Nature of electrical contacts in a metal-molecule—semiconductor system
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The effects of the top electrode fabrication method on the transport properties of Au—alkanedithiol—
GaAs junctions are examined. We found that diodes made by evaporating Au on 1,8-octanedithiol
monolayer behave similarly to Au—GaAs junctions without the molecular layer. The direct Au—
GaAs contact dominates the electrical conduction in these evaporated devices despite the presence
of the molecular layer. In contrast, Au—dithiol-GaAs diodes made by nanotransfer piinTiRy

exhibit no direct contact between Au and GaAs. Electrical transport in the nTP junctions occurs
through the 1,8-octanedithiol insulating layer. The low current levels and the high barrier-height
values in the current—voltage results and the exponential energy dependence in the photoreponse
yield that are observed in the nTP diodes support this conclusion. Since transport through the
molecular layer is much less conductive, even a miniscule region of direct contact between the two
electrodes will make it impossible to observe electrical transport through molecules. Fractional
amounts of the different types of contacts for each kind of sample were obtained from the
experimental results. @003 American Vacuum SocietyDOI: 10.1116/1.1588641

|. INTRODUCTION hence are typically large in size>(10 um). Devices with

As the field of molecular electronics advances, it is rec-contacts made by evaporation have a very low yield due to
ognized that a better understanding of the properties of eleghorting between the two electrodeX-ray photoelectron
trical contacts between electrodes and molecules is needegpectroscopyXPS) studies showed that in some systems the
Since electrical measurements on molecular systems are tvyaporated metal penetrates the molecular layer and contacts
point rather than four point, the electrical properties of thethe substrate metal, i.e., the bottom electrode in molecular
contacts are experimentally difficult to separate from thosaliodes® In addition, damages to the molecular layer by in-
of the molecules. To approach this problem, most researchet®ming high-energy atoms can océRecently, it is demon-
vary the molecules while using the same electrddéfile  strated that nanotransfer printitigTP) is a superior method
this is a valid idea, the electrical properties of a metal—for fabricating metal electrodes in plastic electrohiesid
molecule bond are sensitive to perturbation, e.g., Au-S bonﬂqo|ecu|ar diodeg_m nTP, chemical bonds are formed be-
length, and hence can be different for different moleculesyyeen the substrate surface and the transferred metal pat-
Another approach is to vary the metals used as electrodegs. This process takes plasgeder ambient conditionsn
Recently, the contact resistance to alkanedithiols was foung,ig article, we compare the electrical properties of Au—

to depend on the.metal work functidrin this experiment, dithiol-GaAs devices with top Au electrodes made using
we kept the materials used for_ electrodas and GaAjand nTP to those made by evaporation to elucidate the role of
the molecule (1,8-octanedithiols constant. Instead, the L .

fabrication methods on device performance.

thodof fabricating the top Au elect ied. F .
methodof fabricating the top Au electrode was varied. For a Instead of metal substrates that are commonly used in

different molecule and using lift-off float-on metal contatts, lecular electronic studi h GaAs f |
Vilan and Cahen found qualitative differences in the electri-Mo'ecuiar electronic studies, we chose s for several rea-

