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Abstract: Emission of visible light from large area moleculanctions provides a direct measure of
the energy of carriers when they encounter a cdimducontact and stimulate photon emission. For
carbon/molecule/carbon molecular junctions contgjrdromatic molecular layers with thicknesses less
than 5 nm, transport is elastic, and the maximunitethphoton energy (i.e. “cut off” energyy.o) is
equal toeVapp, WhereVypp is the bias across the molecular junction, increases monotonically with
Vapp IS sSymmetric with polarity, but is weakly depentien the nature of the contact material. Light
emission from molecular junctions containing oligom films of anthraguinone (AQ),
nitroazobenzene (NAB), naphthalene diimide (NDK &is-thienyl benzene (BTB) with thicknesses of
4.5 to 59 nm was observed as a function of biasldy@rs thicker than 5-7 nim, < eVapp, indicating
loss of energy and therefore inelastic transpothte Energy loss depends strongly on molecular
structure and is linear with molecular layer thieks. As molecular layer thickness exceeds 5-7 men, t
results provide strong evidence for a transitiammfrelastic to inelastic transport and for stepwise,
activationless transport up to 65 nm molecular daygcknesses. Such information should prove
valuable for determining transport mechanisms altichately designing molecular junctions with

desirable electronic properties.



1. Introduction

Molecular electronics is an area of study that seekunderstand devices that use molecules as
circuit component8] and was recently realized commercially in audiocpssing® Many paradigms
are used in molecular electronics, including meghiml making electrical contact to single molecules
as well as large area molecular junctions thataionnhany billions of molecules oriented between two
conductive contacts. In general, the distance afgdtransport in molecular devices is comparable t
the length of small molecules (~10 nm or less), thete have been cases in which thicker films are
used in order to gain insights into nanoscale aharanspoH!, Several groups have shown that the
electronic characteristics of molecular devicescamesistent with quantum mechanical tunnéfinfpr
molecular layer thicknesses less than ~6 nm. Asitian from tunneling to other transport mechanisms
above 6 nm has been noted, and proposals for begohd tunneling” regime include activated
hoppind® and field ionizatiod®” Additional mechanisms have also been proposed fasaion of
variables other than thickness, including voltagectric field, and temperatuf®.

Hot carrier devices are emerging as a platformnfiakking functional electronic devices with
possible applications in optics, energy capturenbtry, and plasmonid¥! This platform relies on
carriers in a non-equilibrium state (i.e., with egs energy compared to electrons in bulk) to satsul
physical or chemical phenomenon such as chemiaatioms,”’ local heatind®® and light emissiof?’

In the last case, hot carriers generated elec@tipican interact with plasmons in metal structures
which can then decay by emission of photons. I wask, light emission from inorganic metal-oxide-
metal (M-O-M) tunnel junctions has been correlatéth plasmonic excitation and decdyThe hot
carriers were generated by quantum mechanical kagnacross thin (~3 nm) oxide barriers, which
resulted in low efficiency broadband light emissibat could be correlated with the applied voltage
and the plasmonic nature of the top contact (t®identity and roughness). It is important toentitat

the process can be reversed, so that incident hnglyt generate hot carriers in some devices. Irethes



cases, a photocurrent produced by internal phosmom'® can be used to characterize transport
barriers and other important device features (siscWwhen the molecule absorbs light).

Following the initial observation of light emissidrom M-O-M structure$t? light emission
originating from metal-molecule-STM tip structuteas also been reported. While bare metal STM tips
over conductors were shown to emit light due tcali@aed surface plasmons excited by inelastic
tunneling electron§®, molecules adsorbed onto the surface enhanceefféw!'*! In these cases, two
processes were proposed: 1) decay of localized&igglasmons excited by inelastic tunneling; and 2)
fluorescence mediated by injection of hot carriate molecular LUMOS® Since close proximity of
metallic surfaces is known to quench radiative diteons, the observation of light emission from
molecular films involved oxide or long moleculaasprs to decouple molecules from the mé&t&®
Finally, luminescence from a complete single mdkegunction consisting of a naphthalenediimide
chromophore bridging two metallic carbon nanotubess reporteé“,” for which a mechanism
involving molecular orbitals similar to that progassfor light emission from organic light emitting
diodes (OLEDSs) was invoked.

We have reported light emitting “all carbon” maléar junction§? with the characteristics of
the emitted light depending strongly on both molacstructure and molecular layer thickness. For
thin molecular layers, the highest emitted photoergy, or “cut-off” energyhv., was determined by
the applied bias\apy), according to the relatiomve, = €Vapp Whereh is Planck’s constant arelis the
charge on an electron. A recent report by Nijhuisle ™ describes light emission by large area
molecular junctions based on Ag/thiol self-assehinl®nolayers, for which emitted light originates in
“hot spots” attributed to nonuniform contacts betwéhe metallic conductors and the molecular layer.
The polarization of the emitted light and its sp&lctlistribution varied with applied bias and pdiar
Both of these recent results establish that elesttransported across a molecular junction canleoup

to surface plasmons in the contacts which can #mit light. In addition, we observed a linear



decrease of the emitted photon energy with incngasiolecular layer thickness, and attributed the
change to losses in carrier energy during transipothicker films. The current report expands the
initial paper in several aspects and addressefoliosving additional points: 1. light emission froe
wider range of molecular structures; 2. the eftdatontact materials and the origin of photoemissio
3. demonstration of activationless charge tranfieough 65 nm; and 4. deductions about charge
transfer mechanisms over distances of 5-65 nm.e Mt light emission from molecular junctidifs

18 differs fundamentally from that in widely-studiedganic light emitting diodes (OLEDSs), since the

mechanism involves hot carriers coupling to plassnoather than the electron/hole recombination

reactions required in OLEDs.
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Figure 1. Experimental schematic for monitoring light emissfoom molecular junctions consisting of 4-60 nm
thick layers of organic molecules (as shown for NAtween conducting contacts. Upper left phota is
working device and probes viewed through the ctibecmicroscope objective. Many details can be tim
the main text, as well as in a previous ref8rtSubscripts on the schematic of lower right indicktyer
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2. Results

