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ABSTRACT

We introduce a novel approach, nanotransfer printing (nTP), to fabricate top-contact electrodes in Au/1,8-octanedithiol/GaAs junctions. Current—
voltage and photoresponse experiments were conducted to evaluate the nature of electrical contact. Results show that the nTP method
produces superior devices in which the electrical transport in nTP devices occurs through the 1,8-octanedithiol molecules. By contrast,
conventional evaporation of Au onto the molecules results in direct Au/GaAs contacts. Thus, nTP is potentially useful for making electrical
contacts in molecular electronics.

Organic molecules whose electronic properties can be organic molecular layers. Pattern transfer is purely additive
specifically tailored and controlled through well-established (so the organic molecules are not subjected to etchants,
synthetic chemistries are increasingly being targeted as activesacrificial resists, or developers and solvents), and multiple
components in electronic devices. Technological advancesdevices can be fabricated in parallel. Nanotransfer printing
in molecular-based electronics, however, remain limited is fast, simple, and occurs readily at ambient conditions.
because of the lack of understanding and control of the Figure 1 illustrates the nTP process and the wide range of
electrical contacts that form between electrically active feature sizesfrom nanometers to centimeteraccessible by
organic components and inorganic electrotiBgcause of this technique.

the mechanical and chemical fragility of the organic materi- | this experiment, we chose conductive (001) GaAs
als, establishing electrical contact with the organic component sj_doped, 16 cm-3) substrates rather than metallic bottom
in a reliable fashion has been a major challenge. Here weg|ectrodes because well-established models that describe
introduce a technique, nanotransfer printing (nNTP), for gjectrical transport across metalemiconductor interfaces
directly printing electrical contacts onto molecular layers at .5 pe used to evaluate the nature of contacts formed by
ambient conditions. Comparisons between nTP molecular ,1p and conventional evaporative meth8@old (Au) and
junctions and junctions fabricated by conventional metal + g5As form a Schottky diode contact with a barrier height
evaporation methods provide insight into how electrode ¢ 7 v/10 The presence of a molecular layer between Au
fabrication affects electrical transport in molecular devices. 4,4 v GaAs will modify the Schottky contact properties,
Presently, the top electrodes of most organic molecular | o hitactaq by changes in Au/GaAs junction electrical
devices are fabricated by the direct evaporation of metals ., 4 teristics. Because the bottom electrode is a semicon-
onto the molecular layer. This approach generally results in ductor, photoresponse experiments can be conducted in
extremely low yields of functional deviceshey tend to be addition to the conventional currentoltage (—V) measure-

eIeTtnc?IIéz/ Ishorted between the two eIect:ode; alcrcr)]ss thements. The photoresponse results turned out to be the key
qu ecules. In an attempt tcl) c_wcumé\)/ent eectgca IS éorts to understanding how the top electrode fabrication method
etween contacts, nanoscale junctidmsercury droplets, affects electrical transport.

lift-off float-on Au pads$ and scanning probe tip electroéiés Ei 1 sh h h ¢ the nTP q ‘
have been successfully demonstrated. Although these ap} bl_gur_e S OAWS | € S% en;e 0 | € rll _ brocedure for
proaches are able to produce laboratory test structures, theya r'(ijat'r]lg 1t%p ue e(;:_tf Ie S c+)r gg:cllf ﬁlrrhjun;tlngcom-
cannot be scaled up for the fabrication of circuits and systems'ooge or L, -o?tane '_t |odonf nh RS- The id ds h
containing organic devices because the processing technique_§u stra_ltes are first stripped of their native oxide an t en
are highly specialized and time-consuming. Here we report |mmeQ|ater exposed to'saturated 1,8—oct§ned|th|pl vapor in
the use of nTPto establish reliable electrical contact with & desiccator for 15 min. Control experiments involving
different surface treatmentsndicated that the majority of
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with chosen relief features is brought into contact with the

treated GaAs substrate by hand; no additional pressure was
applied to the stamp during this process. Removing the stamp
from the GaAs substrate completes the pattern transfer