cal properties of contacts depending on the details of a singléons- GaAs. surfaces gre Smgoth a.md do not contain defects
fabrication procedure. Here we quantitatively compare thé!Ch as grain boundaries, which might affect mon_ola_lyelr for-
characteristics of electrical contacts that are made by differation. Self-assembled monolayers of thiland dithiot
ent physical methods. We find that the electrical properties offolecules on GaAs have been reported. Most importantly,
the two-terminal devices depend strongly baw the con-  Using a semiconductor as one of the electrodes enables us to
tacts are fabricated and present quantitative results on ttRvaluate the nature of the contacts quantitatively based on
different types of contacts for each kind of devices. well-established models for electrical transport between met-
Evaporation is the most commonly used method to deals and semiconductors. Au forms a Schottky contact with
posit metal electrodes on molecules. Since the chemicals aridw-carrier-densityn-type GaAs with a barrier height of 0.9
ultraviolet light used in conventional lithography could dam- V.23 This value is lowered to~0.7 V due to the image
age the molecular layers, most metal electrodes on top gbrce for the degenerately dopecht GaAs (1.5
molecular layers are deposited through shadow masks, and10'® cm=3) used in this experimenif. These highly doped
GaAs wafers were chosen to minimize series resistance in
aJAuthor to' whom correspondence should be addressed; electronic maithe bottom electrode. The presence of the molecular |ayer
Jnsu@mariaps org petween Au and GaAs will lead to changes in the Au—GaAs
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Austin, Austin, TX 78712. Schottky contact properties. If we were to use Au for both
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electrodes, only current—voltagé~V) information can be GaAs>'° This is consistent with the expectation that long-
obtained. In this experiment, photoresponse andhain molecules form a more ordered monolayer than short-
capacitance—voltageC-V) experiments were performed on chain molecules and monothiols are more ordered than dithi-
Au—dithiol-GaAs junctions in addition to tHe-V measure- ols. Thus, the majority of the octanedithiol molecules are
ments to gain a better picture of the nature of electrical conprobably not lying flat on the GaAs surface. To further con-

tacts. firm the presence of free thiol end groups, in addition to the
surface treatment studies, freshly etched and dithiol treated
Il. EXPERIMENT GaAs weafers were soaked in a 5 nm gold sol aqueous
o solution® and rinsed thoroughly with de-ionized water.
A. Nanotransfer printing Atomic force microscopy (AFM) images show a full

In nTP, metal patterns are transferred from an elastomerigoverage’ (>3x 10" cm?) of 5 nm gold particles on the
stamp onto a molecular layer chemically bonded to a subdithiol treated surface, compared 01X 10'° cm™? on the
strate. The interfacial chemistry was tailored to facilitate theetched GaAs surface without a dithiol layer. AFM imaging
printing process for a given moiecuiar end group and th@fter Scotch tape adhesion tests showed that gOld nanopal‘-
surface of the transferred metal patterns. In this experimenticles remain on the dithiol-treated surface with the same
the native oxide on the GaAs wafers was first stripped bytfull) coverage. We also made molecular diodes by transfer-
immersing them in a concentrated WBH or HCI solution  fing Au patterns from PDMS stamps to such Au—colloid—
for 2 min. We do not observe any difference in the nTPcoated, dithiol-treated GaAs surfaces via a cold welding
results between the acid and base treatments. Immediateljechanisnt® Junctions on this Au-Au colloids—dithiol—-
after oxide removal, the 1,8-octanedithioised as received GaAs sample also pass the scotch tape test and have trans-
from Aldrich Chemical Co. layer is formed by placing the Port characteristics similar to regular nTP Au—dithiol-GaAs
freshiy etched wafers in a vacuum chamber aiong with Sevj.unctions. Based on the combination of the FTIR results and
eral drops of 1,8-octanedithiol placed on a heated aluminurfne fact that the transferred Au patterns and Au colloids de-
block. After deposition, the wafers are rinsed thoroughlyPosited on the dithiol-treated GaAs wafers pass the Scotch
with ethanol to remove possible multilayers. Immersing thefape test, we conclude that the dithiol molecules form a
freshly etched wafers in a dilute ethanolic solution of 1,8-monolayer on the GaAs surface with the majority having a
octanedithiol also produces comparable results. Based dfee thiol endgroup to bond with Au. However, there is prob-
surface treatment experimerfsthe majority of the mol- ably little long-range in-plane order.
ecules chemisorb on the surface with one thiol endgroup and
have unreacted thiol endgroups away from the GaAs surfac&€. Reference samples

cas-,I:[ihne 2??%?;’2(: ngirg?;el:ﬁeg ill(;lx;ri—gDzls\t/lrg) fai:)erlc;te_d by To evaluate the effects of the electrode fabrication method
g 9 poyy y Prepoly on the properties of electrical contacts, we compare nTP

mer (Sylgard 184 from Dow Chemical Co.; A:B1:10) . : . .
. > ; ) unctions to evaporated junction@vaporatedand cold-
against silicon wafers whose relief features are predefined . X .
) o . vaporated, in which the Au top electrodes were deposited
photoresist. A thin film of Au is then evaporated onto the _. s .
directly on the dithiol layer by electron beam evaporation.