The molecular junction (MJ) design has been desdriin detail previously and consists of
diazonium-derived organic oligomers between coridgatarbon contact$® & °ladditional details
relevant to light emission are provided in the Ekpental section below and in Supporting
Information (SI), and in all cases the MJ was baseelectron-beam deposited carbon (eC) contacts,
with the structure Agy/eCio/Mol,/eG/Auy, noted inFigure 1, where the subscripts designate the layer
thicknesses in nm. Current density vs bias volt@y® curves for a range of thicknesses for MJs
containing oligomers of nitroazobenzene (NAB), thienyl benzene (BTB), 2-Anthraquinone (AQ),

and a naphthalene di-imide derivative (NDI) arevatdn Figure 2, all at room temperature.
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Figure 2. JV curves for Ady/eCi/Mol,/eC/Au,, MJs containing the indicated molecules, with thenhers on
each curve denoting molecular layer thickness in innall casesY.p, was initiated at O volts with a Keithley
2602 source-measurement unit, and required < Indefoo data acquisition. The polarity Uf, is the bottom
Au contact relative to the top, with subsequenhtligmission observed from the top (20 nm) Au cdntac
Additional JV curves are provided in Supporting Information fegg&1.
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The JV behavior for thick molecular junctionslX30, in nm) is presented for the first time,

while curves for thinner junctions are in agreemeith those of thin molecular layers reported

previouslyt*c 11219 20t in all cases herein the curves shown arehiersame devices as those used

for light emission. TheV response for eC/BTB/eC devices is very similathit reported previously

with a pyrolyzed carbon substrate and eC top contdth BTB layers from 4.5 to 22 nm thi€¥! In

all cases,) decreases rapidly with increasing thickness, hed¥ curves are approximately symmetric

with respect to bias polarity, with positive potgrat the bottom electrode yielding slightly higher

current. Note that for all cases it is possiblathieve high current density (> 20 AQreven for thick

films. Figure 3 compares thé@V responses for the four molecules with thicknesded10 and 26-27

nm, and a similar plot fad = 7-8 nm was presented in our initial communicatién
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Figure 3. Comparison oflV responses for four molecules with similar thicisyxesa) 9-10 nm and b) 26-27 nm.

Conditions same as those in Figure 2.

Figure 4a shows light emission spectra for an NAB junctrath d = 10 nm, plotted as CCD
response per second for a series of bias values 03 to -5.5 V (bottom contact relative to top),
viewed from the top of the junction (i.e., thes8&l,, contact). A low initial constant bias was applied
for 30 seconds of light collection, then the biemswnade progressively more negative and collection

repeated. Both the emitted light intensity (patel and the junction current (Figure 2) increapadig
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with more negativé/,p, As noted previouslﬂ?,a] the maximum emitted photon energy increases with
bias for all molecules and junctions examined. Erais from an Al/AlOx/eC/Au junction is included

in Figure 4a to demonstrate that the junction stinécis capable of generating and emitting photons
with energies at least up to 3.3 eV. Figure 4b shthe results of 4a divided by the junction currémt
order to more readily compare devices of diffeigpe. The most important feature of the spectra in
Figure 4a/b is the high-energy cut-dfiv{,), as determined by the intercept of the emissigne with

the abscissa. The value loi., indicates the energy of the most energetic phetoitted by the MJ,

and is more evident in 4c, which shows the samesam curves on a logarithmic ordinate.
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Figure 4. Emission spectra from NABMJs with progressively negatig,, plotted on a linear intensity scale
(a), on a scale normalized to junction current émd on a logarithmic scale (c). (d) Corresponding for
NAB o, AlIOX, and NAB;s MJs as a function of,,, The “elastic” line in d) corresponds k., = €V, Error
bars in (d) were determined as described in Slseét The dark signal from the CCD was subtradtech all
spectra, and the CCD gain was approximately 1 lcatfm.



The horizontal dashed line in 4c is a typical débeclimit for photon emission, equal to three tsne
the standard deviation of the background (or “daniésponse, which was acquired before each
emission spectrum. The intercept of the emissionec(or its extrapolated linear portion) on thehig
energy side with thed line is then taken asv.. The monotonic progression b¥., with increasing
bias apparent in 4c is plotted in Figure 4d, famitical MJs with different NAB layer thicknessesléf
and 5.5 nm. The dashed line indicates the ideatieleesponse, in which the maximum photon energy
equals the voltage bias across the MJ, with a sbépé.0, and was observed for both AlIOx and thin
NAB layers. The offset and difference in slope tfeg NAB;; MJ compared to NABs shows thahv,

is lower thaneVyppfor the thicker film. Low energy photons emitted thyn junctions at low bias were
more difficult to detect due to the weaker CCD mesge, and the error imv, increased from < 5% for
hveo > 2.0 eV to 15% fohv, < 2.0 eV (as discussed in Sl section 6). Figursi&2vs emission spectra
for Al/AIOx/eC/Au reference devices which are qtetively similar to those of figure 4a, without a
molecule or carbon layer present, indicating tihgtitlemission occurs for both oxide and molecular
tunnel barriers.

The origin of the light emitted by carbbased MJs was probed initially by considering the
symmetry of thelV response and light emission as well as the effetihe top contact composition.
For all the devices studied, tld& curves are essentially symmetric with respectias polarity. We
have noted this previously for carbon/moleculeftuand “all carbon” molecular junctiod® ! and
an example from the current devices is shown iarégS3 for AlOx, BTB, and NABY. Figure 5a
shows the emission spectra for an NABJ biased with opposite polarities but viewed fribra same
“top contact”, as shown in Figure 1, i.e. withotlmanging observation geometry. The shapes of the
spectra for both polarities are similar, but thakpmtensity is consistently lower when the sulistia
biased positive, over a range of 2.8 to 4.2 V (Féghb). This difference is likely due to absorptmin

emitted photons by the NAB layer, implying that thleotons are generated more efficiently at the
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positively biased electrode. Therefore positiveapty causes photoemission “under” the molecular
layer, adding the NAB absorbance to that of theAeGbp contact. If light emission results from hot
carriers coupling to surface plasmons, the emisspattrum should depend on the contact material, so
NABgMJs were made with Au/eC substrates and top cantdu only or eC/Au with either 3 nm or
18 nm of eC. Emission spectra for the three diffetep contact cases biased at -4.3 V are compared
Figure 5c, and do show variation in shape for dffd top contacts. The Au-only contact exhibits a
doublet similar to that reported for AlOx tunnelnfiond?”, and this doublet disappears with
increasing thickness of eC. As shown in Figurehdgl,is linear with bias for both Au and eC/Au as
well as with both polarities for Au/eC/NARC/Au. As already noted in Figure 4, thes@&@,o top
contact and optical detection equipment are capabbtenerating and monitoring emitted light from

