum-mechanical effects remains difficult to pred
and analyze. Indeed, many of the spectacular effects foun
solid state physics were first observed before they could
interpreted and fully understood. Yet, quantum and collec
effects will certainly play a crucial part in the functioning o
future nanometric components, and harnessing them
lead to completely new operating principles. To achieve t
goal, we need tools and instruments to manipulate, obse
and measure matter at nanometer scales.1 An example of a
simple nano-instrument might be a well-known, reproduci
nanoobject, which could be placed in the vicinity of the d
vice under study. By measuring the perturbations exerted
the device on the nanoinstrument, we would obtain inform
tion about the device’s workings. Any well-defined nanoo
ject, a single nanocrystal, a self-assembled quantum do
nanotube, or, as proposed here, an organic molecule, c
serve as a nanoinstrument. Single nanoobjects can be se
the starting points to devise the intruments and sensors
need to explore the nanoworld. In the present work, the
noobjects will have a fixed position with respect to the d
vice of interest, but eventually the idea is to place the
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instruments at arbitrary positions with respect to the na
structure of interest, moving them for example by means o
sharp tip.

The optical spectroscopy and microscopy of single m
ecules has expanded spectacularly in the past years, and
soon become a current technique in physical chemistry
biophysics.2,3 The simple idea on which the present work
based is to use single organic molecules to probe the tr
port of charge carriers in a conducting material at nanom
scales. Single fluorescent molecules have a number of ad
tages. They can be isolated by purely optical means and
served with an excellent signal-to-noise ratio. Selecting
single molecule removes all the averaging effects of conv
tional ensemble experiments, and directly reveals static
dynamic fluctuations of the molecule itself or of its clo
environment. When a molecule is included in a suitable m
trix at liquid helium temperatures, its sharp zero-phonon l
is extremely sensitive to external perturbations, as can
readily estimated. With the known Stark effect coefficients
single molecules, a change of 1 D(3.3310230Cm) in a di-
pole moment lying 10 nm away causes an observed shif
the order of the linewidth of the probe molecule~typically
1023 cm21 or 100 neV!. The ionization of an electron dono
in an insulating medium could be felt at a distance of 2
nm. By following a molecule’s transition frequency as
function of time, i.e., by following the comparatively slow
frequency jumps and drifts of the single molecule line, o
can probe the local processes occurring in the molecular
vironment. This can be done either by recording many c
secutive spectra4 or by means of a correlation function of th
fluorescence intensity.5 A number of applications of single
©2001 The American Physical Society02-1
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molecule spectroscopy to the investigation of dynamical p
cesses in solids can already be found in the literature. Si
pentacene molecules have been used to probe the dyna
of the domain walls between two ferroelastic domains in
molecular crystal ofp-terphenyl.4,6 The two-state behavio
observed in the optical spectra has been ascribed to flip
of the inner phenyl ring of host molecules between two p
sitions. More recently, a similar mechanism in the local e
vironment of another probe molecule~terrylene! has been
shown to be responsible for persistent spectral h
burning.7,8 The low-temperature dynamics of amorphous s
tems is modelled by a sea of tunnelling systems~TLS’s!,
whose jumps are activated by thermal phonons. By selec
single molecules, it is possible to detect and study sin
TLS’s in polymers,5,9 and to test the basic hypotheses of t
standard TLS model.10 Single molecules are also sensitive
electronic degrees of freedom. A recent work focused
spectral diffusion induced by the migration of triplet excito
in the environment of single molecules.11 The time-
dependence of spectral diffusion showed that the migra
excitons were funnelled to the vicinity of the probe molecu
by perturbed neighbor host molecules. The investigation
electron transfer processes with single molecules has
been restricted to cryogenic conditions. Single cresyl vio
molecules adsorbed on the surface of a semicondu
~indium-tin oxide, ITO! at room temperature showed diffe
ent rates of electron transfer to the ITO substrate.12 Each
single molecule presented a single-exponential decay, w
wide distribution of rates for the ensemble. Luminesc
nanocrystals are also sensitive to the electric fields create
localized charges in their neighborhood.13 The strong fluc-
tuations of their luminescence, called blinking, which a
hallmarks of single-particle experiments,14 have been attrib-
uted to the transfer of charge carriers from the active cor
the dot to its mantle or to its immediate environment.

The experiments reported here are a first step towards
design and development of new nanoinstruments to se
electrical observables at small distances. In the present w
we only wish to demonstrate the feasibility of this idea, a
to show that single organic molecules can indeed probe l
electrical processes. We used rather crude experimental
cedures, and we prepared the samples ourselves with a
tering apparatus and standard techniques such as
coating. Although there is still much room for improveme
in the quality and reproducibility of these samples, we rep
several new and unexpected effects of the interaction
tween the molecule and the conducting material. The res
presented here raise many questions and require much
ther experimental and theoretical work, but we think th
they demonstrate that the realization of devices to mon
electronic processes in individual nanostructures is wit
reach of today’s techniques.

The paper is set up as follows. In Sec. II, we describe
experimental procedures. The macroscopic characteriza
of the semiconductor layers are described and discusse
Sec. III. Section IV is devoted to a description of the resu
of our single molecule studies. These results are discu
and possible interpretations are suggested in Sec. V.
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II. EXPERIMENT

Two types of semiconductor films were prepared by sp
tering, either zinc oxide~ZnO! or indium-tin oxide doped
with germanium~ITGO, with the molar ratios 97% In2O3,
2.5% SnO2, and 0.5% GeO2!, from the respective cathod
materials. The Ar pressure, voltage, and substrate temp
ture were determined in earlier studies15 so as to optimize the
conductivity of thin films for uses as transparent electrod
The resulting deposition speed varied between 0.02 and
nm/s. The 10 to 100 nm thick films used in the present w
were deposited on a glass substrate.