stamp. The adhesion of Au to PDMS is inherently POOT-1 0 dithiol layer formation in these evaporated junctions was
When the freshly Au—coated PDMS stamp is brought into . yeric vap J
done in an identical way as described above for the nTP

contact with the dithiol-treated substrate, the free thiol end?unctions To distinquish electrical transport throuah the mol-
groups on the GaAs substrate reacts spontaneously with Al ' g P 9

; . . : %cules from that due to direct Au—GaAs contacts, we also
in the regions of contact. This reaction produces permanen

Au-S bonds. The elasticity and the mechanical comform-made control samplegontrol andcold contr_ob where_ A_u IS
. irectly evaporated on the GaAs surface, i.e., no dithiol mol-

ability of the PDMS stamp ensure good contact at the stamp o

. . ecules. Furthermore, some samples were cooled 16 °C
substrate interface without the need to apply pressure. Re;:™ .
. during Au evaporatioricold-controlandcold-evaporategto
moving the stamp from the substrate completes the pattern . .
) “evaluate the common belief that cooling samples reduces
transfer process. The monolayer behaves like an adhesion — . .
o ; shorting between electrodédhe thickness of the Au pads
layer; it chemically bonds the Au pattern to the substrate; : .
] o on all samples is~20 nm, deposited at 1 nm/sec. Sample
Details of the nTP procedures and characterization of these " .
. names and the method and condition used to fabricate the top
structures are published elsewhére.

Au electrodes are listed in Table .

B. Characterization of free thiol endgroups Il RESULTS

Fourier transform infraredFTIR) spectra were taken in
transmission on a sample with the dithiol layer deposited a@' =V
described in the previous section. The spectra show distinct Figure Xa) shows the absolute values of current density
polarization dependence with the gktretching modes mea- (J) versus bias voltage applied to the top Au electrodg (
sured at 2854 cmt (symmetri¢ and 2927 cm? (asymmet-  for all five types of samples. Th&-V curves are linear for
ric), which are similar but higher than the frequencies of thereversenegative bias and superlinear for forwargositive
same modes measured on longer-chain alkanethiol obias; this behavior is more clearly shown in Figbjlwhere
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TaLE |. Sample name, structure, specific resistance obtained from linear regions lof\theurves R) and junction areaA), zero-bias barrier height
obtained from -V (®,(0)), ideality factor (1) obtained from fitting forward-bias—V curves, slope of barrier vs biad®, /dV), barrier height obtained

from IPE data (pe(0)), characteristic energyE() in the exponential energy dependence of photoresponse yield, and barrier height obtained from
reverse-biaC—-V (Pcy).

Structure and

Sample fabrication RA® ®,,(0) ddyy, @ pe(0) Eo D ?
name methods (Q cn?) V) n dv (V) (meV) (V)
control Au-GaAs 43.%5.2 0.54 1.62 0.38 0.76 b 1.02+-0.02
cold- Au—GaAs 79.7+8.6 0.55 1.59 0.38 0.68 b 1.01+0.01
control —-15°C
evaporated Au—dithiol-GaAs 14115 0.58 1.66 0.37 0.68 b NA¢
cold- Au—dithiol-GaAs, 1166+544 0.63 1.70 0.41 0.68 50¢° NAY
evaporated —-15°C
nTP Au-—dithiol-GaAs (1.22-0.24) 0.87 1.42 0.32 b 50 2.35¢0.12
x 107

8 rror values represent 1 s.d. of the diodes measured.