process. The spontaneous formation efA&I bond31° at

the treated GaAs/Au-coated stamp interface facilitates pattern
transfer (Figure 1c). Because 1,8-octanedithiol chemically

binds the Au patterns to the substrate, the patterns easily
pass Scotch tape adhesion tests. In addition to anchoring the
Au patterns permanently to the substrate, the 1,8-oc-

tanedithiol molecular layer also serves as the electrically

active component in these molecular junctions. The capability

of nTP in producing nanometer features is illustrated in

(b)Bring stamp into contact with substrate

A

Au """ Au Figure 1(_:1, an_d its appl_ication to the fabrication of large-
/ ;SH sH 3 area devices is shown in Figure le.

g((l:Hg} (fl)H)x ((IBH), (éH)g To understand how the dlfferent_ contact fabrlca_tlon

e S e é 2% methods can affect transport properties of molecular junc-

tions, we compared the electrical characteristics of our nTP
junctions with reference junctions whose top Au contacts
were directly deposited. Control junctions were made by
directly evaporating Au through a shadow mask (of the same
design as the PDMS stamp so the resulting contact areas
are the same) on freshly etchetl @aAs (i.e., no molecules
between Au contacts and the GaAs substrate). Evaporated
junctions were made by evaporating Au through a shadow
mask onto 1,8-octanedithiol-treated GaAs wafers. Prior

to Au evaporation, 1,8-octanedithiol is deposited 6rGaAs
following the same procedure that is used to make nTP
junctions. Care was taken to ensure that the molecular
(e) junction fabrication procedures up to the top electrode
deposition were identical for nTP and the evaporated
samples. In all cases, the Au films were deposited by electron
beam evaporation at a rate of 10 A/s and have a thickness
of 20—25 nm. The chamber pressure immediately prior to
evaporation was 25) x 1077 Torr. The samples (either
PDMS or GaAs chips) were-30 cm away from the source

in a direct line-of-sight configuration. The samples were not
cooled. Although there are more sophisticated approaches
_ _ o to the evaporation of top Au electrodes in order to minimize
'(:;?L#ﬁeléasgzesﬂﬁgfrg:eﬂ?g Rf‘sqoé:?r?:;e{npggﬂggégg dg":fl:g?“re- direct contact between the two electrod&sié optimizing

HCI for 2 min and then immediately exposed to 1,8-octanedithiol Au evaporatl_on conditions is no_t the goal OT _th's ;tudy.
(x = 8) vapor for 15 min. (Solution deposition of the dithiol layer ~Rather, we aim to keep the experimental conditions, includ-
produced similar results.) (b) Gold-coated elastomeric PDMS stamp ing GaAs oxide etching, dithiol deposition, and Au evapora-
with appropriate relief features is brought into contact with the tion, constant for the three types of samples to achieve
treated substrate. (c) Removal of the stamp from the S“bStratemeaningful comparisons. Therefore, differences in the elec-

completes the printing process. Au on the raised part of the PDMS _ . L . .
stamp is bonded and transferred to the dithiol-coated GaAs. trical characteristics of these devices reflect real differences

Scanning electron micrographs of (d) 300-nm-wide Au lines printed in the nature of the contact that is attributable to the
on an octanedithiol-coated GaAs surface and (e) nTP Au/dithiol/ fabrication of top electrodes.

n+ GaAs junctions used in the transport studies. All transport measurements were performed in a standard
layer with unreacted thiol endgroups generally facing away probe station. Thé—V measurements were made using an
from the substrat® The idealized orientation of 1,8- electrometer. Figure 2a shows four set$-6¥ characteristics
octanedithiol on etched GaAs is depicted in the inset of for nTP Au/1,8-octanedithiol/GaAs junctions with different
Figure 1a. We also explored solution-immersion methods contact areas (Figure le; dots with diameters of 62.5, 125,
for depositing 1,8-octanedithiol on GaAs substrafesie 250, and 500um). The probe pressure was kept to a
conditions we used produced similar printing results. Prior minimumt’ to avoid damaging the Au electrodes or affecting
to nTP, the treated GaAs substrates are rinsed thoroughlythe transport characteristitsWe found that the current
with ethanol to remove any multilayer buildup. A fresh gold- densities are independent of the contact area for the nTP
coated elastomeric poly(dimethylsiloxane) (PDMS) stamp devices. The scaling of total current with junction area