The bulk electrical properties of the sputtered mate
were determined previously at room temperature.16–18 For
ZnO,16,17 the resistivity depended strongly on the residu
oxygen pressure in the vacuum chamber and varied betw
431023 and 10V cm, corresponding to a degenerate to no
degenerate semiconductor, showing metallic to insulating
havior at liquid helium temperatures. The resistance of
nondegenerate samples increased by several orders of
nitude upon cooling.

Bulk ITGO layers prepared from the same cathode ma
rial had a resistivity of 2.2731024 V cm, corresponding to a
carrier density of 531020cm23, and to a mobility of 55
cm2/Vs.18 For this highly degenerate material, the resistan
of the layers we prepared did not change by more than 1
upon cooling to liquid helium temperature. Knowing th
thickness of our deposited film, we could calculate its res
tance from the bulk resistivity, and compare it to the me
sured resistance value. This measured value was abo
times larger than the theoretical estimate. This result is c
sistent with a moderate disorder in the layer, which could
represented as interconnected grains or islands. Scan
electron microscope images of the layers did not show
significant structure at a low resolution of 100 nm, ap
from a few larger defects. We also recorded atomic fo
images of the layer with an AFM~see Fig. 1!. The images
show a marked grain structure, with a typical grain size co
parable to the thickness of the layer, about 10–30 nm for
films used in the present work. Some control measurem
on even better conductors were done on metallic films.
chose chromium because it yields thin conducting lay
without islands already for thicknesses as small as 10
nm. The resistance of a square sample of our Cr layer
2.7 kV.

In the ideal experiment, the zero-phonon line of a sin
molecule should probe electrical processes in the underly
conducting layer. Therefore, the sensitivity of the molec
will be directly proportional to the sharpness of its optic
absorption line. In room temperature experiments, where
tical lines are very broad anyway, it is possible to adso
organic molecules directly onto the surface of t
semiconductor.12 However, if we want sharp zero phono
lines at cryogenic temperatures, we need a rigid matrix
hold the organic molecules in place after optical excitation19

We employed two procedures to deposit molecular layers
top of the semiconductor films. In the first procedure, wh
we used mainly for ZnO films, we spin-coated a thin po
isobutylene ~PIB! layer with a low concentration~about
2-2
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PROBING LOCAL CURRENTS IN SEMICONDUCTORS . . . PHYSICAL REVIEW B 64 205202
1025 g/g! of terrylene ~Tr! or tetra-tert-butyl-terrylene
~TBT!.20 In the second procedure, mainly used for ITG
films, we started by spreading a droplet of a dilute tolue
solution of the probe aromatic molecules Tr or TBT, on t
clean semiconductor surface. After the toluene had eva
rated, we spread a small quantity of liquid hexadecane~HD!
on the surface and let it evaporate for several minutes
reduce its thickness to some extent. This second proce
had the advantage of a much better spectral stability of
single molecule lines in the crystalline Shpol’skii matrix,21,22

but had the drawback that the average distance from the
ecule to the semiconductor was not controlled. Neverthel
on the basis of our results, we think that a large fraction
the molecules~at least some 50%! remained stuck to the
semiconductor surface or located at a very short dista
from it. This uncertainty, and the lack of reproducibility o
the spatial distribution of the molecules from sample
sample will have to be kept in mind when interpreting t
data. Shortly after preparation, the hexadecane samples
placed in the cryostat and cooled to prevent further evap
tion. The polymer samples could be kept at room tempe

FIG. 1. Images of the surfaces of two of our ITGO films r
corded with an atomic force microscope. The upper image is fro
10–20 nm film, the lower one from a 50 nm film. Note the gra
structure and the merging of the grains when the layer thicken
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ture for long times. The final layout of the samples
sketched schematically in Fig. 2.

The samples of coated films (232 mm2) were fitted with
two silver-lacker electrodes providing ohmic contacts
macroscopic resistance measurements and for applicatio
dc or ac voltages to the film. To apply electric fields perpe
dicular to the film~which we did for complementary exper
ments on the ITGO layers!, we added a third electrode, eithe
on the opposite side of the glass substrate~i.e., below the
layer!, or as a thin wire above the layer~see Fig. 2!. Only in
the latter kind of cell did a significant electric field apply
all the molecules. In the former geometry, the electric fie
was very efficiently screened by the highly conducting ITG
layer, so that its effect was unnoticeable in most of the m
ecules.

All of the results presented here were obtained in
pumped superfluid helium bath to minimize heating effec
The nominal cryostat temperature, measured by a Ge re
tor, was kept in the range 1.6–2.5 K for all the measu
ments. Most often, it was stabilized at 1.860.05 K.