The value cannot be obtained from the data because the data have a different dependence.
‘Different energy dependence for different energy range.

INot available.

normalizedJ versusV curves are displayed in linear scale. Figure Xc) is a plot of® (V) versusV for all samples. It
TheseJ—V behaviors are far from ideal Schottky junctions is clear thatb, varies linearly withV with d®,,/dV rang-
and can be modeled by a circuit of a diode in parallel with aing from 0.32 to 0.41(Table |). The values ofn obtained
shunt resistofor very low-barrier-height contagtsThe spe-  from the measured®,,,/dV using Eq.(2) agree with those
cific resistance RA, whereA is the junction geometric arga obtained from fitting—V curves to Eq(1), indicative of the
obtained from the slope of reverse bidsV curves is an robustness of the analysis. Note that EL. applies to for-
indication of the fraction of conduction through low-barrier ward bias while Eq(3) can be used for both forward and
channels. Astoundingly, thRAs for the Au—dithiol-GaAs reverse biad? The difference between theTP and evapo-
devices made by nTPSamplenTP)!® are 4-5 orders of rated junctions is clearly reflected in the barrier heigiable
magnitude larger thaRAs for diodes with evaporated Au I). Since J depends exponentially o, [Eq. (1)], the
contacts(evaporatedand cold-evaporatefl (Table ). higher ®,y, is responsible for the overall lower observed
For Schottky contacts, the ideality facton)(is used to for the nTP sample.
characterize the deviation of measurg&dV behavior from
ideal Schottky contact characteristics. One obtainkom B. Internal photoemission
fitting the measured forward-biak-V curve to a phenom-

enological thermionic mod#! Measuring photoresponse yiely), photocurrent per ab-

sorbed photon, as a function of photon energy (s a well

2 qd,y qV established, but less used, method for determining Schottky
JV)=ATTexp — =5 || expy 771, @) parrier height€? Figure 28 showsY (log scal@ versusE

) . _ taken under no bias for all samples. For photon energies
wherek is the Boltzmann constari, is temperatureq isthe 510w the GaAs band gdp.4 eV), the dominant mechanism
fundamental c?argeq* is the gfectwe Richardson constant qqycing photocurrent is for an electron in the Au electrode
(=8.6 AlcntK? for n—GaAs,*" and @,y is the Schottky 15 ahsorb the photon energy and overcome the Schottky bar-
barrier height which is assumed to be voltage independentier This is analogous to an emission of an electron from
We note than=1 for ideal andn>1 for nonideal Schottky metals into vacuum and hence the name internal photoemis-
contacts. Fittingl-V data of our devices to Eql) produces  gjgn, (IPE). Y is proportional to E—® g2 for metal—

n between 1.4 and 1.7Table ), highly nonideal. The non-  semiconductor Schottky diod®%.The subscript “IPE” is
ideality arises from the bias dependence of the barrie[seq 1o differentiate it from the barrier height determined

H 0
height from | —V. Figure 2b) shows\/Y versusE near® pg for the
dd,,| cold-contro| evaporated and nTP samples. It is clear that
n= ( 1- qv ) (2)  thecold-controland evaporatedsamples display this classic

energy dependencesolid lineg of Schottky contacts with
Another way to examine th&—V characteristics is to evalu- ® g ~0.7 V, consistent with the expected barrier height for
ate the barrier height at each bias ug#fg Au on 13 cm 3 n* GaAs including image force
lowering1>*However, thenTP sample cannot be described
- | (3) by this energy dependence. Attempts to extract a barrier
(epr/)—l height from this data using H—®pg)? produce ®pe
kT >1V, a value that is unreasonable for the Au—GaAs

kT
® (V)= T IN(A*T?)—1In
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Fic. 1. Current—voltage characteristics of two-terminal Au—GaAs and Au—

dithiol-GaAs junctions with the Au electrodes made by different methods.

