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Probing local currents in semiconductors with single molecules
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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.
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[. INTRODUCTION instruments at arbitrary positions with respect to the nano-
structure of interest, moving them for example by means of a
Nanoscience and nanotechnology need ever smaller arstharp tip.

faster devices to acquire, store, and process ever larger The optical spectroscopy and microscopy of single mol-
amounts of information. Building and integrating smaller ecules has expanded spectacularly in the past years, and may
and smaller components is a fascinating technological chakoon become a current technique in physical chemistry and
lenge, whose ultimate limits are set only by the finite sizes obiophysics>® The simple idea on which the present work is
atoms and molecules. Whereas the basic physical laws gobased is to use single organic molecules to probe the trans-
erning the interactions of electrons and nuclei are known irport of charge carriers in a conducting material at nanometer
principle, the complex interplay of their collective properties scales. Single fluorescent molecules have a number of advan-
with quantum-mechanical effects remains difficult to predicttages. They can be isolated by purely optical means and ob-
and analyze. Indeed, many of the spectacular effects found igerved with an excellent signal-to-noise ratio. Selecting a
solid state physics were first observed before they could bsingle molecule removes all the averaging effects of conven-
interpreted and fully understood. Yet, quantum and collectivdional ensemble experiments, and directly reveals static and
effects will certainly play a crucial part in the functioning of dynamic fluctuations of the molecule itself or of its close
future nanometric components, and harnessing them magnvironment. When a molecule is included in a suitable ma-
lead to completely new operating principles. To achieve thigrix at liquid helium temperatures, its sharp zero-phonon line
goal, we need tools and instruments to manipulate, observés extremely sensitive to external perturbations, as can be
and measure matter at nanometer scalss.example of a  readily estimated. With the known Stark effect coefficients of
simple nano-instrument might be a well-known, reproduciblesingle molecules, a change of 1 D(320 %°Cm) in a di-
nanoobject, which could be placed in the vicinity of the de-pole moment lying 10 nm away causes an observed shift of
vice under study. By measuring the perturbations exerted bthe order of the linewidth of the probe moleculgpically
the device on the nanoinstrument, we would obtain informa10 2 cm™* or 100 ne\j. The ionization of an electron donor
tion about the device'’s workings. Any well-defined nanoob-in an insulating medium could be felt at a distance of 200
ject, a single nanocrystal, a self-assembled quantum dot, am. By following a molecule’s transition frequency as a
nanotube, or, as proposed here, an organic molecule, coufdnction of time, i.e., by following the comparatively slow
serve as a nanoinstrument. Single nanoobjects can be seenfasjuency jumps and drifts of the single molecule line, one
the starting points to devise the intruments and sensors wean probe the local processes occurring in the molecular en-
need to explore the nanoworld. In the present work, the navironment. This can be done either by recording many con-
noobjects will have a fixed position with respect to the de-secutive spectfzor by means of a correlation function of the
vice of interest, but eventually the idea is to place thesdluorescence intensifyA number of applications of single

0163-1829/2001/620)/20520213)/$20.00 64 205202-1 ©2001 The American Physical Society



JEAN-MICHEL CARUGE AND MICHEL ORRIT PHYSICAL REVIEW B64 205202

molecule spectroscopy to the investigation of dynamical pro- Il. EXPERIMENT
cesses in solids can already be found in the literature. Single . .
.__Two types of semiconductor films were prepared by sput-
pentacene molecules have been used to probe the dynamics. . . ; S . .
: . .2 .7 tering, either zinc oxidgZnO) or indium-tin oxide doped
of the domain walls between two ferroelastic domains in a

. ith germanium(ITGO, with the molar ratios 97% }hO
lecul | ofp- 1.6 - M ' ) 4
molecular crystal ofp-terphenyf*® The two-state behawor_ 25% SnQ, and 0.5% Geq, from the respective cathode

observed in the optical spectra has been ascribed to flippin :
of the inner phenyl ring of host molecules between two po_ﬁ]atenals. The Ar pressure, voltage, and substrate tempera-

o - o ture were determined in earlier studigso as to optimi
sitions. More recently, a similar mechanism in the local en- ptimize the

vironment of another probe moleculeerrylend has been conductivity of thin films for uses as transparent electrodes.
shown to be respor?sible for persiszant spectral holérhe resulting deposition speed varied between 0.02 and 0.2
burning?*SThe low-temperature dynamics of amorphous sys-cvr:r/ :.(;rehpeoii(t)etg ;g%ngr:;;?zlzgggzt:sed in the present work
tems is modelled by a sea of tunnelling systefikS’s), . ) ' .

. . . The bulk electrical properties of the sputtered material
whose jumps are activated by thermal phonons. By selectm%ere determined prevti))usF;y af room temgeraﬁﬁr‘ég For
single molecules, it is possible to detect and study singleZ '

TLS's in polymers>® and to test the basic hypotheses of the n0,** the resigtivity depended strongly on th? residual
standard TLS modéf Single molecules are also sensitive to oxygen pressure in the vacuum chamber and varied between