— 500 um
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Figure 2. (a) Current density as a function of applied voltage.
The measured current scales linearly with junction area. (b)
Histogram revealing the reproducibility of the measured specific
contact resistanc&®@ R: resistance obtained from the linear region
of the |-V curves between 0 and0.1 V; A: area of the Au
contact).RAis on a log scale. Devices (88) of various contact areas
were measured; thRA of most devices is within a factor of 10 of
each other.
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Figure 3. Absolute current levels (on a log scale) of two-terminal
devices for applied voltage are betweef.1 and—0.1 V. The
GaAs was maintained at ground, and the voltage was applied to
the top Au contacts. All devices have the same area, B0~°

cm?. The mean and standard deviation valueRéffor each type

of sample are shown. For the control and evaporated samples, 10
I-V curves were used for the calculation. For the nTP samples, all
except open and shorted curves were used. Control sample: Au
contacts were fabricated by directly evaporating through a shadow
mask onto a bare'nGaAs substrate (blue circles). Evaporated
sample: direct evaporation of Au on a dithiol-treated GaAs
substrate (green squares). nTP samples: contact printing of Au
electrodes onto a dithiol-treated GaAs substrate (red diamonds).

height!® The magnitude of the effective barrier height reflects
the nature of transport through the contacts. For example,
an effective barrier height lower than that expected from an
ideal Schottky barrier height implies the presence of ohmic
contacts, and a higher effective barrier height suggests
tunneling through an insulator. THe-V characteristics of

the control and evaporated samples are similar in shape and

indicates that current distribution is uniform in nTP junctions. magnitude, and their extracted effective barrier heights are
In particular, transport is not dominated by edges. In the low- 0.55 and 0.58 V, respectively. These barrier heights are lower
bias region 0.1 to 0.1 V), thd —V characteristics are linear  than the Schottky barrier height expected for Au 6rGaAs

for negative bias and superlinear for positive bias. To (0.7 V), indicating the presence of ohmic contacts in these
evaluate electrical conduction through these junctions, we junctions. Because the sample temperature rise during the
measured the resistandg, the slope in the linear portion  short evaporation time<20 s) is minimal, the ohmic contacts

of thel—V curve) of 88 devices fabricated using 8 different likely arise from the high dopant density of iGaAs and
batches of stamps and substrates as well as different 1,8the tendency of Au to alloy with GaA$.By comparing the
octanedithiol deposition methods (vapor versus solution RAfrom thel—V results to the specific contact resistance of
deposition). The specific resistance®A where A is the a good ohmic contact on'nGaAs (10¢ Q cn¥),? the
junction area) for these devices are plotted in Figure 2b. fractions of contact areas with ohmic characteristics were
Except for~2% of the junctions, the measur&Hh values determined to be 2 1078 and 6 x 107° for control and

are within an order of magnitude of each other (between evaporated junctions, respectively. Although these ohmic
3.5x 10° Q cn? and 4.6x 107 Q cn¥). When we examined  fractions are small, they are consistent with the measured
the characteristics of molecular junctions in a given printed current densities for the control and evaporated samples.
array, the spread is significantly less, and Revalues are Detailed analyses are published separatelfhese results
within a factor of 2. Repeated measurements over the small-suggest that, despite the presence of a molecular layer, ohmic
bias range shown here do not show changes in the diodeAu/GaAs contacts also dominate electrical transport in the

characteristics. Nanotransfer printing is thus an effective
method for fabricating electrical contacts to molecular layers
in a reliable and reproducible fashion.