1.3 to 3.4 eV, which is adequate for the curremd gt
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Figureb5. a) Emission spectra for a single eC/NABC MJ biased with both polarities (solid curvesgative
bias, dashed curves- positive bias) on the sareasity axis. b) Intensity v¥/{,J for the NAB MJ at both
polarities. c) Emission spectra for eC,¢/NABg/MJs with three different top contacts, as indidateith Vg,
=-4.3 V. d) Plots ohv, vs Va4 for two different top contacts, as indicated.Bbias polarities (red and blue
lines) are shown for the eC/Au top contact.
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Additional light emission spectra for four junctistructures and thickness range of 8-26 nm are
shown in Supporting Information, Figures S4 and Hgure 6a shows selected spectra for all four
molecules, in addition to an azobenzene spectruesepted previousi?. Since photon emission
reached its maximum at different bias values fdfedint molecules, the spectra are difficult to

compare for a sing&,,p
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Figure 6. a) Emission spectra for eC/molecule/eC junctiorth fiwe different molecular structures. All spectra
are color coded as BTB (red), NAB (blue), AQ (pinkDI (black) and Azobenzene (AB, green). b) Schama
energy diagrams showirgV.,, emitted light, and energy loss for thin §nm) and thick (>7 nm) MJs. c) The
spectra of panel (a) plotted vs energy l®3/,,,— hv, with the red arrow showing a loss of < 1eV forEJ. d)
Composite plot of log(intensity) vs energy loss #niditional thicknesses of NAB (blue curves, 10, did 27
nm from left to right) and BTB (blue curves, 7, 2dd 26 nm) showing a rangee{,,, - hv, values from 0 to 9
eV. The left intercept with the detection limit indtes the energy loss ftn, and the vertical dashed line
indicates zero energy 10Ss (i8/pp = hveo)

Upon initial inspection of Figure 6a, the emissgpectra are qualitatively similar except for

NDI which has a reproducible secondary peak at agmately 1.5 eV. The NDI molecule is
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fluorescent and exhibits a similar secondary pdaklab eV when a single NDI molecule acts as a
conductor between biased carbon nanotdBetn the present case, this feature may be exdited
photons from the hot carrier photoemission at ~2B\é similarity of the spectra is consistent vath
emission process involving excitation of plasmamghe eC/Au contact by non-equilibrium carriers,
which can then decay by emitting photons, as desdrabove. However, the bias required to produce
the spectra of Figure 6a varies significantly fdfeslent molecules, e.g by ~1.5 V for the case o8B,

and NAB;,. A more informative parameter for comparing molesus “energy loss”, defined ag\pp

— hv) and shown in figure 6b, which indicates directig toss of energy between the applied bias and
the emitted photons whehexceeds 5-7 nm. Figure 6¢ shows the spectra @& ganreplotted vseVap,

— hv, which highlights differences in energy loss rathiean hv,,. Note that the spectra reverse
direction on thex-axis, and clearly emphasize the observed enesg/ db the highest energy emitted
photon (shown by the red arrow in Figure 6c for¢hee of BTB). Figure 6d shows a comparison of
the same five spectra with those of additional muakr junctions, with energy losses ranging from 0
(vertical dashed linegVapp = hv) to 9 eV, antkeVapp,— hve, values from near zero for BB 7.5 eV for
NAB,7 The advantage of using the “loss” axis is appaogntoting that NABg with Vap,= -5.3 V and
BTB1o with Vapp =-3.8 V have similahv, apparent in Figure 6a equal to ~2.8 eV. Howeusgirt
spectra plotted v Vapp— hV) in 6d are offset significantly, showing energgdes of 0.9 eV for BTH
and 2.3 eV for NABy, for the most energetic emitted photonBhe format of Figure 6d provides a
direct indication of the effect of molecular laygructure, thickness, andy, on the energy losses
between the applied bias and the emitted photahpammits convenient comparison of different MJs.
A complete set of spectra for NAB frod+5 tod=59 nm is provided in Sl Figure S5. As noted above,
the emission spectrum is a complex function ofdhietact materials and other factors, so we rely onl

on thehv, for deductions about the junction electronic bédald?
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The structure and thickness dependende gfare illustrated irFigure 7 for the four molecules
whoseJV curves were shown in Figure 2, 3 and S1. Figurehtavshvc, vs Vappfor NAB junctions
ranging in thickness from 5.4 to 59 nm. As notedoinr initial report and for many examples of
aluminum oxide junctions, direct tunneling is exgecto be elastic, as was observed for thin BTB
junctions as well as AI/AIOx/Au devicBd using the experimental approach described heréNAB
thickness increases above 5 nm, the energy ofrtiigee light decreases (i.bve < €Vapp), and for
thick molecular layers the difference can be lafg®s. example, 16 V applied across a NARInction
produced a maximum emitted photon energy of 2.2ie¥icating an energy loss of 13.8 eV. In all
cases, the energy loss increases with increasagy except for the elastic cases, and this depeaden

provides some mechanistic insights as describexhbiel the Discussion section.

a) 3.4 NAB 19 b) . 3.4

- 10q: ] A _
3.2 . . 3.2

3.0- 3 1 \26 Q ]
: 38 : 3.0
< 258 27 1 18 2.8
'95 264 45 6 + 10 952 L2.6
2% 241 ’ 1 L2.4
< 221 \ 1 \ (22
20\ - 2.0
18] 59 40 39 16 1 45 lis
) 34]-18 16 14 12 10 8 6 -4 -2 1 ).'s 7 6 5 4 3 2 1 |a,
- ™Y -+ * 9.
gg : BTB,, - AQ26 g g