(a) Absolute values of current densityl)( (log scale vs bias to top Au

electrode ). (b) NormalizedJ vs V in linear scale for the control, evapo-

rated, and nTP samples. Normaliz&ds obtained by multiplying) by RA

(Table ). We have to normalizé to display these curves on the same scale FiG. 2. Photoresponse yield'] vs photon energyg) for all samplegTable
due to the wide range of the current levéts. Schottky barrier heightd,) ). (@ Y (log scalg vs E for all samples(b) \Y vsE for E<1.2 eV for the
vsV, with @, obtained from data shown i) using Eq.(3). Control: blue ~ cold-control, evaporatedand nTP samples.(c) Y (log scalg vs E for E
circles; cold-control black triangles; evaporated green squaresgold- ~ <1.4 eV for thecold-evaporatecand nTP samples.Control: blue circles;
evaporated purple upside-down triangles)TP: red diamonds. The data cold-control black triangles;evaporated green squares;old-evaporated
were averaged over 17 diodes for th&P sample and ten diodes for the purple upside-down trianglesiTP: red diamonds. The solid lines itb)
other four samples. I(a), standard deviations are shown as error bars andrepresent\/VOC(E—QJ,pE). In (c), The cold-evaporatedsample uses the up-
visible for cold-evaporatedaindnTP; the size of the symbols is larger than perx axis and is offset from the loweraxis (for thenTPsamplé by 0.1 eV
error bars for the rest of the samples. for clarity. The lines are fit to the data.
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3510 S : S : : properties’® One source of interfacial dipole in our system
3.010" comes from the charge transfer that occurs when S bonds to
‘ T Au or GaAs. Dipoles in the dithiol layer would result if the
2510 g amount of charge transferred were different for S—Au com-
o 2010 | pared to S—GaAs bonds. Ti&-V results imply that more
<\( ' negative charges are transferred to the molecular from GaAs
O 15 10" . than from Au. Assuming 1 nm length and a density of
1.0 10" ~ i 10* cm~2 for the molecular layer, a 1 V shift i ¢ corre-
control ~ o
1 ~ e sponds to 0.1 e, which is a reasonable value for the charge
50107 Y RN imbalance between S—Au and S—GaAs botds.
o....|....1....|....|...\.\1....|....|...\.\
-1.50-1.00-0.50 0.00 0.50 1.00 1.50 2.00 2.50 IV. DISCUSSION
V0|tage to t°p electrode (V) A. Control junctions: Au—GaAs Schottky diodes

Fic. 3. Square of the inverse depletion-layer capacitance per unit area It is important to have some understanding of the Au—
((CI{('?)'_Z)I vs biz’as \;Opltage applied to the thJP Al% s'egtmﬁ@dﬁ?f control  GaAs Schottky diodegontrol andcold-controlsample$ be-
s o open suarsssamles. The dashed Ines o €% Jore tying to analyze the Au—dithiol-GaAs structures. The
dopant density and the intercept with the voltage axis is the barrier heightnonideal Schottky behavior we observed in tentrol di-

odes arises from the high doping density of th€&aAs as

well as the high degree of reactivity between Au and GaAs.
Schottky barrier height. Instead, tmdP sample shows an For GaAs of 1.5¢10' cm™2 electron density, the electrical
exponentialE dependence over 3 1/2 decades in the IPBransport between the metal and GaAs at room temperature is
yield [Fig. 2(c)]. This exponentiaE dependence is not char- dominated by thermionic field emissidiTFE).3? However,
acteristic of metal—semiconductor Schottky contacts; ratheff FE alone cannot explain the large valuesiadhat we mea-
it indicates the presence of disordered material in the emittesured in these devices. In fact, none of the standard mecha-
Interestingly, thecold-evaporatedsample, for which the Au nisms, such as image force lowering of barrier heights, inter-
evaporation was done at15 °C, also displays this exponen- facial layers, or recombination in the depletion region, is
tial dependence but with a tail at low energy. The solid line isconsistent with the data. However, all of these models as-
a model that combines the exponential dependence Bnd (sume that the Schottky contact is spatially homogeneous.
—®pp)?. The energy dependence of the IPE yield of theRecently, nonideality arising from barrier-height inhomoge-
cold-evaporatecand nTP samples will be discussed later in neity has been investigatéd>* It was found that inhomoge-
the article. neous Schottky junctions show voltage dependent barrier

heights and hence nonideal behavior.
C Cov Ballistic electron emission microscopy images show that