73 . _
electronic degrees of freedom. A recent work focused on4><10 and 10£} cm, corresponding to a degenerate to non

spectral diffusion induced by the migration of triplet excitons ﬂzsg:e;?tl.e s_eorln;]cci_nduitor, shovtvmg m_?_Lthc tq Tsulatln? t?]e-
in the environment of single molecul&s. The time- lquid heliim temperatures. 1he resistance ot the

dependence of spectral diffusion showed that the migratinaﬁﬂggguepnoegfgoﬂigples increased by several orders of mag-

excitons were fu_nneIIed to the vicinity of the p_robe molgcule Bulk ITGO layers prepared from the same cathode mate-
by perturbed neighbor host mqlecu!es. The investigation ofi| had a resistivity of 2.2% 104 Q) cm, corresponding to a
electron tr.ansfer processes with _s_mgle molecules ha; N rrier density of %10%°cm 3, and to a mobility of 55
been restricted to cryogenic conditions. Single crgsyl violet.n2v/s 18 For this highly degenerate material, the resistance
molecules adsorbed on the surface of a semiconductqyt ihe layers we prepared did not change by more than 10%
(indium-tin oxide, ITQ at room temperature showed differ- upon cooling to liquid helium temperature. Knowing the
ent rates of electron transfer to the ITO substfatEach  thickness of our deposited film, we could calculate its resis-
single molecule presented a single-exponential decay, with gaince from the bulk resistivity, and compare it to the mea-
wide distribution of rates for the ensemble. Luminescentsured resistance value. This measured value was about 3
nanocrystals are also sensitive to the electric fields created lijmes larger than the theoretical estimate. This result is con-
localized charges in their neighborhotidThe strong fluc-  sistent with a moderate disorder in the layer, which could be
tuations of their luminescence, called blinking, which arerepresented as interconnected grains or islands. Scanning
hallmarks of single-particle experimerishave been attrib- electron microscope images of the layers did not show any
uted to the transfer of charge carriers from the active core o$ignificant structure at a low resolution of 100 nm, apart
the dot to its mantle or to its immediate environment. from a few larger defects. We also recorded atomic force
The experiments reported here are a first step towards thmages of the layer with an AFMsee Fig. 1L The images
design and development of new nanoinstruments to sensfow a marked grain structure, with a typical grain size com-
electrical observables at small distances. In the present workarable to the thickness of the layer, about 10-30 nm for the
we only wish to demonstrate the feasibility of this idea, andfilms used in the present work. Some control measurements
to show that single organic molecules can indeed probe locan even better conductors were done on metallic films. We
electrical processes. We used rather crude experimental prohose chromium because it yields thin conducting layers
cedures, and we prepared the samples ourselves with a sputithout islands already for thicknesses as small as 10-20
tering apparatus and standard techniques such as spinm. The resistance of a square sample of our Cr layer was
coating. Although there is still much room for improvement 2.7 k).
in the quality and reproducibility of these samples, we report In the ideal experiment, the zero-phonon line of a single
several new and unexpected effects of the interaction bemnolecule should probe electrical processes in the underlying
tween the molecule and the conducting material. The resultsonducting layer. Therefore, the sensitivity of the molecule
presented here raise many questions and require much fumll be directly proportional to the sharpness of its optical
ther experimental and theoretical work, but we think thatabsorption line. In room temperature experiments, where op-
they demonstrate that the realization of devices to monitotical lines are very broad anyway, it is possible to adsorb
electronic processes in individual nanostructures is withirorganic molecules directly onto the surface of the
reach of today’s techniques. semiconductot’ However, if we want sharp zero phonon
The paper is set up as follows. In Sec. Il, we describe oufines at cryogenic temperatures, we need a rigid matrix to
experimental procedures. The macroscopic characterizatidmld the organic molecules in place after optical excitation.
of the semiconductor layers are described and discussed WWe employed two procedures to deposit molecular layers on
Sec. lll. Section 1V is devoted to a description of the resultstop of the semiconductor films. In the first procedure, which
of our single molecule studies. These results are discussetde used mainly for ZnO films, we spin-coated a thin poly-
and possible interpretations are suggested in Sec. V. isobutylene (PIB) layer with a low concentratior(about
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ITGO lr

Electrode

FIG. 2. Schematic layout of our sample, with the glass substrate,
the thin conducting film of ZnO or ITGO, and the matrix layer
containing the probe moleculésere hexadecaneA current can be
established in the film by means of a voltageonnected by ohmic
contacts with silver lacketelectrodes In some experiments, we
applied a much stronger voltadk; with a gold electrode, leading

X 100.000 nw/div to a strong electric field perpendicular to the film; of course, no
= % 20000 pacdly current flowed perpendicular to the film.

ture for long times. The final layout of the samples is
sketched schematically in Fig. 2.

The samples of coated films &2 mn?) were fitted with
two silver-lacker electrodes providing ohmic contacts for
macroscopic resistance measurements and for application of
dc or ac voltages to the film. To apply electric fields perpen-
dicular to the film(which we did for complementary experi-
ments on the ITGO layeyswe added a third electrode, either
on the opposite side of the glass substrate., below the
layern), or as a thin wire above the lay&ee Fig. 2 Only in
the latter kind of cell did a significant electric field apply to
all the molecules. In the former geometry, the electric field
was very efficiently screened by the highly conducting ITGO
layer, so that its effect was unnoticeable in most of the mol-

o  10-000 naie’  ecules.
All of the results presented here were obtained in a

FIG. 1. Images of the surfaces of two of our ITGO films re- pumped superfluid helium bath to minimize heating effects.
corded with an atomic force microscope. The upper image is from §he nominal cryostat temperature, measured by a Ge resis-
10-20 nm film, the lower one from a 50 nm film. Note the grain tor, was kept in the range 1.6—2.5 K for all the measure-
structure and the merging of the grains when the layer thickens. ments. Most often, it was stabilized at %8.05 K.