< ..1NAB ~
% 2.8 10 1 N 2.8
— 2.6 . 1 2.6
>” 241 AQ : - 2.4
= 22 1:\\ o T BTB,, |22
2.0 ¢ 1 NAB27 -2.0
1.8 1 S £1.8

-6 -5 4 3 2 11 10 9 -8 -7 6 5 -4

VaPD[V] Vapp[v]

Figure 7. a) hvg, vs Vap, for NAB MJs withd = 5 - 59 nm, with numeric labels indicating thecimiess of each
device in nm. Dashed line indicates elastic casereliv., = eV,p, b) Similar plot for AQ MJs witld = 4.5 - 26
nm. c¢) Comparison of 9-10 nm thick MJs of the fowslecules, all with negative bias except NDI whighs
positively biased and plotted here ongsécale. d) Comparison of 26-27 nm thick MJs forf@lir molecules.

12



Figure 7b shows similar plofer AQ devices, which also exhibit an approachhe &lastic limit for
smalld, and increasing shifts away from elastic transperthe thickness is increased. Figure 7c and
7d showhveo Vs Vapp plots for the junctions of ~10 nm and 26 nm wiiedV curves shown in Figure 3,

to permit comparison of MJs of similar thicknesdgsth the slope and the departure from the elastic
line vary significantly between molecular structjrendicating quite different energy losses. For
example, emission of a 2.5 eV photon requifgg~ 5.2 V for BTBs, = 7.5 V for AQs and= 10.5 V

for NAB,7, and the range of required bias is > 5V betweeBB&nd NAB,7. As shown inFigure 8§,
which plots the energy loss as a function of theédsn for four different structures, the loss is
approximately linear for all four molecules (altlgbuthe slopes differ), and this trend extends to
greater than 60 nm for NAB and NDI. NAB, AQ, andBall reach the elastic limit for 4.5 - 7 nm

thick molecular layers, but even the thinnest NOJI Wthd= 7.9 nm exhibited energy loss.
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Figure 8. Plots ofeV,, — h\, at the onset of light emission for all four molexs)l with their slopes indicated.
Note that thex-axis intercept is similar for all cases, in thega of 4.5-6 nm. Horizontal dashed line indicates
elastic transport with zero energy loss.
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The focus of the current report is on light emiaesitom molecular junctions and the variables
which affect it, rather than a detailed discussabriransport mechanisms in thick diazonium-derived
molecular layers. However, a preliminary invesiigiatof the effect temperature on NAB devices was
undertaken to assist the interpretation of thet leghission results. Past measurements on deviees ha
been carried out from above room temperature t6 K for molecular layers less than 5 #n?? and
for BTB up to 22 nnt® Here, four NAB junctions were selected that botertap and extend these
previous measurementd € 3.5, 8.0, 35, and 65 nm) over a 77 — 325 K teatpee range. ThaV

behavior of the four NAB junctions at selected tenapures (all in < 10 torr vacuum) are shown in

Figure9a.
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Figure 9. a) JV curves for negativ¥,p,, for eC/NAB/eC MJs with the indicated thicknessesaeen 3.5 and 65
nm. The curves shown are overlays of a range op¢eatures between 77 and 325 K. b) Arrhenius plots
constructed at the indicat®,, for all four thicknesses.

The current density is weakly dependent on tempegdor all four thickness below 200 K, with an
activated response for NAB above 200 K. Due to the large variations in currdansity with
thickness, it was not possible to construct Arrhisrplots for the four thicknesses at a singlg, but
Figure 9b shown J vs 1000/Tplots at bias values with measurable current tiessiAlthough some

linear regions may be present at highhe plots do not exhibit classical Arrhenius bab@g with very
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little temperature dependence between 77 and 20DaKle 1 lists the apparent activation energies
determined from the Arrhenius slopes at low andh Aigshowing the lack of significant activation.

Table 1. Apparent activation energids;c:

NAB; 5 NABg o NABg3s NABgs

Vapp [V] -0.60 -1.9 -8.5 -19
Ea [MeV], 225-325K | 8.9 435 21.0 62.3
Eaqt [MeV], 100- 200K | <1 <1 1.4 1.7

3. Discussion

Both the ubiquitous light emitting diodes and thenganic equivalent OLEDs depend on
recombination of electrons with holes generatednfigction of charge from conducting contaéfs.
Light emitting tunnel junctions based on aluminuride generate hot carriers in the light emitting
contact (usually Au) by tunneling across a thin Rl@yer*> ¥ These hot carriers then couple to
plasmons in the contact which emit light. The catreodel for light emission by third(<5 nm)
organic tunnel junctions described in the Introduttassumes similar hot carrier generation by
coherent tunneling, then plasmon coupling to prediight'®® 8 The main question of the current
report is how the hot carrier model changes for Mith thickness beyond 5 nm, where coherent
tunneling is unlikely. A major associated motivatics to use emitted light to probe transport
mechanisms, particularly those associated withsprart distances beyond the usual limits for cohteren
tunneling. Several experimental observations sugperconclusion that non-equilibrium carriers tact
excite light emission from the contact(s). Firee £mission spectrum varies with contact compasitio
all else being constant (Figure 5c). Second, eomnsspectra are quite similar for different molesule
with only NDI at high bias showing a secondary pdak to luminescence. Third, the emission profile
shape and high energy cut-ofiv{,) are similar for both bias polarities in Au/eC/NAE/Au MJs

reported here, when both are viewed with the saewengtry (Figure 5a,b). This result indicates that
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electrons traversing the MJ in either directionvgod or away from the observation point) produce
qualitatively similar light emission. However, tdecreased intensity for positive bias is likely doe
photon absorption by the NAB molecular layer, inipdythat light emission occurs more efficiently at
the positively biased electrode. Fourth, the chaimgemission spectrum shape for Au and eC/Au
contacts (Figure 5c¢) with increasing eC thicknasther implies that light emission may occur from
either or both of the Au and eC layers. As discdgs®eviously, black body radiation cannot account
for the emission curve shapes and positions, stheerequired temperatures would destroy the
devicel®™