' the Au—GaAs Schottky barrier is highly nonunifoffhcon-

For Schottky diodes, the barrier height can also be obsistent with the high reactivity between Au and Ga&A3he
tained from the voltage dependence of depletion-layer catransport results we observed in tbentrol and cold-control
pacitanceC, by determining the intercept with the voltage samples are consistent with the existence of inhomogeneous
axis of the linear X2 versusV curve?® Note that®., does  Schottky barrier heights in Au—GaAs diodes. The fact that
not include the image force lowering effect and should bed,, (0.55 V) is lower than® ¢ (0.7 V) is one clear indica-
higher than®,,, and® . Figure 3 shows<C-V results for  tion of barrier-height inhomogeneity. Assuming there is a
the control and nTP samples. Reverse big—V measure- distribution of barrier heights, current under bias depends on
ments on control samplésontrol andcold-contro) produce the barrier height exponentialpfEq. (1)] and is dominated
a barrier heightd, of ~1.0V, consistent with reported by the lower-barrier-height regions. Photocurrent, on the
C-V barrier height for Au-GaA$’ Reverse-bia—V be-  other hand, sums the different contributions according to
havior in the nTP sample is similar to that oftontrol their effective areas and will be much less sensitive to small
samples, i.e., ©? is linearly proportional tov. However, regions of lower-barrier-height contact. The experimental
the ® . obtained by extrapolating to zerod? is 2.35 V,  value of®c,~1.0 eV is also consistent with the inhomoge-
significantly higher thanb,, for Au—GaAs. The difference neous model sinc€—-V measures the mean barrier height
between 2.35 and 1.0 V is 20 times too large to be ac- and is not sensitive to the presence of low-barrier-height
counted for by extrapolating the band bending in the GaAsegions> By comparing theRA from thel -V results to the
through a 1-nm-thick insulating lay&t.Hence, we attribute specific contact resistance of a good ohmic contachoén
the difference in the intercept voltage to a flatband voltagesaAs (10°° Q cn?),®” the fractions of contact areas with
shift. The measured sign corresponds to negative charge$imic characteristics were determined to bex210 8 and
trapped in the dithiol layer near the GaAs surface and posi1.5x 108 for control and cold-control junctions, respec-
tive charges in the A&’ The formation of interfacial dipoles tively. Table Il shows the fraction of the ohmic regions, ob-
has been reported for several organic—inorganic interfacesined as described here, for all five types of samples. While
and has an effect on band alignment and transporthese ohmic fractions are miniscule, the current levels calcu-
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TasLe Il. Fractional amounts of the different types of contact for all contact area, the IPE results completely rule out this possi-

samples. “Ohmic” contact refers to contact regions with very low barrier biIity In addition to having a differenE dependence but
heights; the numerical values given below are calculated from the measured. 7

RAs and a nominal ohmic specific contact resistance {10 cn?) (see similar magnitude in the photoresponse yield for excitation

Sec. IV A). Au-GaAs “Schottky” contact refers to contact regions with P€lOw GaAs band gap, the above-band gap photoresponse
barrier heights~0.7 V or higher. yield in thenTP junctions is only a factor of 2 smaller than

other samplegFig. 2(@)]. For photon energies above the
GaAs band gap, absorption occurs predominantly in the