The optical setup was basically the one described in e
lier publications on single molecule spectroscopy from o
group.3 Here, we used the confocal arrangement based on
high-quality concave parabolic mirror of Ref. 23. The exc
ing light was focused by the mirror, which also collected t
fluorescence light in the inverse pathway. This mirror has
advantages of being perfectly achromatic and of havin
wide collection angle, but its surface quality is limited b
machining defects. The point spread function~i.e., the opti-
mal spot size obtained upon focusing a beam parallel to
optical axis! was about one to two microns in width. Th
molecules were excited in their 0-0 band~about 575 nm! by
means of a tunable single-frequency laser~Coherent Radia-
tion CR699-21!. The exciting light was removed from th
detection path by colored glass filters~Schott, RG610!. The
fluorescence photons were detected with a photoncoun
avalanche photodiode~SPCM-AQ-131! and fed into an ac-
quisition card~model Accuspec from Canberra!. A typical
fluorescence signal from a single terrylene molecule w
this setup yielded about 100 000 cps close to the satura
which enabled accurate measurements of the line shape
line shifts on a time scale of seconds or shorter. No spa

a

FIG. 2. Schematic layout of our sample, with the glass substr
the thin conducting film of ZnO or ITGO, and the matrix laye
containing the probe molecules~here hexadecane!. A current can be
established in the film by means of a voltageV connected by ohmic
contacts with silver lacker~electrodes!. In some experiments, we
applied a much stronger voltageVG with a gold electrode, leading
to a strong electric field perpendicular to the film; of course,
current flowed perpendicular to the film.
2-3
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JEAN-MICHEL CARUGE AND MICHEL ORRIT PHYSICAL REVIEW B64 205202
images were recorded, but the exciting spot could be mo
manually across the surface, so as to illuminate a fresh
gion of the sample. Single molecule signals were recorde
excitation spectra, i.e., the absorption lines were observe
monitoring the fluorescence intensity as a function of
frequency of the exciting laser, for various applied dc vo
ages. By recording many excitation spectra repeatedly,
obtained spectral trails of the molecules,4,10 which allowed
us to follow the spectral diffusion of the molecule with
time resolution of about 1 s, or to record the influence
external parameters such as the amplitude of the dc vol
applied to the layer, or the frequency of an ac voltage
constant amplitude. Finally, we could also measure the
relation function of the fluorescence intensity for a fixed
ser frequency and a fixed applied dc voltage. The correla
function keeps track of the fluctuations of the fluoresce
intensity, usually caused by fluctuations in the molecular f
quency with respect to the fixed frequency of the excit
laser.5

III. ELECTRICAL CHARACTERIZATION OF THE
CONDUCTING LAYERS

We measured the resistance of ZnO films as a function
temperature between 1.7 K and room temperature, which
lowed us to distinguish between degenerate and nondege
ate materials. For nondegenerate samples in the temper
range 1.4–2.1 K, the resistance followed a Mott law, ch
acteristic of variable range hopping in a disorder
material.24

In view of the surprising results reported in Sec. IV, w
investigated the macroscopic electrical properties of
ITGO layers in more detail. The dc conductivity of th
samples seemed to follow Ohm’s law in the range of vo
ages we used for the optical experiments, 0–10 V. Howe
on closer inspection, we found a significant variation of t
resistance with the applied voltage at all temperatures,
cluding in superfluid helium. This effect cannot be attribut
to lattice heating by joule dissipation~see discussion below!.
It is well known in other materials and has been ascribed
the heating of charge carriers by the applied elec
field.25,26 Because the electron-phonon coupling becom
very inefficient for low excess energies of electrons and
low temperatures, electrons can be significantly warmer t
the lattice or the bath of acoustic phonons. The electr
phonon relaxation rate increases very steeply with elec
temperature~as the fifth power of temperature, according
Ref. 27!. Therefore, the temperature difference between
carriers and lattice is limited, but it can easily reach 10 K
an applied electric field of 10 kV/m. The relative resistan
changes for such fields are about 0.1%.

The behavior of the ac conductivity as a function of fr
quency was quite smooth and only showed a slight decre
of the impedance at higher frequencies, for a constant v
age amplitude. This observation is rather common in dis
dered layers and is usually attributed to capacitive effect
the network of conducting grains or islands.
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IV. RESULTS

A. Experiments on ZnO

We started our experiments with poorly conducting film
of ZnO, expecting to find hopping transport at a local sca
For these experiments, we prepared 100 nm thick ZnO fil
on top of which we spin-coated a 10 nm thick layer of P
doped with TBT at low concentration. We prepared tw
kinds of samples, either with nondegenerate ZnO films~in-
sulating, resistance of a square larger than a GV at 1.8 K!, or
with highly conducting ZnO films~resistance of a square o
a few kV at 1.8 K!. We used a spin-coated layer on glass
a blank sample. The broad inhomogeneous absorption b
of the three samples deduced from the spectral positions
hundred single molecules was roughly the same within
perimental and statistical inaccuracies.

In a first attempt to detect additional dynamics induced
charge transport in the semiconductor layer, we measu
histogrammes of the linewidths of single molecules. T
linewidths are known to be sensitive to the dynamical d
grees of freedom still active at the temperature of
experiment.9,22 Figures 3~a!–3~c! compares these histo
grammes for the glass, the insulating ZnO and the meta
ZnO samples. As could be expected, there is no esse
difference between the insulating ZnO and glass. The me
lic ZnO sample, however, shows significantly broader sin
molecules lines, the average width being about twice as la
as in the sample on glass. One could think of fluoresce

FIG. 3. Histogrammes of the linewidths of single TBT mo
ecules in a 10 nm PIB film deposited on three different substra
The single molecule lines are about twice broader on average on
metallic ZnO film.
2-4
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PROBING LOCAL CURRENTS IN SEMICONDUCTORS . . . PHYSICAL REVIEW B 64 205202
quenching as a possible cause for this broadening. Que
ing could result from the creation of electron-hole pairs
the conducting layer. However, metallic ZnO is transpar
in the visible~gap energy 3.5 eV!, and we did not find any
difference in the average fluorescence intensity of sin
molecules for the three samples. We also detected si
molecules on thin Cr films, which are much more efficie
fluorescence quenchers than metallic ZnO. Therefore, we
not think that fluorescence quenching is the source of
added broadening. We attribute the difference in his
grammes to perturbations of the molecules by the additio
degrees of freedom in metallic ZnO, probably by therma
induced movements of charge carriers.