Although the photon emission profile is expectedidoy with contact material, viewing angle,
polarization, etc., the only feature used in therent analysis i, The device structure and
observation system are capable of generating amitoniog light in at least the range of 1.4 to 8¥,
so a value ohve, within that range is a direct indication of the nmaxm energy of the carriers that
reach the contact and stimulate light emissions Btatement is supported by the similarityhof,
values for a range of bias values for both Au a@tAe contacts, as well for both bias polaritieshwit
eC/Au (Figure 5d). Furthermore, the energy of maximemission shifts slightly with increasivgpp,
but the high energy emission depends stronglygg(Figure 4c). We view the plasmon mediated light
emission as a “reporter” for the carrier energyché#@g either contact, with the maximum emitted
energy indicating the highest energy carrier traivgy the junction. The general shape of the emissio
spectrum depends mainly on the contact materialnkydepends directly oWappand energy losses in
the MJ. The plasmonic properties of the light-eimiftcontact presumably limits the maximum photon
energy, but that limit is above the 3.4 eV rangpaaent in Figures 4, 6, and 7. A critical point to
subsequent discussion is that, indicates the energgfter the carrier has traversed the molecular
junction, since the photon can only be generatednwthe hot carrier reaches the contact to stimulate

light emission.
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As shown in Figure 7a and 7b, light emission frdra NABs s and AQ s MJs satisfies the
“elastic” condition, meaning thatve, = €Vap, This was also the case for the BTBIJ and AlIOx
devices reported previousi? and for classical studies of AI/AIOx/Au tunnel ptions!t? 242
Therefore, the results strongly support elastiocgpart wherd < 5 nm, with minimal change in energy
loss during transport for at least an observaldetiion of the carriers traversing the moleculaetay
Elastic transport by coherent tunneling is one ibdgy, and is shown schematically figure 10 a)
andb). Molecules are represented by HOMO (blue) and LU{&d) levels between contacts, in which
the filled levels are indicated by gray shadinge Torizontal dashed line represents the electrostat

potential profile, assumed to be linear for simpjic

Q
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il
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Figure 10. a) Schematic energy level diagram of a moleculactjon consisting of contacts (gray), HOMO
levels (blue) and LUMOs (red) in the molecular layEnergies are referred to vacuum, with the cdrifacmi
level equal to -4.8 V. b) Schematic of thin molecyunction under negative bias, with dashed lirdidating
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the electrostatic potential profile. Horizontal ragtow shows elastic transport followed by emissbtight in
the positive contact. ¢) Schematic for 12 nm mdkacjunction under negative bias, with electromsfars
indicated by horizontal red arrows. d) enlargenoémholecular layer, as described in the text.

Coherent tunnelling is depicted in Figure 10b fegative bias of the bottom contact, resulting hoa
electron at the top electrode which then stimulateston emission. In the elastic limit the maximum
emitted photon energyh{.,) equalseVay, as observed experimentally for thin (d ~ 5nm) ARB,

and BTB junctions, as well as AIBX? 242! The departure dive,from elastic behavior observed for
all junctions withd > 5 nm (or7 nm for BTB) clearly indicates an energy loss somens in the
system, since the maximum emitted photon endngy)(s significantly smaller than the input energy
of eVapp Absence of finite loss in some cases and theafiityeof the loss with molecular layer
thickness rules out parasitic losses in the leadmntacts, as well as significant losses duringiea
injection at the electrode/molecule interfacesufegS7 in Sl shows that variation of eC thickneemf

2 to 25 nm in the top contact had minimal effectestimer theJV response ohv,, thus ruling out
significant ohmic losses inside the carbon film€lassical inelastic scattering in conductors and
insulators is generally exponential with distangbereas the losses apparent in Figure 8 are lwidiar
thickness. Note that the slopes shown in Figur@.84(— 0.30 eV/nm) are similar in magnitude to the
applied electric fields assuming a linear potenpiafile (~0.2 to 0.3 V/nm). We conclude from the
results that energy loss occurs within the molecladger, and is associated with incoherent carrier
transport, likely involving multiple steps. Figufi®c shows schematic energy levels for a 12 nm
molecular layer, with the HOMO and LUMO levels $bdf in accordance with the applied electric
field. Note that the HOMO levels represent molecolbitals which are separated from each other by a
tunnelling barrier, such as might result from néarar dihedral angles between molecular subunits.
Although coherent tunnelling across 12 nm is uroeable, electrons may transfer to empty contact
orbitals by either tunneling or field ionizatfdh, as shown by the red arrows. Based on the

experimental results, such transport is possiblelitances less than 5-7 nm, and result in a dxotec
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in a contact. As indicated in figure 10c there ntey more than one HOMO which can transfer
electrons to the positively biased contact, resglin photons of lower energy, but the maximum
photon energy is determined by the orbital at iimé lof elastic transport. As a resuftly, is less than
eVapp for junctions thicker than 5-7 nm. Figure 10dwba possible mechanism for transport within
the organic layer subsequent to the initial hotteten generation. A cascade of tunneling events
followed by thermal relaxation would allow electsoto traverse the film to fill the hole left behibg
the hot electron. These could be inelastic tungetiments™ 2 or coherent tunneling followed by
vibrational relaxation, but in either case theyutes an energy loss for each “step”. Furthermaoies
energy loss increases withy, (as shown in Figure 7) if the number of “stepsiyst constant. The
model of figure 10 and the experimental observatiare consistent with an approximately linear
potential distribution in the organic layer, butt math significant potential losses as the eC/molec
interfaces.