Samples Au—-GaAs ohmic Au—GaAs Schottky Au—dithiol-GaAs

control 2.1x10°8 ~1 0 GaAs depletion region, producing electron—hole pairs that
cold-control ~ 1.5x10°° ~1 0 can separate and migrate to the electroghedes to Au and
evaporated 5.5x107° ~0.35 ~0.65

electron ton™ GaAs, respectively Since the photogenerated
electrons can move readily into the GaAs bulk, transport of
photogenerated holes to Au is the limiting step in the above-
band gap photocurrent process. In théP junctions, the
holes must traverse the dithiol molecular layer to reach the
lated from Eq.(1) using these area fractions adt, =0V Au electrode since direct Au—GaAs contacts are absent.

are consistent with the experimentally measured current levHence, a good electrical path must exist between the Au and
els. Hence, evaporating Au directly” GaAs creates highly the GaAs. The reduced current density observed-+Y
inhomogeneous Schottky contacts containing small regiongurves for thenTP junctions must therefore be due to a dif-
of ohmic contact. Cooling the sampleold-contro) reduces ferent transport mechanism, rather than a smaller effective
the fraction of ohmic contact slightly, possibly due to the contact area.

reduction of Au—GaAs reactivity at low temperatures. These The IPE yield is the convolution of the electron distribu-
ohmic regions strongly modify the Au—GaAs Schottky be-tion in the emitter and the emission probabifityHence, the
havior in thel -V characteristics of theontrol and cold- ~ energy dependence of IPE yield reflects the electron distri-

control samples despite the small fractions. bution in the emitter. For example, the usu~®pg)?
seen in metal—semiconductor Schottky contacts arises from

the Fermi statistics of the electron density of stdf@®S) in
metals. An exponentiaE dependenceY «expE/Ep), indi-

For the Au—dithiol-GaAs devices made by nTP, the esticates that the emitter DOS has an exponential tail, \&ih
mated ohmic fraction in the nTP junctions i87X10°**  being the characteristic energy. In thaTP Au-1,8
(Table 1l). This corresponds to an ohmic contact area ofoctanedithiol-GaAs diodes, we obtaineB,~50 meV,
~0.01 nnt for the largest dots (area2x 102 cn¥). Since  which is substantially larger thakiT and suggests the exis-
such a value is smaller than an atomic cross section, we thusnce of disordered materi¥l.Since the 1,8-octanedithiol
conclude that areas of A GaAs ohmic contact are not molecules are relatively short, we expect the monolayer to
present in thenTP junctions. Furthermore, the fact thdy,  contain significant disorder and defects. Scanning tunneling
for the nTP junctions (0.87 V) is higher than that expected microscope images of alkanedithiol monolayer ofl1Pt)
for a Au-n" GaAs Schottky contad0.7 V) signifies a dif-  reveal a highly defected layer with small ordered regiths.
ferent transport mechanism occurring in these junctionsThe high wave number measured for the Lstretching
Tunneling through an insulating barrier presented by thenode is another indication of disorder. For alkanethiols, val-
dithiol layer is consistent with lowed and higher®,,.*®  ues above 2924cht indicate a liquid state of the
Interestingly, junctions on theTP sample have more ideal monolayef! While there is no comprehensive study on al-
Schottky | -V characteristics, i.e., lowen value, than the kanedithiols, our result of 2927 cm for the CH, stretching
control and evaporatedsamples. This can be seen in Fig. mode is consistent with a disordered dithiol monolayer.
1(b): when the revers@ values are normalized, the forward Therefore the disordered dithiol layer is the source of elec-
J values for thenTP sample are higher than those for the trons for the below-band gap photoresponse in the nTP Au—
control and evaporatedsamples. IPE results further support dithiol-GaAs molecular diodes. Detailed studies will be
the notion of transport occurring through the molecular layerpublished elsewher.
rather than through direct Au—GaAs contacts. If the transport
mechanism were the same in all samples, we would expe%
theY versusE curves to have the same shape for all samples
with the magnitudes scaled according to the effective area. Now that we have an understanding of the transport char-
This is clearly not the case for th&TP junction (Fig. 2). acteristics in Au—GaAgontrol and nTP Au—dithiol-GaAs
Instead of a E—®pg)? dependence, the photoresponse injunctions, let us examine the electrical behavior of Au—
the nTP junctions followsy «expE/Ey) for 3 1/2 decades. dithiol-GaAs diodes with evaporated Au electrodegapo-
Thus, there is no direct Au—GaAs contact in tiEP junc-  ratedandcold-evaporated TheJ values of these evaporated
tions and electrical transport occurs through the moleculajunctions are 1-2 orders of magnitude lower than those of
layer. the control junctions, but 4-5 orders higher than those of the