We then studied single molecules with a variable appl
electric field to search for individual two-level system
~TLS’s! or other degrees of freedom influenced or activa
by an applied field. Earlier studies of single Tr molecules
polyethylene did not show any significant electric field e
fects on most of the usual TLS’s for the range of fields

FIG. 4. Dependence on voltage of the spectral trail of a sin
molecule on a metallic ZnO film. A two-level system is active
V50 ~top trail! and is responsible for the spectral jumps. AtV
53 V ~bottom trail!, it is nearly frozen in one of its wells.
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vestigated~less than 10 MV/m!. To look for these effects in
our thin films on ZnO, we monitored the spectral trails
single molecules under various dc fields. The cases of
nificant variations of the spectrum by the electric field we
rather rare~less than 10%!. Figure 4 presents one examp
where the spectral trail of a single molecule depends on
applied dc voltage. The jumps to spectral position~1! are
seen to be much less frequent under an applied voltage
V. Another way to keep track of fast spectral jumps is
record the autocorrelation function of the fluorescence fo
fixed frequency of the exciting laser.5 A few examples of
changes of the correlation function are presented in Fig
Figure 5~a! shows a change in contrast of the correlatio
which may be attributed to a change in asymmetry of
TLS responsible for the fluctuation. In Fig. 5, the correlati
time is changed, an occurrence which was only obser
upon temperature changes in Ref. 5. Figure 5 shows a c
plete change of shape of the correlation, from sing
exponential without voltage to multiexponential or logarit
mic for high voltage. This could be explained by th
activation of many tunneling systems with a range of jum
ing times, as would be the case for charge transport. H
ever, in our experiments, such events were too rare~10%! to
study systematically.

e

FIG. 5. Examples of changes of the intensity correlation fu
tions of the fluorescence of single molecules under an applied fi
Such strong changes never occur for the ranges of fields used
when the molecules are embedded in the bulk of an insulating
trix. These changes can be attributed to fluctuations of the mole
lar frequency induced or altered by dynamical conduction proce
in the film.
2-5
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FIG. 6. Broadening and shif
of the line of a single molecule
close to a metallic ZnO film as
functions of an applied voltage
The smooth lines are fits with a
simple model, where the tempera
ture is raised by joule dissipation
in the film. Such plots are ob-
served for very few molecules
only, and are a proof that a signifi
cant part of the joule heat is diss
pated in a few small ‘‘hot spots.’’
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In the last kind of experiment, we followed the line sha
of single molecules under various voltages applied, as
done in Stark effect experiments.28–30 Figure 6 presents
single molecule spectra showing a strong broadening
shift for voltages lower than 1 V~corresponding to a field o
500 V/m!. The broadening and the shift suddenly increa
for voltages larger than 0.3 V with a behavior which see
exponentially activated if the temperature increase is prop
tional to the square of the applied voltage~Fig. 6!. We at-
tribute the broadening and the shift to a local temperat
increase induced by the current. The total power dissipate
the ZnO film is of about 3 mW. Only less than 1–2% of t
molecules showed any broadening for such voltages. T
shows that the joule power is dissipated in a very inhomo
neous way, with a few hot spots here and there, and c
paratively larger cool areas where most molecules are s
ated. The linewidth can be related directly to a temperat
by means of the thermally induced broadening of the line20

Therefore, here, a single molecule acts as a very local t
mometer. The mechanism of the shift is less clear, and
be discussed in Sec. V. We encountered only 2 molec
close to hot spots in the same laser spot where over
molecules were investigated. This indicates that the area
sponsible for the hot spot must be smaller than about 100
in diameter.

B. Experiments on ITGO

The results on ZnO showed the extreme inhomogeneit
electron transport in this disordered semiconductor. On in
lating films, we could not find any molecule which reacted
the weak current, although strong effects should have b
seen for the few molecules close to the conduction pa
postulated in Mott’s theory. On metallic films, on the oth
hand, we saw that only a few molecules showed strong
fects~such as hot spots!, and therefore that the charge tran
port was still inhomogeneous. Trying to separate the par
the effects due to homogeneous conduction in the bulk
material from those due to localized conducting paths,
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decided to use much thinner layers of a much more cond
ing material, ITGO, which is often used for transparent el
trodes. We did not expect any dramatic influence of a hom
geneous current on single molecules, but to our big surpr
we found the novel effects described below. The ITGO film
used in this part had thicknesses ranging between 10 an
nm. They were covered by about a micron of hexadec
matrix in which Tr or TBT molecules had been dissolved

1. dc experiments

The lines of single Tr and TBT molecules on the th
ITGO films were easy to detect. About 70% of the molecu
showed strong shifts when moderate dc voltages of less
10 V were applied to the film~fields lower than 5000 V/m!.
We think that those molecules were close to the semicond
tor surface, and attribute the other, nonshifting lines to m
ecules having diffused in the bulk of the hexadecane la