Extensive research on transport through orgamasfimuch thicker than those examined here
(generallyd > 100 nm), has resulted in a collection of “hoggimodels based on a sequence of
discrete steps, for example between conductiveomsgiin a conducting polymer such as
polythiophend®”! Several of these models involve activated, Maltikes-electron transfer reactions
and among those is “redox exchange” in which trartspccurs by a series of electron transfers in a
redox or conducting polymé&?® At least for NAB, the small activation energiesFifure 9 and Table
1 rule out Marcus-like electron transfer, sincedgpE,c values for reorganization exceed 200 meV. It
is important to note that although the sntal; values rule out significant reorganizatipreceding
electron transport, structural changes or flucturetafter transport are still possible, with the energy
dissipated in the matrix. The current results oar fmolecules demonstrate that inelastic, weakly
activated (at least for NAB and BTB) transport aagtur across distances of 6-62 nm, with an

accompanying energy loss that depends on molestiacture. Research is ongoing into transport
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mechanisms beyond the ~5 nm limit normally obserggdelastic transport, and we anticipate that
light emission and associated energy losses wilvige valuable evidence for elucidating transport

mechanism.

4. Conclusions

Carbon based molecular junctions with moleculgeddhicknesses of 5-59 nm emit light under
bias, with the spectrum and its intensity varyinighwnolecular layer structure and thickness. Liight
generated when a “hot” carrier arrives at the mdkcontact interface, then couples to surface
plasmons in the contact. Junction current is symmetith respect to bias polarity, with slightly
weaker light emission for positive bias indicatitigat light emission occurs predominantly at the
positively biased contact, with the molecular lagbsorbing some of the light when the bottom cdntac
is positive. The shape of the emission spectrulargely determined by the properties of the castac
rather than the molecules, however the maximumtedighoton energyhi.o) is limited to the applied
bias, i.e.eVapp Hencehy, indicates energy losses during transport throughjuhction, with elastic
transport corresponding to the case whegg = eV,pp For AQ and NAB molecular layers, the elastic
condition is satisfied for films less than 5 nmctyiand for BTB up to 7 nm. For thicker films of al
molecules examined)\c, < eVapp and the energy loss is linear with molecular taygckness. The
observed energy loss is strongly dependent on mialestructure, for example varying by ~5 eV for
the four different structures amtl= 26 nm (Figure 6d and 7d). TII& behavior for NAB devices is
weakly dependent on temperature, with an appaciviadion energy of less than 2 meV fibr 3.3 to
65 nm andr = 100 to 200 K. The results clearly indicate is@tatransport for films thicker than 5 nm,
although they are not consistent with either redmechange or classical inelastic scattering
mechanisms. The near-zero Arrhenius slopes forde wange of molecular layer thickness clearly

indicate that thermally induced reorganization pd#cg electron transfer is unnecessary, but do not
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rule out energy transfer to the matrix following@&ton transfer. A probable transport mechanisna for
> 5 nm involves multiple steps down an approximatilear potential profile, with energy losses by
inelastic tunneling or vibrational relaxation. Talkility to determine carrier energy upon arrivattet
second contact/molecule interface should provealdéifor determining transport mechanism across

5-60 nm distances, and ways to control transpoxidsiation of molecular structure.

5. Experimental Section

Light emission was monitored with an Olympus BX6@cmmscope and fiber optic output
coupled to an Andor Solis spectrograph with an Andewton DU-920N CCD cooled to -6TC.
Samples were mounted on a custom-built sample heldb 4 probes for applying an external bias
using a Keithley 2602a in a DC mode. A Keithley 28Q@vas connected to the sample stage throughout
the experimenti.e., for initial and finali-V curve measurements as well as for DC bias appitat
After electrical connection, samples were alignedhe microscope stage and focused using a 50x,
NA=0.45 objective (where the field of view was apgmately the same as the junction area) and an
V curve was acquired with a Keithley 2602a to vedbntact and ensure a non-shorted sample. An
opague screen was used to isolate the stage freemak ambient background light. Acquisition of
light consisted of the measurement of a backgrawitid no bias applied to the sample. The following
spectra were measured at a constant (Mgsg), starting at low initial bias values to verifyetlabsence
of emission aVap< Vonset Acquisition was performed using 4 accumulatioh§.6 s with a 50 kHz
readout rate, a preamplifier gain of 4x, full veali binning, and 8 pixel horizontal binning.
Intermediate measurementsief curves were conducted to verify sample functiogle&@ed spectra
were corrected for the spectrometer response fumeitcording the procedure described in Sl section
5and are shown in Figure S6 for all four junctigpes. The response correction had the greatest effe

on the low-energy regions of the spectra, but hadreor effect (typically <0.1 eV) on the observed
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hveo. All hve, values reported were determined with uncorrecigectsa, in part to reduce noise.
Maximum photon energyhv,, values and their uncertainties were determined Hey grocedure
described in Sl section 6 and Figure S7.

Junctions were prepared as described previdiislywith the general structure of
AuzyeC /Mol /eG/Auy. Details regarding molecular layer and contactodgmn specific to the
current report are provided in Sl sectionJ8V curves measurements and DC bias application were
performed using a Keithley 2602a SourceMeter imw probe configuratidf?! to minimize contact
resistance errorslV curves were collected starting from 0 V, sweepgimgards positive or negative
direction to reach limiting current density of @a30 A/cnf. Notably, most of the junctions were able
to tolerate higher current densities, up to 100n#¢/asing fast scans, ba¥ curves measured with the
limiting current of + 30 A/crh provided sufficient information and intact junct®for further light
emission measurements. 100 data points, with NPDG1) and filter 10 were used for each polarity
measurement, with a nominal duration 0.1 s to ayeitttion breakdown. Temperature dependent
measurements were performed similarly using Kejtl2802a, connected to a vacuum chamber with
liquid nitrogen cooling. Base pressure during dataumulation was 1-2 xfOmbar. Measurement
started at 77 K followed by slow heating up to rommperature, using a Scientific Instruments 9700
temperature controller. At each temperature thepgamas allowed to stabilize for ca. 5 min befdxe
curves were recorded.

JV curves obtained before and after light emissiash $imilar shapes. A single light emission
measurement at a lower bias, close to the ondehafemission, did not affect the current densify
the junction. Extensive measurement at increasasebi(> 2 V higher than onset voltage) for 3-5 min
caused a decrease in current density by 50-90%tgnifficant DC bias caused junction breakdown due
to short circuit, light emission terminated, comfing that light generation cannot proceed in the

presence of direct short between the contacts.
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Light emission by carbon-based molecular junctions reveals energy lost during transport as the
difference between the applied bias and the maximomitted photon energy. For molecular layers less
than 5 nm thick, transport is elastic, while thickéms show energy losses which are linearly
dependent on layer thickness.