Figure 3 showsl—V characteristics for the control,
evaporated, and nTP junctions (all with a 62r5-diameter).

evaporated junctions.
The current levels for the junctions fabricated by nTP,
however, are 5 orders of magnitude lower than the levels

for both the control and evaporated samples. The extracted

effective barrier height ranges from 0.82 to 0.91 V (0.87 V

Although none of these diodes exhibits ideal Schottky diode for thel—V trace shown in Figure 3) for junctions shown in

behavior, it is still useful to analyze them within the
thermionic emission model to obtain affectve barrier
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Figure 2b. These values are significantly higher than those
of the control and evaporated samples and are also higher
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Figure 4. (a) Schematic of dominant photocurrent process when
a belowEy®3As photon is absorbed in the Au/nGaAs junction.

(b) Schematic of dominant photocurrent process when an above-

E,°24s photon is absorbed in the Au/nGaAs junction. (c)

Y is the photoresponse yield (photocurrent normalized by
photon flux),E is the photon energy, arilp¢ is the barrier
height determined from IPE. Here, we have applied this
method for determining barrier heights in our junctions. For
E < E4®S both the control and evaporated samples show
classic Schottky behavior (solid black line in Figure &€;
dependence). Schottky barrier heights extracted from the IPE
data for both samples~0.7 V) are consistent with the
Schottky barrier height for AufnGaAs. From the ratio of
IPE yield coefficients for evaporated and control samples,
we estimate that-35% of the contacts in the evaporated
sample comprise direct Au/GaAs contacts. The fact that IPE
barrier heights are larger than those extracted from thé
curves confirms the presence of ohmic contacts, through
which current flows predominantly under bias although they
do not contribute to the photocurrent. However, the nTP
junction exhibits an exponentid dependence over 3.5
decades (dashed black lines in Figure 4c), indicating that
the photoexcitation process involves disordered matefials.
Attempts to extract a barrier height from the nTP sample
IPE data using aft? dependence produced a value greater
than 1 V. Such a value is nonphysical for Au/GaAs contacts
and implies the absence of a direct Au/GaAs Schottky contact
in the nTP junctions.

Although the reduced current levels in the nTP junctions
(Figure 3) could be attributed to poor electrical contact

Photoresponse yield (on a log scale) as a function of photon energypetween the printed top Au electrode and the molecular layer

from 0.7 to 1.55 eV for control (blue), evaporated (green), and nTP
junctions (red). All junction areas are 2 102 cn?. The solid
black lines are fits té\(E — ¢)2, whereA is a constant. The dotted
black line is a fit toC expE/Ey).

than that expected for AuinGaAs Schottky contact. The
estimated ohmic fraction in the nTP junctions-g x 1014

this corresponds to an ohmic contact size~@.01 nn? for

our largest dots (area 2 x 1072 cn¥). Because such a value

is smaller than atomic cross sections, we thus conclude tha
Au/nt GaAs ohmic contacts are not present in the nTP
junctions. The fact that the effective barrier height in the
NTP junctions is higher than that for Au/fGaAs Schottky

(e.g, the presence of air gaps, thereby resulting in a smaller
effective contact area), the IPE results (Figure 4c) rule out
this possibility. If a smaller effective contact area were
responsible for the reduced current levels in the nTP
junctions, we would expect the photoresponse spectra
acquired on the nTP junctions to display the saffe
dependence as those observed in the control and evaporated
junctions but with 10 times smaller photocurrent signals.
{This is not seen experimentally. Consistent with the/
results, the IPE data also point to a different transport
mechanism in the nTP junctions, namely, electrical conduc-
tion between Au and GaAs must occur through the 1,8-

contact signifies a different transport mechanism, such as°ctanedithiol layer.