The optical setup was basically the one described in ear-

10 °glg) of terrylene (Tr) or tetra-tert-butyl-terrylene lier publications on single molecule spectroscopy from our
(TBT).? In the second procedure, mainly used for ITGO group® Here, we used the confocal arrangement based on the
films, we started by spreading a droplet of a dilute toluenehigh-quality concave parabolic mirror of Ref. 23. The excit-
solution of the probe aromatic molecules Tr or TBT, on theing light was focused by the mirror, which also collected the
clean semiconductor surface. After the toluene had evapdtuorescence light in the inverse pathway. This mirror has the
rated, we spread a small quantity of liquid hexaded&t®)  advantages of being perfectly achromatic and of having a
on the surface and let it evaporate for several minutes tevide collection angle, but its surface quality is limited by
reduce its thickness to some extent. This second procedurgachining defects. The point spread functiae., the opti-
had the advantage of a much better spectral stability of thenal spot size obtained upon focusing a beam parallel to the
single molecule lines in the crystalline Shpol'skii matthé2 optical axig was about one to two microns in width. The
but had the drawback that the average distance from the moholecules were excited in their 0-0 batabout 575 nmby
ecule to the semiconductor was not controlled. Neverthelessneans of a tunable single-frequency laééoherent Radia-
on the basis of our results, we think that a large fraction oftion CR699-2). The exciting light was removed from the
the molecules(at least some 50%remained stuck to the detection path by colored glass filtefSchott, RG61D The
semiconductor surface or located at a very short distancBuorescence photons were detected with a photoncounting
from it. This uncertainty, and the lack of reproducibility of avalanche photodiodéSPCM-AQ-13} and fed into an ac-
the spatial distribution of the molecules from sample toquisition card(model Accuspec from CanbejraA typical
sample will have to be kept in mind when interpreting thefluorescence signal from a single terrylene molecule with
data. Shortly after preparation, the hexadecane samples wetieis setup yielded about 100 000 cps close to the saturation,
placed in the cryostat and cooled to prevent further evaporayhich enabled accurate measurements of the line shape and
tion. The polymer samples could be kept at room temperaline shifts on a time scale of seconds or shorter. No spatial
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images were recorded, but the exciting spot could be movec ST-% "HLI A A R R B B B L
manually across the surface, so as to illuminate a fresh re |

gion of the sample. Single molecule signals were recorded a: 10k 1 ]
excitation spectra, i.e., the absorption lines were observed b [T (a) Glass
monitoring the fluorescence intensity as a function of the i

frequency of the exciting laser, for various applied dc volt- 5F T
ages. By recording many excitation spectra repeatedly, we g

obtained spectral trails of the molecufe®® which allowed % 0 [ e S

us to follow the spectral diffusion of the molecule with a & P | i
time resolution of about 1 s, or to record the influence of g (b) Insulating ZnO
external parameters such as the amplitude of the dc voltags,.. .
applied to the layer, or the frequency of an ac voltage ofg 6 i
constant amplitude. Finally, we could also measure the cor-8 ]

relation function of the fluorescence intensity for a fixed la- g ﬂ

ser frequency and a fixed applied dc voltage. The correlatiorZz IR L

function keeps track of the fluctuations of the fluorescence 12
intensity, usually caused by fluctuations in the molecular fre- i
guency with respect to the fixed frequency of the exciting
laser’

(c) Metallic ZnO

6} ]
IIl. ELECTRICAL CHARACTERIZATION OF THE 0
CONDUCTING LAYERS 0 200 400 600 800 1000
We measured the resistance of ZnO films as a function of Linewidth ( MHz )

temperature between 1.7 K and room temperature, which al- G 3. Hi  the linewidths of sinal
lowed us to distinguish between degenerate and nondegener- F'C- 3: Histogrammes of the linewidths of single TBT mol-
ate materials. For nondegenerate samples in the temperat ecules in a 10 nm PIB film deposited on three different substrates.

' g P P Yfe single molecule lines are about twice broader on average on the
range 1.4-2.1 K, the resistance followed a Mott law, char-meta1|Iic ZnO film.

acteristic of variable range hopping in a disordered

fa]24
materlz_il. - _ IV. RESULTS
In view of the surprising results reported in Sec. IV, we
investigated the macroscopic electrical properties of our A. Experiments on ZnO

ITGO layers in more detail. The dc conductivity of the e started our experiments with poorly conducting films
samples seemed to follow Ohm'’s law in the range of volt-of ZnO, expecting to find hopping transport at a local scale.
ages we used for the optical experiments, 0—-10 V. Howevelkor these experiments, we prepared 100 nm thick ZnO films,
on closer inspection, we found a significant variation of theon top of which we spin-coated a 10 nm thick layer of PIB
resistance with the applied voltage at all temperatures, indoped with TBT at low concentration. We prepared two
cluding in superfluid helium. This effect cannot be attributedkinds of samples, either with nondegenerate ZnO filins
to lattice heating by joule dissipatiqeee discussion below  sulating, resistance of a square larger tharfhab1.8 K), or
It is well known in other materials and has been ascribed tovith highly conducting ZnO filmgresistance of a square of
the heating of charge carriers by the applied electrica few K2 at 1.8 K). We used a spin-coated layer on glass as
field 2>2% Because the electron-phonon coupling becomes blank sample. The broad inhomogeneous absorption band
very inefficient for low excess energies of electrons and aof the three samples deduced from the spectral positions of a
low temperatures, electrons can be significantly warmer thahundred single molecules was roughly the same within ex-
the lattice or the bath of acoustic phonons. The electronperimental and statistical inaccuracies.
phonon relaxation rate increases very steeply with electron In a first attempt to detect additional dynamics induced by
temperaturdas the fifth power of temperature, according to charge transport in the semiconductor layer, we measured
Ref. 27. Therefore, the temperature difference between hohistogrammes of the linewidths of single molecules. The
carriers and lattice is limited, but it can easily reach 10 K forlinewidths are known to be sensitive to the dynamical de-
an applied electric field of 10 kV/m. The relative resistancegrees of freedom still active at the temperature of the
changes for such fields are about 0.1%. experimenf?? Figures 3a)—3(c) compares these histo-
The behavior of the ac conductivity as a function of fre-grammes for the glass, the insulating ZnO and the metallic
guency was quite smooth and only showed a slight decreashO samples. As could be expected, there is no essential
of the impedance at higher frequencies, for a constant voltdifference between the insulating ZnO and glass. The metal-
age amplitude. This observation is rather common in disorlic ZnO sample, however, shows significantly broader single
dered layers and is usually attributed to capacitive effects inmolecules lines, the average width being about twice as large
the network of conducting grains or islands. as in the sample on glass. One could think of fluorescence
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£ FIG. 5. Examples of changes of the intensity correlation func-
= — tions of the fluorescence of single molecules under an applied field.
' Such strong changes never occur for the ranges of fields used here
when the molecules are embedded in the bulk of an insulating ma-
trix. These changes can be attributed to fluctuations of the molecu-
0 lar frequency induced or altered by dynamical conduction processes

ha A R P g in the film.