FIG. 7. Examples of the shift for two single molecule line
when a dc voltage is applied to an ITGO film. Note the differe
possible signs of the effect, its magnitude, and the presence
threshold, beyond which a new regime is found.
2-6
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PROBING LOCAL CURRENTS IN SEMICONDUCTORS . . . PHYSICAL REVIEW B 64 205202
during the preparation. For most of the ‘‘shifting’’ molecule
the order of the shift was about 0.1 to 10 GHz for 10 V. T
shift was nearly quadratic in voltage for low voltage, a
could either be to the red~in about 3 out of 4 cases! or to the
blue ~1 out of 4!. Figures 7 and 8 show several examples
shifts of single molecules, either plotted as functions of
applied voltageV, or recorded as ‘‘spectral trails,’’10 as a
function of voltage. These trails are series of success
spectra where the intensity is coded by levels of gray. In
case of the trails of Fig. 8, the voltage varied like a sawto
as a function of time, which allowed us to test the reprod
ibility of the shift by comparing several scans. The examp
highlighted in Fig. 7 are quite typical and we will describ
them in detail. The shift of the line is roughly proportional
V2 for voltages lower than a fewV. Then, a threshold is
reached, and in a rather abrupt way, a transition to a n

FIG. 8. Spectral trails as functions of the applied voltage fo
few other molecules. Note that the lines shift without significa
broadening, which proves that the lattice remains cold, althoug
significant power is dissipated in the film. In the top trails, most
the molecules shift to the red, with variable coefficients. The bott
trail shows a molecule whose blue shift decreases again, and
changes sign after the voltage threshold~about 5 V!.
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regime takes place, in which the shift may still increase,
decrease, and sometimes even change sign. It is worth no
that shift curves are different for each individual molecu
we studied. Note also that the magnitude of the shift is ab
1000 times larger than the usual linear or quadratic St
effects observed for the same molecules in insulat
matrices.30 We could not measure any linear component
this shift. Within our experimental accuracy, the quadra
component was always dominant, even for very low fields
very important feature, and a striking difference from t
molecule of Fig. 6 on ZnO, is the absence of any signific
broadening of the line for voltages below the threshold, a
even above threshold for a large fraction of the molecules
we consider the zero-phonon lines of our molecules as lo
thermometers, as in the case of ZnO, we see that they did
indicate any change in lattice temperature~within a few K,
since the linewidth increases very slowly with temperatu
below 4 K!. On some shift curves, we notice slope chang
for well-defined voltages, which could perhaps indicate ot
thresholds. For example, in some cases, above a se
thresholdV1 somewhat higher than the first one, the tr
becomes very noisy, and the molecule eventually disapp
~i.e., undergoes a large spectral jump, which shifts it irreve
ibly out of the scanning range of the laser! if the voltage is
further increased. The threshold value was often the same
molecules in the same laser spot, one to two microns in
~see Fig. 8!, but varied when the spot was moved by a fe

FIG. 9. ‘‘Cat’s ears,’’ i.e., shape of a single Tr molecule line
hexadecane on an ITGO film, when an ac voltage is applied to
semiconductor for three different amplitudes of the voltage at
same frequency.
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microns across the sample. This may indicate that the p
nomena responsible for the thresholds are located in reg
of about one to a few micrometers in diameter.

In order to check for electric field effects, we applie
electric fields perpendicular to the film. Invariably, the fie
had to be much larger to measure shifts, and the shifts w
linear, as in other Shpol’skii matrices30 and other molecular
crystals,28 with no measurable quadratic component for t
fields applied~of the order of 1 MV/m!. This confirms that
the large shifts observed when the field is applied paralle
the layer are connected to the current in the layer rather
to the field itself. Because the quadratic shifts reminded u
a joule effect of the dissipated power, and although no bro
ening was measurable, we tried to check for thermal effe
by changing the resistance of the film, either by changing
geometry, or its conductivity. Such changes should have
tered the production and transport of heat and therefore
temperature reached. In spite of the difficulty of compar
different molecules in different samples, no statistically s
nificant difference was found from sample to sample, wh
points to a purely local effect rather than to a global eff
felt locally, such as a heating of the whole sample.

2. ac experiments

Trying to elucidate the origin of the large dc shifts, w
investigated the spectra of single molecules under an app
ac voltage. For practical reasons, the frequencies we c
reach were limited to less than 15 MHz. The idea was to
and find whether slow processes were involved in the
known mechanism relating voltage to shift. When a we
ac-voltageV0 cosvt is applied at a low frequency to a sing
molecule with a quadratic shift in voltage, the line shi
sinusoidally at the second harmonic of the applied freque
The resulting spectrum, which we dubbed ‘‘cat’s ears,’’ h
two intense structures corresponding to voltages 0 and6V0
with a minimum inbetween. This typical profile of a (

FIG. 10. Plot of the splitting of the ‘‘cat’s ears’’ for a give
voltage amplitude of 1 V and as a function of the ac frequency. T
initial decrease of the effect for frequencies lower than 50 kHz
followed by a resonant structure with a roughly Lorentzian shap
further structure occurs above 400 kHz~not shown on the plot!.
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2x2)21/2 function is shown in Fig. 9 for various voltages
the same frequency. The splittings induced by the ac volt
were measured as the spectral distance between the ‘‘ear
a function of the applied frequency, for a constant volta
amplitude. This splitting only gives the amplitude~or modu-
lus! of the effect. We did not attempt to measure its phas