tunneling through an insulating barrier, in these nTP devices.
To characterize electrical transport in these junctions

further, we measured the energy dependence of the photo

current at zero bid3 (i.e., the current that is produced

Additional information on transport through the molecular
layer can be obtained from the above-band-gap photore-
sponse results. Abovg,®2s photon absorption in the GaAs
depletion region produces electrehole pairs that can

between Au and hGaAs by photon absorption). Figure 4c  Separate and migrate to the electrodes (Figure 4b; holes to
shows the photoresponse of the control, evaporated, and nTPAU and electrons to'nGaAs, respectively). We found that

samples as a function of photon energy from 0.7 to 1.55
eV. Below the GaAs band-gap enerdgy s = 1.4 eV),

the photoresponse yield abofg®®s for the nTP junction
is merely a factor of 2 smaller than those of the control and

electrons in the Au electrode absorb photon energy to evaporated samples (Figure 4c). This observation further
overcome the barrier presented by the GaAs (Figure 4a). Thisconfirms good electrical contacts between Au and GaAs and
process is known as internal photoemission (IPE), and it is @rgues against smaller effective contact areas in the nTP
analogous to the photoinduced emission of electrons from ajunctions. Because the photogenerated electrons can move
metal to vacuum. The IPE experiment is a well-established readily into the GaAs bulk (Figure 4b), the transport of
method for measuring Schottky barrier heights in inorganic Photogenerated holes to Au is the limiting step in the above-

materialst0 band-gap photocurrent process. In the nTP junctions, the
holes must traverse the dithiol molecular layer to reach the
5 Au electrode because direct Au/GaAs contacts are absent.
YO(E = Ppp) The high photoresponse yield in the nTP junctions wken
916 Nano Lett., Vol. 3, No. 7, 2003



> Es®¥sthus indicates that hole transport is efficient in the
octanedithiol layer, consistent with recent work from other
groups?*

We showed that the electrical transport mechanism in
molecular junctions depends critically on the contact fabrica-
tion method. Similar electrical behavior in the control and
evaporated junctions indicates that evaporating Au on 1,8-
octanedithiol leads to direct contacts between Au and GaAs.
The presence of such contacts dominatesltheé charac-
teristics of evaporated molecular junctions and thoroughly
masks transport through the molecular layer. On the contrary,
direct Au/GaAs contacts are not found in the nTP junctions.
Electrical transport in these nTP junctions occurs through
the 1,8-octanedithiol molecular layer, which has a much
lower conductivity than direct Au/GaAs contacts. In addition,
we found hole transport through the 1,8-octanedithiol mo-
lecular layer to be efficient. Hence, nTP is a promising new
way of making electrical contacts in molecular devices with
reproducible characteristics.
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York, 1981.

(11) Loo, Y.-L.; Hsu, J. W. P.; Willett, R. L.; Baldwin, K. B.; West, K.
W.; Rogers, J. AJ. Vac. Sci. Technol., B002 20, 2853.

(12) (a) Sheen, C. W.; Shi, J.-X.; Martensson, J.; Parikh, A. N.; Allara,
D. L. J. Am. Chem. Sod992 114, 1514. (b) Baum, T.; Ye, S.;
Uosaki, K.Langmuir1999 15, 8577.

(13) Freshly etched GaAs substrates were immersed in 1 and 10 mM
solutions for 24 and 4 h, respectively.

(14) Shin, J.; Geib, K. M.; Wilmsen, C. W. Vac. Sci. Technol., B991,

9, 2337.

(15) Hou, T.; Greenlief, M.; Keller, S. W.; Nelen, L.; Kauffman, J. F.
Chem. Mater1997, 9, 3181.

(16) Kagan, C. R.; Afzali, A.; Martel, R.; Gignac, L. M.; Solomon, P.
M.; Schrott, A. G.; Ek, BNano Lett 2003 3, 119.

(17) Under microscope light illumination, we lower the probe onto the
Au pad while monitoring the current at zero bias with an electrometer
and stop as soon as the current reading rises above the noise floor.
This is photocurrent, which is larger than dark current. Hence, using
photocurrent to determine electrical contact ensures minimal pressure
exerted by the probe.
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