Laser frequency ( GHz . .
3 v ) vestigatedless than 10 MV/m To look for these effects in

FIG. 4. Dependence on voltage of the spectral trail of a singleour thin films on ZnO, we monitored the spectral trails of
molecule on a metallic ZnO film. A two-level system is active at single molecules under various dc fields. The cases of sig-
V=0 (top trail) and is responsible for the spectral jumps. At  nificant variations of the spectrum by the electric field were
=3V (bottom trai, it is nearly frozen in one of its wells. rather rare(less than 10% Figure 4 presents one example

quenching as a possible cause for this broadening. QuencW—here the spectral trail of a single molecule depends on the

ing could result from the creation of electron-hole pairs inapphed dc voltage. The jumps to spectral positidh are

the conducting layer. However, metallic ZnO is transparen?een to be much less frequent under an app"eo_' voltage of 3
in the visible (gap energy 3.5 el and we did not find any V. Another way to kee'p track Qf fast spectral jumps is to
difference in the average fluorescence intensity of Singhg_ecord the autocorrelation f_u_nctlon of the fluorescence for a
molecules for the three samples. We also detected singiéx€d frequency of the exciting _Ias%rA few examples of
molecules on thin Cr films, which are much more efficientchanges of the correlation function are presented in Fig. 5.
fluorescence quenchers than metallic ZnO. Therefore, we doigure 3a) shows a change in contrast of the correlation,
not think that fluorescence quenching is the source of thigvhich may be attributed to a change in asymmetry of the
added broadening. We attribute the difference in histo-TLS responsible for the fluctuation. In Fig. 5, the correlation
grammes to perturbations of the molecules by the additiondime is changed, an occurrence which was only observed
degrees of freedom in metallic ZnO, probably by thermallyupon temperature changes in Ref. 5. Figure 5 shows a com-
induced movements of charge carriers. plete change of shape of the correlation, from single-

We then studied single molecules with a variable appliedexponential without voltage to multiexponential or logarith-
electric field to search for individual two-level systems mic for high voltage. This could be explained by the
(TLS’s) or other degrees of freedom influenced or activatecactivation of many tunneling systems with a range of jump-
by an applied field. Earlier studies of single Tr molecules ining times, as would be the case for charge transport. How-
polyethylene did not show any significant electric field ef- ever, in our experiments, such events were too (8086 to
fects on most of the usual TLS's for the range of fields in-study systematically.
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1200

800

FIG. 6. Broadening and shift
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 dissi-
pated in a few small “hot spots.”
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In the last kind of experiment, we followed the line shapedecided to use much thinner layers of a much more conduct-
of single molecules under various voltages applied, as ing material, ITGO, which is often used for transparent elec-
done in Stark effect experimerfs:®® Figure 6 presents trodes. We did not expect any dramatic influence of a homo-
single molecule spectra showing a strong broadening andeneous current on single molecules, but to our big surprise,
shift for voltages lower than 1 \corresponding to a field of we found the novel effects described below. The ITGO films
500 V/m). The broadening and the shift suddenly increaseused in this part had thicknesses ranging between 10 and 20
for voltages larger than 0.3 V with a behavior which seemsxm. They were covered by about a micron of hexadecane
exponentially activated if the temperature increase is propomatrix in which Tr or TBT molecules had been dissolved.
tional to the square of the applied voltaf€éig. 6). We at-
tribute the broadening and the shift to a local temperature
increase induced by the current. The total power dissipated in _ ) _
the ZnO film is of about 3 mW. Only less than 1-2% of the _ The lines of single Tr and TBT molecules on the thin
molecules showed any broadening for such voltages. Thisl GO films were easy to detect. About 70% of the molecules
shows that the joule power is dissipated in a very inhomogeShowed strong shifts when moderate dc voltages of less than
neous way, with a few hot spots here and there, and comtO V were applied to the filnffields lower than 5000 V/m
paratively larger cool areas where most molecules are sit/e think that those molecules were close to the semiconduc-
ated. The linewidth can be related directly to a temperaturdor surface, and attribute the other, nonshifting lines to mol-
by means of the thermally induced broadening of the 3the. €cules having diffused in the bulk of the hexadecane layer
Therefore, here, a single molecule acts as a very local ther-

1. dc experiments

mometer. The mechanism of the shift is less clear, and will e LI L e B
be discussed in Sec. V. We encountered only 2 molecules Sr *ee .e® §
close to hot spots in the same laser spot where over 10( , | /- \ i
molecules were investigated. This indicates that the area relﬁ: - N .
sponsible for the hot spot must be smaller than about 100 nn® 3 | * d 3
in diameter. £ M .
® 2 ° [ N
B. Experiments on ITGO S 1L . . ]
The results on ZnO showed the extreme inhomogeneity oft i “ o
electron transport in this disordered semiconductor. On insu- ° )“"g
lating films, we could not find any molecule which reactedto | A a ]
the weak current, although strong effects should have beet A Py s 4 4
seen for the few molecules close to the conduction paths 2 L4+ . o . 1 3 n + s L
postulated in Mott's theory. On metallic films, on the other Vottage (V)

hand, we saw that only a few molecules showed strong ef-
fects(such as hot spotsand therefore that the charge trans-  FiG. 7. Examples of the shift for two single molecule lines
port was still inhomogeneous. Trying to separate the part ofvhen a dc voltage is applied to an ITGO film. Note the different
the effects due to homogeneous conduction in the bulk of @ossible signs of the effect, its magnitude, and the presence of a
material from those due to localized conducting paths, wehreshold, beyond which a new regime is found.
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79 regime takes place, in which the shift may still increase, or
: decrease, and sometimes even change sign. It is worth noting
6 that shift curves are different for each individual molecule