Oleksii lvashenko, Adam Johan Bergreand Richard L. McCreery

Monitoring of Energy Conservation and Lossesin Molecular Junctionsthrough Char acterization
of Light Emission
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1. Complete setsof JV curves
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Figure S1. JV curves for AgyeC /Mol /eGl/Auy MJIs containing the indicated molecules, with the
numbers on each curve denoting molecular layekileigs in nm. In all case¥qp, Was initiated at 0
volts with a Keithley 2602 source-measurement wamt required < 1 second for data acquisition. The
polarity of Vapp is the bottom Au contact relative to the top, wstibsequent light emission observed
from the top (20 nm) Au contact.

2. Al/AlOx/eC/Au emission spectra
In part to characterize the effects of the eC/éu ¢ontact on light emission, complete spectra

for Al/AIOx/eCg/Al o are provided in figure S2, using the same appamatdsconditions as the spectra
of molecular junctions.
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Figure S2. Uncorrected emission spectra of an AlI/AIOX{T,, junction on linear (left) and log
(right) intensity scales. Applied bias for spedtrdoth plots from left to right was -2.1, -2.2,42then
to -3.4 Vin 0.1 V increments.

3. Symmetry of JV responses

BTB, NABg
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Figure S3. JV responses plotted vs absolute bias voltagertoipeomparison of positive (dashed) and
negative (solid line) polarities. Curves are neaglgnmetric for NAB and BTB, while Al/AIOx departs
from symmetric response due to breakdown when the Based positive.
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4. Additional light emission spectra

NAB
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Figure $4. Additional uncorrected spectra of light emissian NAB, BTB, AQ and NDI junctions
with thickness 6-8 nm (first column), 9-10 nm (sedacolumn) and 26-27 nm (third column) with
thickness indicated in the left upper corner ofhepanel. Applied DC bias is indicated next to each
curve, all junctions were measured in negative niglaexcept ND§ which was measured with a
positive bias. Each curve was normalized for threetul flowing through the device.
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Figure S5. Emission spectra for AyeCio/NAB/eCs/Auyo junctions with NAB thicknesses from 5 to

59 nm, plotted vs. energy loss in order to sepdheaine spectra. Photon energy cutoff valies)
from these spectra are plotted in figure 7a ofntiaén text.

5. Spectral response correction

In order to account for the variable sensitivity toe CCD detector in the range 300-900 nm, a
correction for the spectrometer response functi@s warried out using the procedure described
previously!Y The main motivations for this procedure were ttasban accurate emission spectrum of
the light emission and to determine if that affed$éermination of cut-off energies and correspogdin
losses.
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Figure S6. Raw (left panels) and corrected for spectrometspaonse (right panels) light emission
spectra for NAB, BTB, AQ, NDI junctions of 6-8 nii¢kness.

6. Maximum photon energy error analysis

The error in the high energy emission cut-off valueported in the main text were determined by
extrapolating a line to theaxis using the first 20 data points abow Bherec is the standard
deviation of “dark” response of the CCD. As desedilelsewher®! the error in the slope and intercept
of the line is used to determine the error in thapolatedx-axis intercept by propagation of error.
Two examples are shown Kigure S3a that illustrate an error of <5% for cases whee ¢mission
signal is strong. In the case of weak emissionowv photon energy that produce a signal with
insufficient data points (i.e., less than 20), ¢héoff value was determined as the energy at wtheh
signal exceeds@®above the dark signal. As is apparenfigure S3b, the error near the emission
threshold is 10-15%. As noted in the main text, lHrger error of ~15% occurs for thin molecular
junctions and low/,pp Which produces photons of < 2 eV energy deteetssl efficiently by the silicon
CCD detector.
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Figure S7. a) lllustration of the method used to determine éhror in thex-intercept of the emission

curves for a 10 nm BTB device with 2.9 V applietiébcurve) and 3.4 V applied (red curve). Here, the
error values are less than 5%. b) Examples ofdapds near threshold emission for NAB 5.4 nm with
applied voltages of 1.9 V (blue curve) and 2.0 &d(curve), showing that the uncertainty in xkexis

intercept can increase to ~15%.
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Figure S8. Cut-off energy determined using raw (red circlas)l corrected (black squares) spectra,
showing that cut-off values of corrected specteadar average 0.1 eV lower.
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7. Thicknessvariation for eC contacts
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Figure S9. Effect of variation of eC thickness from 0 nm ifeed with Cu contact) to 25 nm aVv
curves (left panel) and intensity of light emiss{aight panel). All measuredV curves overlay closely,
confirming similarity of electronic properties faunctions with 2-25 nm of eC. The similarity of the
normalized intensity of light emission (cnts/s/mand theJV curves for both polarities indicates
similar light emission mechanisms for both polasti

8. Molecular and contact layer deposition

NDI, NAB, and AQ diazonium salts were synthesizedpeeviously reported by diazotization of the
aromatic amine precursbr¥! The BTB aromatic amine precursor was obtained ftioenlaboratory of
Jean-Christophe Lacroix at the University of Pasisere it was synthesized as described previdulsly.
The BTB diazonium ion was prepared in situ accaydinthe procedure described below. The structure
of molecular junctions is reported starting frone thottom contact followed by a name of a molecule
(Mol) and ending with the top contact which facedhe t microscope objective, e.qg.
AuzyeC /Mol /eG/Auy, with thickness of each layer in nm indicated asuéscript. All of the
reported junctions were fabricated with the santestate on Si/SiOx wafer, Si/Sigy/Cri/Ausyd/eCyl.
Unless stated otherwise, light was observed throaghop contact of /efAuy, which was
approximately 50% transparent to visible lighabrication of large area (0.00068 Fmmolecular
junctions with the complete structure Si/SiOx/Busy/eC/Mol/eC/Au consisted of 3 steps: 1)
preparation of a bottom contact by evaporation 0A@eC on a Si/SiOx substrate; 2) grafting of
molecular layer; 3) evaporation of the top cont&itSiO, diced wafer chips (1.88.3 cm) with 320-
340 nm silicon oxide layer were cleaned by sonicain acetone, isopropanol and water for 20 min in
each solvent and dried with a stream gtidfore loading into the electron beam depositymtesn.