We did not expect any significant amplitude change
low frequencies~less than a few MHz! because we though
the charge carriers in the semiconductor would respond
most instantaneously to the applied field. Quite unexpe
edly, we observed very strong variations of the shift amp
tude, in general for frequencies lower than 1 MHz, includi
distinct Lorentzian resonances. Figure 10 shows the typ
response curve of a single molecule. The shift first decrea
for frequencies lower than 50 kHz, then increases to reso
at about 230 kHz and decreases again at higher frequen
The width of the resonance is about 30 kHz. A few oth
examples are shown as spectral trails in Fig. 11. The spe
are now plotted successively as the ac frequency is var
These response curves can show either no resonance, o
two or more, or even totally confused patterns. Two re
nances sometimes appear to interfere, or to give rise to b
like patterns. Often, additional structures can be seen at
quencies lower than the main resonance. The most strik
feature of these response curves is that they depend en

e
s
A

FIG. 11. Four further examples of the resonance curves~see Fig.
10! for four single molecules in hexadecane on an ITGO film, p
sented as spectral trails as functions of the ac voltage freque
Note the wide range of resonance frequencies, widths, and sh
observed for different molecules. All these different behaviors
observed in the same focal spot of the laser, about 1 micron in s
which shows that the domains responsible for the resonances
100 nm in diameter or less.
2-8
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PROBING LOCAL CURRENTS IN SEMICONDUCTORS . . . PHYSICAL REVIEW B 64 205202
~via their frequency, width, amplitude, the number of t
structures, etc.! on the particular molecule under stud
Within the same laser spot of a diameter of one to two
crons, we never found two resonances to have the same
quency or shape, even after studying tens of molecules.
important point shows that the interacting molecu
semiconductor systems producing this response must be
local, with sizes probably well below 100 nm. We also fou
that the resonances depend on the preparation of the sam
In one case, we observed the usual dc shifts, but the resp
curves of all molecules were uniformly decreasing with f
quency~usually by a factor 2 for about 100 kHz!, with no
resonance for frequencies below a few MHz. This might
dicate the sensitivity of these resonances to the precise
tance or contact between molecules and semicondu
which may depend on the preparation of the sample.

3. Spontaneous oscillations under dc voltage

Although the macroscopic current-voltage characteris
we measured on our samples were nearly compatible
Ohm’s law, apart from the slight change of the resistan
with the applied voltage, we may expect the conduction p
cess on smaller scales to be highly nonlinear for high eno
voltages. The molecule-semiconductor systems discusse
the previous section behave like oscillators, i.e., they resp
like damped oscillators to a sinusoidal excitation. Wh
driven by a nonlinear process, even under dc voltages, s
oscillators can be expected to give rise to auto-oscillatio
We indeed found several examples of such self-oscillati
at high enough voltages. Figure 12 shows the dc shift o
molecule, presented in the form of a spectral trail as a fu
tion of dc voltage. Beyond the first threshold at 5.5 V, t
shift suddenly rises, then appears to saturate, while the s
tral shape changes dramatically, showing distinct ripples.
dubbed such patterns ‘‘tire tracks.’’ The ripples are not
intrinsic spectral feature of the line. They depend on
scanning rate of the laser. One of the spectra can be fi
with a simple simulation of a Lorentzian line whose cen
frequency oscillates periodically in the spectrum. Fitting t
oscillations’ parameters on the experimental spectrum,
found a frequency of about 100 Hz. Let us stress again
the frequency of the line oscillates although only a purely
voltage is applied to the sample. We also found the sig
tures of faster oscillations in the intensity autocorrelat
function. Since the molecule moves in and out of resona
with the laser, the intensity is modulated at the oscillat
frequency or at its second harmonic, depending on the a
age spectral position of the molecule with respect to the
citing laser. Figure 13 shows an example of a correlat
function below and above a given voltage which was
threshold for the auto-oscillation. This threshold was clea
higher than the first one observed in the dc-shift characte
tic. A natural question arising from the oscillations of th
correlation function is that of their quality factor. In Fig. 1
the oscillations appear severely damped, but this is ma
due to the pseudologarithmic scale and to the numer
treatment of the data to obtain the correlation function. T
frequency of the self-oscillations sometimes corresponde
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the resonances in the ac-shift response, but not always
also found molecules oscillating simultaneously with tw
distinct frequencies.

V. DISCUSSION

Since the discovery of single molecule lines, they ha
been exposed to various external field effects. The posi
of the zero-phonon line of a single molecule is known to
sensitive to electric fields,28–30 to hydrostatic pressure31,32 or
more generally to mechanical stress. Magnetic field shifts
usually negligible for singlet states but they were alrea
measured by hole burning on ring-shaped molecules.33 The
frequencies of single molecules are also sensitive to chan
of dielectric permittivity in their environment. For exampl
the frequency of a spectral hole~corresponding to a large
number of single molecules, all with the same transition f
quency! burned in a surface monolayer containing dye m
ecules shifts when the sample is immersed into superfl
helium.34 The change in permittivity across the interfa
modifies the images of all charges, including the molecu
static and transition dipoles, and the other charged molec
in their surroundings. The optical transition is shifted by t
interaction of the molecular electronic cloud with the mod
fied images. This shift, which includes van der Waals forc
among other effects, may be seen as caused by the colle
response of the remote electrons in the helium bath to
oscillations of the optical electron of the molecule. In t
following, after eliminating the other possible mechanism

FIG. 12. The dc voltage dependence of the spectrum of a si
TBT molecule on ITGO. After a first, then a second threshold,
trail appears to become ‘‘spotty.’’ These spots may be attributed
spontaneous oscillations of the transition frequency of the sin
molecule in and out of resonance with the laser. The oscillat
frequency is about 100 Hz in the present case.
2-9
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JEAN-MICHEL CARUGE AND MICHEL ORRIT PHYSICAL REVIEW B64 205202
we argue that this latter effect is responsible for the large
shift we observed.