Laser frequency ( GHz )

we studied. Note also that the magnitude of the shift is about
54 L 1000 times larger than the usual linear or quadratic Stark
] ” /“\ :’5\ effects observed for the same molecules in insulating
4 - \ ' matrices’® We could not measure any linear component to
iy / / \ / \ this shift. Within our experimental accuracy, the quadratic
: / \ N\ / component was always dominant, even for very low fields. A
\ very important feature, and a striking difference from the
‘ . molecule of Fig. 6 on ZnO, is the absence of any significant
] broadening of the line for voltages below the threshold, and
1/ \/ even above threshold for a large fraction of the molecules. If
] we consider the zero-phonon lines of our molecules as local
o JEES RO S e R thermometers, as in the case of ZnO, we see that they did not
0 Pt 0« g >0 — M b indicate any change in lattice temperat(wathin a few K,
DCvottage (V) since the linewidth increases very slowly with temperature
204 below 4 K). On some shift curves, we notice slope changes
' for well-defined voltages, which could perhaps indicate other
thresholds. For example, in some cases, above a second
thresholdV,; somewhat higher than the first one, the trail
151 becomes very noisy, and the molecule eventually disappears
(i.e., undergoes a large spectral jump, which shifts it irrevers-
ibly out of the scanning range of the lasérthe voltage is
further increased. The threshold value was often the same for
molecules in the same laser spot, one to two microns in size
(see Fig. 8 but varied when the spot was moved by a few

Laser frecquency ( GHz)

1000 &

00 - - ; ;
0 — 8 <« 0 <« -8 — 0 so04 V,=0V A

DC Voltage (V)

FIG. 8. Spectral trails as functions of the applied voltage for a
few other molecules. Note that the lines shift without significant .
broadening, which proves that the lattice remains cold, although a:i
significant power is dissipated in the film. In the top trails, most of &8
the molecules shift to the red, with variable coefficients. The bottom
trail shows a molecule whose blue shift decreases again, and eveig
changes sign after the voltage thresh@tout 5 V. <

inte

during the preparation. For most of the “shifting” molecules,
the order of the shift was about 0.1 to 10 GHz for 10 V. The
shift was nearly quadratic in voltage for low voltage, and
could either be to the redn about 3 out of 4 case¢®r to the
blue (1 out of 4. Figures 7 and 8 show several examples of
shifts of single molecules, either plotted as functions of the
applied voltageV, or recorded as “spectral trails*? as a
function of voltage. These trails are series of successive
spectra where the intensity is coded by levels of gray. In the T e |
case of the trails of Fig. 8, the voltage varied like a sawtooth 0 500 1000 1500 2000 2500
as a function of time, which allowed us to test the reproduc-
ibility of the shift by comparing several scans. The examples
highlighted in Fig. 7 are quite typical and we will describe  FiG. 9. “Cat’s ears,” i.e., shape of a single Tr molecule line in
them in detail. The shift of the line is roughly proportional to hexadecane on an ITGO film, when an ac voltage is applied to the
V2 for voltages lower than a few. Then, a threshold is semiconductor for three different amplitudes of the voltage at the
reached, and in a rather abrupt way, a transition to a newame frequency.

Laser frequency ( MHz )
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FIG. 10. Plot of the splitting of the “cat's ears” for a given
voltage amplitude of 1 V and as a function of the ac frequency. The
initial decrease of the effect for frequencies lower than 50 kHz is
followed by a resonant structure with a roughly Lorentzian shape. A
further structure occurs above 400 kkmt shown on the plot

100 150 200 250 ; M0 20 3o ab

microns across the sample. This may indicate that the phe
nomena responsible for the thresholds are located in region AC frequency @ (KHz )
of about one to a few micrometers in diameter.

In order to check for electric field effects, we applied FIG. 11. Four further examples of the resonance cufses Fig.
electric fields perpendicular to the film. Invariably, the field 10 for four single molecules in hexadecane on an ITGO film, pre-
had to be much larger to measure shifts, and the shifts wergented as spectral trails as functions of the ac voltage frequency.
linear, as in other Shpol'skii matric¥sand other molecular Note the wide range of resonance frequencies, widths, and shapes
CrystaI52,8 with no measurable quadratic component for theobserved for different molecules. All these different be_haviqrs e_lre
fields applied(of the order of 1 MV/m. This confirms that obs.erved in the same focal spot of the Iqser, about 1 micron in size,
the large shifts observed when the field is applied parallel téth'Ch show; that the domains responsible for the resonances are
the layer are connected to the current in the layer rather thajr‘u00 nm in diameter or less.
to the field itself. Because the quadratic shifts reminded us of , - o o .
a joule effect of the dissipated power, and although no broad=X) ~ function is shown in Fig. 9 for various voltages at
ening was measurable, we tried to check for thermal effectt® Same frequency. The splittings induced by the ac voltage
by changing the resistance of the film, either by changing it¥Vere m.easured as the_spectral distance between the “ears” as
geometry, or its conductivity. Such changes should have a function of the applied frequency, for a constant voltage
tered the production and transport of heat and therefore th@mplitude. This splitting only gives the amplituder modu-
temperature reached. In spite of the difficulty of comparing!US) Of the effect. We did not attempt to measure its phase.
different molecules in different samples, no statistically sig- e did not expect any significant amplitude change for
nificant difference was found from sample to sample, whicHOW frequenciedless than a few MHebecause we thought
points to a purely local effect rather than to a global effecithe charge carriers in the semiconductor would respond al-