(1) The bottom contact was deposited by consecwixggporation of 3 nm Cr (99.998%, Kurt J.
Lesker) at 0.2 A/s rate; 30 nm of Au (99.99%, MRC&hada) at 0.2 A/s rate; and 10 nm C from high
purity graphite (SPI supplies, 2spi.com) at a mit6.2 A/s in a Johnsen Ultravac e-beam evapositor
a base pressure <2xi@orr. Four vertical lines (250 pm wide) on a chipre prepared through a
shadow mask and to serve as the substrate fo2depctrochemical grafting of the molecular layer)
The RMS roughness of the bottom contact was 0.6a,1as determined by AFM.
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(2) Preparation of multilayer molecular films wasnducted using the electrochemical reduction of
diazonium salts of several molecules: nitroazobe@z@NAB), azobenzene (AB), and a phenyl-
naphthalene di-imide derivative (NDf}.Grafting was performed using a CH Instruments mtgstat
with a three electrode cell. Si/SiOx/Cr/Au/eC eledes prepared in step (1) were used as a working
electrode, with a Pt wire auxiliary and Ag/Aeference electrodes. The solution for graftingsisted

of 1mM diazonium salt precursor (NAB, AB, NDI) withl M tetrabutylammonium tetrafluoroborate
supporting electrolyte in acetonitrile. The solatiwas purged with high-purity Ar gas for 20 minqpri

to electrochemical scanning. Freshly evaporatedobotelectrodes were used immediately after
removal from the deposition system for functioratiian. Table S1 contains experimental conditions
used to grow molecular films. After grafting, subses were carefully rinsed with acetonitrile, drie
with a stream of B and introduced into the electron beam systenevaporation of the top contact,
step (3). Preparation of films of BTB was done asatibed previousﬁ} under experimental
conditions listed in table S1.

(3) Cy/Auy, evaporated at 0.2 A/s rate at a pressupel@2 mbar was deposited horizontally across the
substrate lines through a shadow mask to servieeatop contact. Completed junctions were removed
from the vacuum chamber and stored in air for b2fore light emission measurements.

Molecular layer thicknesses were determined usitognig force microscopy (AFM) with a DI-
NANOMAN 3100. SPM probes from MikroMasch with aoesnce frequency of ~325 kHz and spring
constant of ~40 N/m were used for the measuremeAtsixl um area of the sample
SiOx/Cr/Au/eC/NAB immediately adjacent to the junotused for light emission was “scratched” in a
contact AFM mode to create a treffhA set point for “scratching” was used accordingthe
thickness (expected from electrochemical graftingditions) in a range 0.4-0.9 V, where 0.4 V was
used for thinner junctions (3-5 nm), progressivialyreasing to 0.9 V for the thickest 60 nm juncsion

A subsequent % um image collected in tapping mode was analypedetermine molecular layer
thickness by using Gaussian fits to height histograf the image with the mean difference between
height of molecular surface and underlying substratirface, with a typical thickness standard
deviation of +0.5 nn® Thicknesses and standard deviations are listedlfgunctions used for light
emission inT able S1.
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Table S1. Electrochemical conditions for molecular layer asifion

Molecule il:;iﬁkness ﬁ:)?gtri]rt]igl v Maximum negative Sca_n rate Number of
vs. Ag/AG] potential [V] [V sy cycles
3.31+0.3 0.4 -0.43 0.2 3
54+04 0.4 -0.45 0.2 4
6.1+0.4 0.4 -0.5 0.2 5
8.0x£05 0.4 -0.75 0.2 8
10.1£0.5 0.4 -0.9 0.2 8
16.2+0.5 0.4 -1.0 0.2 8
NAB 19.3+£0.6 0.4 -1.05 0.2 8
26.7 £0.7 0.4 -1.15 0.2 8
27+£0.7 0.4 -11 0.2 8
32+x1 0.4 -1.25 0.2 8
38+1 0.4 -1.15 0.2 8
40+1 0.4 -1.2 0.2 8
46 + 2 0.4 -1.25 0.2 8
59 +2 0.4 -1.3 0.2 8
7.0+£0.3 0.4 -04 0.1 2
10.2+04 0.4 -0.4 0.1 4
BTB 13.4+05 0.4 -0.6 0.1 4
21.0+0.6 0.4 -0.6 0.1 10
25.8+0.7 0.4 -0.65 0.1 10
27+0.7 0.4 -0.7 0.1 10
79105 0.3 -0.6 0.05 10
9.4+05 0.3 -0.6 0.05 10
NDI 17.4+£0.5 0.3 -0.65 0.05 10
255+1 0.3 -0.7 0.05 10
415+2 0.3 -0.75 0.05 10
62 +2 0.3 -0.8 0.05 10
45+0.3 0.4 -0.5 0.04 8
52+03 0.4 -0.6 0.04 8
AQ 9.6+0.4 0.4 -0.7 0.04 8
18.0+0.5 0.4 -0.8 0.04 8
26.0+0.6 0.4 -0.9 0.04 8
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9. Additional hvg, valuesfor four molecules and a range of thicknesses
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Figure S1. Overview of cut-off values for the complete settioicknesses for each molecule NAB,
BTB, AQ, NDI. The elastic linehl.=eV,,) was added to guide the eye. Junction thicknessrins
indicated next to each lin®app is reported as the DC bias at the bottom electvatie respect to the
top electrode in four wire method. Top contactaclecase was @@uxo.
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Figure S10. Comparison of maximum photon energy as a functibmpplied bias for a range of
thickness 7-62 nm of NAB, BTB, AQ and NIHy,, were determined on raw, uncorrected spectra. a)
7-8 nm, b) 9-10 nm, c) 26-27 nm, d) 40-62 nm. Irekakstic line (v.=eVapy and cut-off values for
AlOx were added for comparison.
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