Let us first consider the ‘‘normal’’ Stark effect, due to th
direct interaction of the applied field with the static dipo
moments and polarizabilities in the ground and excited e
tronic states.30 The observed shift is too large for a quadra
Stark effect, which would require an enhancement of
local field by a factor 1000. On the one hand, such a h
enhancement factor is very unlikely in a conducting medi
prone to screening, on the other hand, it should be spat
concentrated by the same factor 1000, since the total po
tial drop is fixed. The fact that a large part of the molecu
in many samples show strong dc shifts effectively elimina
the Stark effect as a possible explanation. We may also
that the Stark effect should have a dominant linear com
nent for low fields ~as observed for Tr or TBT in
hexadecane30!, which was never observed as long as the fi
was applied within the layer, and that blue shifts are
compatible with the normal polarizability change of terryle
molecules.35

One can also think of mechanical or pressure effects
duced by the electric field. Similarly, the order of magnitu
of pressure shifts shows that electrostriction leads to sh
generally comparable to or smaller than the quadr
polarizability.30

A second possible explanation coming to mind are th
mal effects, which could lead to mechanical dilations or ph
non shifts.36 The Joule power dissipated in our millimetr

FIG. 13. Autooscillation of a single molecule line on ITGO wi
an applied dc voltage. The oscillation appears above a given vo
threshold~8.3 V in the present case!, and is detected in the fluores
cence autocorrelation function. The periodic oscillatory feat
around 0.1 ms is distorted by the logarithmic time scale of the p
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sample is far from negligible, up to about 100 mW. Howev
several arguments, as follows, lead us to reject change
the lattice temperature as possible causes of the obse
shifts.

The effective changes of the lattice temperature canno
larger than a few K, because no line broadening is obser
even above the thresholds. Thermal expansion is very w
at such low temperatures because acoustic phonons
nearly harmonic.

The shift of the single molecule line by lattice phonons
usually comparable to the broadening of the line. Here
shift dominates the broadening by at least one or two ord
of magnitude.

All the results presented here were obtained in superfl
helium. We also measured the voltage-induced broaden
and shift of the lines in a He gas atmosphere, which is a p
heat conductor. Under these conditions, we observed the
broadening for voltages larger than 0.5 V, which, after ind
pendent calibration of the thermal molecular broadeni
was found to correspond to a temperature of 4 K. The ra
of thermal conductivities for gas and superfluid helium
about six orders of magnitude.37 Therefore, we could calcu
late that the temperature raise of the helium bath at
sample could not exceed some mK, which is negligible. T
analysis was confirmed by changing the geometry or cond
tivity of the sample, which did not change the shifts drama
cally, although it should change the boundary conditions
heat conduction, and therefore the lattice temperature of
sample. The estimate of the temperature rise in helium a
allows us to eliminate second sound or boiling effects
superfluid helium. The appearance of bubbles or similar n
linear phenomena in superfluid helium, even if they cou
occur on such extremely local scales, does not appear t
compatible with the low resonance frequencies we observ

The above discussion has ruled out thermal effects in
lattice. Yet, thermal effects in the electron gas itself are
other matter. It is known that the resistance varies as a fu
tion of the joule power dissipated in a sample, because
transfer of heat between hot electrons and acoustic phon
becomes very unefficient at low temperatures.26 By measur-
ing the sample resistance for various voltages, we ind
found sizeable variations, following theT5 electron-phonon
coupling law reported earlier.26,27 We therefore propose as
model that the permittivity of the electron gas in the sem
conductor is changed by joule heating, as a consequenc
the temperature change of the electron gas. For the lar
voltages applied, we estimated the variation of the cha
carriers’ temperature to be about 10 K. This must be co
pared to the Fermi temperature of the carrier gas, which m
be estimated from the carrier density (531020cm23) to
about 104 K. Assuming that the permittivity of the semicon
ductor varies linearly with temperature in a small interv
this change is small~of the order of 1023!, but it can never-
theless cause large shifts of the molecular transition if
molecule is close enough to the interface. In our model,
heating is related to the local current density and therefor
the electric field for a given conductivity. Therefore, it mu
be insensitive to heat transport at the scale of the wh
sample and to sample geometry at constant current den

ge

e
t.
2-10



in
n
tr
lc
n
th
h

an
d

le
bi
he

a
i-

le
th
tio
g
os
f t
te
fo
e-
t
la
no

al
ge
o

th
tio
rg
u
te

a
a

e

r-
-

ac

in
ve
ob

er
nl

lt-
cur-
av-
this
ons
ing
be

for
elf-
tion
re-
es
ve-
tro-
ith

lla-
on-
ge
the

he
illi-

g
tion

nt of
w
uris
i-

car-
ac-

nd
r.
of

ob-
w-

cal
ired

non
ules

e
ted
. The
uld

s,
this

to
ur-
act
om-
ous
not

PROBING LOCAL CURRENTS IN SEMICONDUCTORS . . . PHYSICAL REVIEW B 64 205202
The mechanism we propose for the shift involves the
teraction of the molecule’s optical electron with the electro
of the semiconductor. Assuming the semiconductor-ma
interface to be flat, these interactions can be easily ca
lated. Since the distances are much less than the wavele
of light, we may use the electrostatic approximation and
theory of electrostatic images. We see three distinct mec
nisms for the interaction of a molecule with images in
absorbing dielectric half-space~two of them are discusse
theoretically in Ref. 38!.