felt locally, such as a heating of the whole sample. most instantaneously to the applied field. Quite unexpect-
edly, we observed very strong variations of the shift ampli-

tude, in general for frequencies lower than 1 MHz, including
distinct Lorentzian resonances. Figure 10 shows the typical
Trying to elucidate the origin of the large dc shifts, we response curve of a single molecule. The shift first decreases
investigated the spectra of single molecules under an appliefdr frequencies lower than 50 kHz, then increases to resonate
ac voltage. For practical reasons, the frequencies we coulat about 230 kHz and decreases again at higher frequencies.
reach were limited to less than 15 MHz. The idea was to tryThe width of the resonance is about 30 kHz. A few other
and find whether slow processes were involved in the unexamples are shown as spectral trails in Fig. 11. The spectra
known mechanism relating voltage to shift. When a weakare now plotted successively as the ac frequency is varied.
ac-voltageV, coswt is applied at a low frequency to a single These response curves can show either no resonance, or one,
molecule with a quadratic shift in voltage, the line shiftstwo or more, or even totally confused patterns. Two reso-
sinusoidally at the second harmonic of the applied frequencynances sometimes appear to interfere, or to give rise to beat-
The resulting spectrum, which we dubbed “cat’s ears,” hadike patterns. Often, additional structures can be seen at fre-
two intense structures corresponding to voltages OalMg  quencies lower than the main resonance. The most striking
with a minimum inbetween. This typical profile of a (1 feature of these response curves is that they depend entirely

2. ac experiments

205202-8



PROBING LOCAL CURRENTS IN SEMICONDUCTOSR. . . PHYSICAL REVIEW B 64 205202

(via their frequency, width, amplitude, the number of the 1,04
structures, etg.on the particular molecule under study.
Within the same laser spot of a diameter of one to two mi-
crons, we never found two resonances to have the same fre- -,
guency or shape, even after studying tens of molecules. This E
important point shows that the interacting molecule- o
semiconductor systems producing this response must be very,_,
local, with sizes probably well below 100 nm. We also found .,
that the resonances depend on the preparation of the samples ¢
In one case, we observed the usual dc shifts, but the response 5

curves of all molecules were uniformly decreasing with fre- g
guency(usually by a factor 2 for about 100 kizwith no e
resonance for frequencies below a few MHz. This might in- E
dicate the sensitivity of these resonances to the precise dis- §

tance or contact between molecules and semiconductor,
which may depend on the preparation of the sample.

3. Spontaneous oscillations under dc voltage

. - 00 : ’
Although the macroscopic current-voltage characteristics 0 8 0 3 0

we measured on our samples were nearly compatible with DC Voltage (V)

Ohm’s law, apart from the slight change of the resistance

with the applied voltage, we may expect the conduction pro- FIG. 12. The dc voltage dependence of the spectrum of a single
cess on smaller scales to be highly nonlinear for high enougiiBT molecule on ITGO. After a first, then a second threshold, the
voltages. The molecule-semiconductor systems discussed irail appears to become “spotty.” These spots may be attributed to
the previous section behave like oscillators, i.e., they responsbontaneous oscillations of the transition frequency of the single
like damped oscillators to a sinusoidal excitation. Whenmolecule in and out of resonance with the laser. The oscillation
driven by a nonlinear process, even under dc voltages, sudhequency is about 100 Hz in the present case.

oscillators can be expected to give rise to auto-oscillations.

We indeed found several examples of such self-oscillationg,e resonances in the ac-shift response, but not always. We

at high enough voltages. Figure 12 shows the dc shift of &55 found molecules oscillating simultaneously with two
molecule, presented in the form of a spectral trail as a funcgjstinct frequencies.

tion of dc voltage. Beyond the first threshold at 5.5 V, the

shift suddenly rises, then appears to saturate, while the spec-

tral shape changes dram_atically, showing (_1istinct ripples. We V. DISCUSSION

dubbed such patterns “tire tracks.” The ripples are not an

intrinsic spectral feature of the line. They depend on the Since the discovery of single molecule lines, they have
scanning rate of the laser. One of the spectra can be fitteldeen exposed to various external field effects. The position
with a simple simulation of a Lorentzian line whose centerof the zero-phonon line of a single molecule is known to be
frequency oscillates periodically in the spectrum. Fitting thesensitive to electric field®*to hydrostatic pressut&® or
oscillations’ parameters on the experimental spectrum, wenore generally to mechanical stress. Magnetic field shifts are
found a frequency of about 100 Hz. Let us stress again thaisually negligible for singlet states but they were already
the frequency of the line oscillates although only a purely daneasured by hole burning on ring-shaped molectighe
voltage is applied to the sample. We also found the signafrequencies of single molecules are also sensitive to changes
tures of faster oscillations in the intensity autocorrelationof dielectric permittivity in their environment. For example,
function. Since the molecule moves in and out of resonancthe frequency of a spectral holeorresponding to a large
with the laser, the intensity is modulated at the oscillationnumber of single molecules, all with the same transition fre-
frequency or at its second harmonic, depending on the aveguency burned in a surface monolayer containing dye mol-
age spectral position of the molecule with respect to the execules shifts when the sample is immersed into superfluid
citing laser. Figure 13 shows an example of a correlatiorhelium3* The change in permittivity across the interface
function below and above a given voltage which was amodifies the images of all charges, including the molecular
threshold for the auto-oscillation. This threshold was clearlystatic and transition dipoles, and the other charged molecules
higher than the first one observed in the dc-shift characterisn their surroundings. The optical transition is shifted by the
tic. A natural question arising from the oscillations of the interaction of the molecular electronic cloud with the modi-
correlation function is that of their quality factor. In Fig. 13, fied images. This shift, which includes van der Waals forces
the oscillations appear severely damped, but this is mainlgmong other effects, may be seen as caused by the collective
due to the pseudologarithmic scale and to the numericalesponse of the remote electrons in the helium bath to the
treatment of the data to obtain the correlation function. Theoscillations of the optical electron of the molecule. In the
frequency of the self-oscillations sometimes corresponded tfollowing, after eliminating the other possible mechanisms,
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L B i el AL B L B L sample is far from negligible, up to about 100 mW. However,
several arguments, as follows, lead us to reject changes of
the lattice temperature as possible causes of the observed
shifts.

The effective changes of the lattice temperature cannot be
larger than a few K, because no line broadening is observed,
even above the thresholds. Thermal expansion is very weak
at such low temperatures because acoustic phonons are
nearly harmonic.

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

All the results presented here were obtained in superfluid
helium. We also measured the voltage-induced broadening
and shift of the lines in a He gas atmosphere, which is a poor
V=862V heat conductor. Under these conditions, we observed thermal
broadening for voltages larger than 0.5 V, which, after inde-
pendent calibration of the thermal molecular broadening,
was found to correspond to a temperature of 4 K. The ratio
of thermal conductivities for gas and superfluid helium is
about six orders of magnitudé Therefore, we could calcu-

a'® (x)

RO T I+~ Y LT T R RV late that the temperature raise of the helium bath at the
1E-3 001 01 1 10 100 1000 10000 sample could not exceed some mK, which is negligible. This
7 (ms) analysis was confirmed by changing the geometry or conduc-

o . . ~tivity of the sample, which did not change the shifts dramati-
FIG._13. Autooscillation of a smgle molecule line on ITGO with cally, although it should change the boundary conditions for
?hnrjsphpgllz((jsd; \‘;Oilr:at%i' T:;g:fgggzjeszaefe;z?; "’t‘h%"f?uno‘r’g;t_""%eat conduction, and therefore the lattice temperature of the
cence autc;correlationpfunction The periodic oscillatory featuresample' The es_tlrr_]ate of the temperature fse In helium a_Iso
o ' A allows us to eliminate second sound or boiling effects in
around 0.1 ms is distorted by the logarithmic time scale of the plot. . . .
superfluid helium. The appearance of bubbles or similar non-
we argue that this latter effect is responsible for the large dénear phenomena in superfluid helium, even if they could
shift we observed. occur on such extremely local scales, does not appear to be
Let us first consider the “normal” Stark effect, due to the compatible with the low resonance frequencies we observed.
direct interaction of the applied field with the static dipole = The above discussion has ruled out thermal effects in the
moments and polarizabilities in the ground and excited eleclattice. Yet, thermal effects in the electron gas itself are an-
tronic states® The observed shift is too large for a quadratic other matter. It is known that the resistance varies as a func-
Stark effect, which would require an enhancement of thdion of the joule power dissipated in a sample, because the
local field by a factor 1000. On the one hand, such a highransfer of heat between hot electrons and acoustic phonons
enhancement factor is very unlikely in a conducting mediurrbecomes very unefficient at low temperatuieBy measur-
prone to screening, on the other hand, it should be spatialling the sample resistance for various voltages, we indeed
concentrated by the same factor 1000, since the total potefieund sizeable variations, following tHE® electron-phonon
tial drop is fixed. The fact that a large part of the moleculescoupling law reported earliéf:?” We therefore propose as a
in many samples show strong dc shifts effectively eliminategnodel that the permittivity of the electron gas in the semi-
the Stark effect as a possible explanation. We may also adebnductor is changed by joule heating, as a consequence of
that the Stark effect should have a dominant linear compothe temperature change of the electron gas. For the largest
nent for low fields (as observed for Tr or TBT in Voltages applied, we estimated the variation of the charge
hexadecan®), which was never observed as long as the fieldcarriers’ temperature to be about 10 K. This must be com-
was applied within the layer, and that blue shifts are notpared to the Fermi temperature of the carrier gas, which may
compatible with the normal polarizability change of terrylenebe estimated from the carrier density X30°°cm ) to
molecules® about 16 K. Assuming that the permittivity of the semicon-
One can also think of mechanical or pressure effects inductor varies linearly with temperature in a small interval,
duced by the electric field. Similarly, the order of magnitudethis change is smallof the order of 10%), but it can never-
of pressure shifts shows that electrostriction leads to shifttheless cause large shifts of the molecular transition if the
generally comparable to or smaller than the quadratienolecule is close enough to the interface. In our model, the
polarizability*° heating is related to the local current density and therefore to
A second possible explanation coming to mind are therthe electric field for a given conductivity. Therefore, it must
mal effects, which could lead to mechanical dilations or pho-be insensitive to heat transport at the scale of the whole
non shifts®® The Joule power dissipated in our millimetric sample and to sample geometry at constant current density.
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The mechanism we propose for the shift involves the in-explain the quadratic dependence of the shift for low volt-
teraction of the molecule’s optical electron with the electronsages(because the temperature change is quadratic in cur-
of the semiconductor. Assuming the semiconductor-matrixent), but neither the threshold, nor the more complex behav-
interface to be flat, these interactions can be easily calcuors observed above threshold. Moreover, although this
lated. Since the distances are much less than the wavelengtiodel is the simplest one compatible with the observations
of light, we may use the electrostatic approximation and theand derived from what is known about the effects perturbing
theory of electrostatic images. We see three distinct mechaingle molecules, it remains highly speculative and should be
nisms for the interaction of a molecule with images in antested in future experiments.
absorbing dielectric half-spadgwo of them are discussed The model of the dielectric images does not account for
theoretically in Ref. 38 the frequency dependence of the ac shift, nor for the self-