~i! The interaction of the transition dipole of the molecu
with its image. In this mechanism, an increase in polariza
ity of the semiconductor will always lead to a red shift of t
transition frequency. Since the transition dipole oscillates
the optical frequency, the dielectric permittivity of the sem
conductor should be taken in the high frequency limit.

~ii ! The interaction of the static dipole of the molecu
with its image. Because the static moments differ in
ground and in the excited molecular states, this interac
leads to a shift of the transition energy when the ima
strength changes. Moreover, the transition shift can be p
tive or negative, depending on the respective strengths o
static dipole moments in the ground and the excited sta
This mechanism involves quasistatic images, and there
the dielectric permittivity of the semiconductor at low fr
quencies. Note, however, that these frequencies canno
much lower than the inverse dwell time in each molecu
state, of the order of the excited state lifetime, a few na
seconds.

~iii ! The interaction of the molecule with the addition
electric fields created by the images of the static char
surrounding the molecule. Depending on the orientation
the electric field created by the images with respect to
static dipole moment change of the molecule, this interac
energy can also be positive or negative. Since the cha
around the molecule are fixed in time, we must use the tr
static dielectric permittivity of the semiconductor to calcula
this interaction.

The order of magnitude of the expected shifts can be e
ily calculated in this model. For example, for the first mech
nism, the frequency shiftdv is given by

hdn5
21

2p«0

1

~2d!3

«1d«2

~«11«2!2 meg
2

if the transition dipolemeg is parallel to the interface,«1 and
«2 being the relative permittivities of the matrix and of th
semiconductor, respectively,d«2 the change in«2 due to the
applied voltage,d the distance of the molecule to the inte
face, and«0 the permittivity of vacuum. Note the inverse
cube dependency of the shift on the distance to the interf
By taking a dielectric constant change of 1023, a distanced
of 1 nm, the frequency shift is of the order of a few GHz,
good agreement with the order of magnitude of the obser
effect. The model requires, however, that most of the pr
molecules should be very close to the interface~within a few
nm!.

Although this simple model is able to yield the right ord
of magnitude for the shift, we should stress that it can o
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explain the quadratic dependence of the shift for low vo
ages~because the temperature change is quadratic in
rent!, but neither the threshold, nor the more complex beh
iors observed above threshold. Moreover, although
model is the simplest one compatible with the observati
and derived from what is known about the effects perturb
single molecules, it remains highly speculative and should
tested in future experiments.

The model of the dielectric images does not account
the frequency dependence of the ac shift, nor for the s
oscillations at high voltages. The most surprising observa
in this context is the very low value of the resonance f
quencies, although our model for the dc shift only involv
the motion of light charges, electrons or holes. The wa
lengths related to acoustical waves, not to mention elec
magnetic waves, are much too large to be compatible w
the strongly local character of the effect. Relaxation osci
tions can be obtained when a capacitor, for example a c
ducting grain or island in our film, is charged through a lar
resistor. We have observed such grains in AFM images of
layer, with typical diameters of 10–30 nm. However, t
resistance necessary to obtain relaxation times in the m
second to microsecond range would have to be about 1014V,
which is obviously not realistic in our highly conductin
layer. Slow effects have been observed upon laser irradia
of the DX centers in doped semiconductors,39 but we
checked that all the reported phenomena are independe
laser power. A very interesting possibility to explain slo
movements are the recharging waves predicted by S
et al. more than 25 years ago.40,41 In a compensated sem
conductor, charges may be exchanged between the free
rier gas and acceptor or donor impurities. The long char
teristic times~milliseconds or longer42! of such exchanges
can give rise to waves with extremely low velocities, a
would also affect the local permittivity of the semiconducto
The localization of slow waves in the disordered structure
our sample could give rise to low-frequency resonances
served locally by single molecules. This interpretation, ho
ever, is purely speculative at this point. Much theoreti
effort and experiments on better defined samples are requ
to confirm or reject recharging waves as the phenome
responsible for resonances in the ac shift of single molec
on semiconductors.

VI. CONCLUSION

By placing single organic molecules in the vicinity of th
surface of a thin semiconductor film, we have demonstra
that charge transport can be probed at nanometer scales
method was applied here with organic molecules, but it co
obviously be carried out with other single quantum system
like single nanocrystals or quantum dots. In the course of
study, we have found that a molecule is not only sensitive
an electric field, but that it can feel various effects of a c
rent. For example, the molecule in a suitable matrix can
as a local thermometer. We have seen that such a therm
eter can detect hot spots in a macroscopically homogene
conducting sample. We deduced that these hot spots are
2-11
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larger than 100 nm in diameter, but they could be mu
smaller still. Furthermore, a molecule can also feel local c
rents by their heating effect on the electron gas, although
lattice temperature remains undisturbed~in that case, the
molecule acts as a local nanowattmeter!. We checked that
this unexpected effect can also be observed on thin m
layers, using 10 nm thick Cr films. We found evidence fo
unexpected effect, to our knowledge unobserved so
namely the low frequency resonances and auto-oscillat
in very small structures, again with sizes not larger than 1
nm. This effect could perhaps be used to generate low
quencies in future nanodevices. However, much further w
is required to control and understand these phenomen
very important step could be the correlation of optical a
electrical properties measured on comparable scales. Fo
ample, single molecules could be deposited on microresis
in microfabricated structures, and the oscillatory behav
observed in the fluorescence could be correlated to the l
current-voltage characteristic. In addition to the clarificati
at
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of the phenomena reported in the present paper, we ex
that fascinating new effects would arise from investigatio
of electric conduction processes at molecular scales.
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