(i) The interaction of the transition dipole of the molecule oscillations at high voltages. The most surprising observation
with its image. In this mechanism, an increase in polarizabilin this context is the very low value of the resonance fre-
ity of the semiconductor will always lead to a red shift of the quencies, although our model for the dc shift only involves
transition frequency. Since the transition dipole oscillates athe motion of light charges, electrons or holes. The wave-
the optical frequency, the dielectric permittivity of the semi- lengths related to acoustical waves, not to mention electro-
conductor should be taken in the high frequency limit. magnetic waves, are much too large to be compatible with

(ii) The interaction of the static dipole of the molecule the strongly local character of the effect. Relaxation oscilla-
with its image. Because the static moments differ in thetions can be obtained when a capacitor, for example a con-
ground and in the excited molecular states, this interactiomlucting grain or island in our film, is charged through a large
leads to a shift of the transition energy when the imageesistor. We have observed such grains in AFM images of the
strength changes. Moreover, the transition shift can be poslayer, with typical diameters of 10-30 nm. However, the
tive or negative, depending on the respective strengths of thesistance necessary to obtain relaxation times in the milli-
static dipole moments in the ground and the excited statesecond to microsecond range would have to be abddt(10
This mechanism involves quasistatic images, and thereforehich is obviously not realistic in our highly conducting
the dielectric permittivity of the semiconductor at low fre- layer. Slow effects have been observed upon laser irradiation
quencies. Note, however, that these frequencies cannot loé the DX centers in doped semiconductdtsbut we
much lower than the inverse dwell time in each molecularchecked that all the reported phenomena are independent of
state, of the order of the excited state lifetime, a few nanolaser power. A very interesting possibility to explain slow
seconds. movements are the recharging waves predicted by Suris

(iii ) The interaction of the molecule with the additional et al. more than 25 years ad8*' In a compensated semi-
electric fields created by the images of the static chargesonductor, charges may be exchanged between the free car-
surrounding the molecule. Depending on the orientation ofier gas and acceptor or donor impurities. The long charac-
the electric field created by the images with respect to theeristic times(milliseconds or longéf) of such exchanges
static dipole moment change of the molecule, this interactiowan give rise to waves with extremely low velocities, and
energy can also be positive or negative. Since the chargegould also affect the local permittivity of the semiconductor.
around the molecule are fixed in time, we must use the trulyThe localization of slow waves in the disordered structure of
static dielectric permittivity of the semiconductor to calculateour sample could give rise to low-frequency resonances ob-
this interaction. served locally by single molecules. This interpretation, how-

The order of magnitude of the expected shifts can be easver, is purely speculative at this point. Much theoretical
ily calculated in this model. For example, for the first mecha-effort and experiments on better defined samples are required

nism, the frequency shifv is given by to confirm or reject recharging waves as the phenomenon
responsible for resonances in the ac shift of single molecules
-1 1 &8s, on semiconductors.
hov

T 2meg (2d)2 (8,4 £4)2 M0

if the transition dipoleuq is parallel to the interface;; and
£, being the relative permittivities of the matrix and of the
semiconductor, respectivelys, the change irz, due to the By placing single organic molecules in the vicinity of the
applied voltaged the distance of the molecule to the inter- surface of a thin semiconductor film, we have demonstrated
face, andeq the permittivity of vacuum. Note the inverse- that charge transport can be probed at nanometer scales. The
cube dependency of the shift on the distance to the interfacenethod was applied here with organic molecules, but it could
By taking a dielectric constant change of 0 a distancad  obviously be carried out with other single quantum systems,
of 1 nm, the frequency shift is of the order of a few GHz, in like single nanocrystals or quantum dots. In the course of this
good agreement with the order of magnitude of the observedtudy, we have found that a molecule is not only sensitive to
effect. The model requires, however, that most of the proban electric field, but that it can feel various effects of a cur-
molecules should be very close to the interfaséhin a few  rent. For example, the molecule in a suitable matrix can act
nm). as a local thermometer. We have seen that such a thermom-
Although this simple model is able to yield the right order eter can detect hot spots in a macroscopically homogeneous
of magnitude for the shift, we should stress that it can onlyconducting sample. We deduced that these hot spots are not

VI. CONCLUSION
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larger than 100 nm in diameter, but they could be muclof the phenomena reported in the present paper, we expect
smaller still. Furthermore, a molecule can also feel local curthat fascinating new effects would arise from investigations
rents by their heating effect on the electron gas, although thef electric conduction processes at molecular scales.

lattice temperature remains undisturbéd that case, the
molecule acts as a local nanowattmgtéile checked that
this unexpected effect can also be observed on thin metal
layers, using 10 nm thick Cr films. We found evidence for a
unexpected effect, to our knowledge unobserved so far, We warmly thank Professor J. Salardenne for helpful dis-
namely the low frequency resonances and auto-oscillationsussions and for his help with the choice of the samples and
in very small structures, again with sizes not larger than 10@he sputtering apparatus. We are deeply indebted to Professor
nm. This effect could perhaps be used to generate low freK. Mtllen for the gracious gift of TBT. We discussed our
guencies in future nanodevices. However, much further workesults with several solid state physicists, but we are particu-
is required to control and understand these phenomena. larly grateful to Professor D. Este (Orme des Merisiers,
very important step could be the correlation of optical andCEA Saclay, who pointed out hot carriers as possible cul-
electrical properties measured on comparable scales. For egrits in our investigation and helped us recording the AFM
ample, single molecules could be deposited on microresistoisnages, and to Professor Ph. Lavallai@PS, Universite

in microfabricated structures, and the oscillatory behavioParis VI who directed us to the work of Professor R. A.
observed in the fluorescence could be correlated to the loc&uris. This research was funded by CNRS andji®e
current-voltage characteristic. In addition to the clarificationAquitaine, among others.
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