Note that while the small values dfin the nTP sample  nTP junctions. These evaporated junctions have similarly
(Fig. 1) could be explained by a reduction of the effective low ®,,, and reverse-biaR A values as the control junctions,

cold-evaporated 1.5x10°° ~0.01 ~0.99
nTP 7x10° 1 0 1

B. nTP junctions

. Evaporated junctions
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indicating that Au—GaAs ohmic contacts also dominate thealisordering of the molecular layer due to radiative heating.
| -V characteristics in molecular diodes with evaporated topNVhile the molecular layer can be damaged if the incoming
contacts, despite the presence of the dithiol monolayer. ThAu atoms impart an amount of energy larger than a threshold
presence of Au—GaAs ohmic regions is further supported bydepending on bond strengththe Au atoms have kinetic
the observation thab > ®,,, . The area fractions of ohmic energies approximately equal to the thermal energy at the
contact for theevaporatedand cold-evaporatedsamples are melting point of Au (1062 °C) independent of the sample
evaluated from theiRAs and given in Table I. temperature. This energy is much larger than the thermal
For theevaporatedsample, in which the Au evaporation energy difference between the cooled and the uncooled
was done without cooling the sample, the IPE result shows aample (-50 °C). Hence, we do not expect reag@nto be
classic E—®,pp)? Schottky contact behavior witlb,,z  the dominant cause for the difference observed between the
=0.7 V [Fig. 2(b)], which is the same a® g measured in evaporatedand cold-evaporatedsamples. Condensation of
the control junctiongcontrol and cold-contro) and consis- foreign substances on the cooling sample surface in high
tent with the Au—GaAs barrier height. Hence, direct Au—vacuum &10 ° Torr) might “plug up” the defects in the
GaAs Schottky contacts are present in the evaporated juncaonolayer, preventing the formation of direct Au—GaAs
tions. The ratio of the coefficient in front oE( ®,pg)2 for  contacts in cooled samples. However, the cooled Au—GaAs
the evaporatedsample to theontrol sample provides a mea- (cold-contro) sample, which was fabricated side by side
sure of the fraction of Au—GaAs Schottky contact in thewith the cold-evaporatedsample, has simila,,, ®pg,
evaporatedsample, ~35% (Table Il). This direct contact and®.y values to the uncooled Au—GaAsontrol) sample.
could arise from Au being deposited in the preexisting dedf condensation-induced contaminatigfactor (2)] were a
fects in the dithiol monolayer and/or additional damages thabig problem, one might expect ttentrol and cold-control
occur during the evaporation. to exhibit more differences. Thus, the electrical characteris-
For thecold-evaporatedample, in which the sample tem- tics of direct Au—GaAs contact are probably not significantly
perature was maintained at15 °C during Au evaporation, affected in thecold-evaporatedample. Currently we do not
its IPE spectrum shows a cledE € ®pp)? for E<0.92 eV have enough data to differentiate between factdrsind(4).
even though it follows an exponential dependence similar téAs XPS results showed, the penetration of evaporated metal
the nTP junctions foE>1 eV [Fig. 2(c)]. The solid line in  into the molecular layers depends on the molecule, the metal,
Fig. 2(c) is a fit to the data using the combination of an their interaction, and the temperature, and is substantially
exponential and 1% of the quadratic IPE yield of twd-  minimized at low temperaturésHence, the difference we
control sample. The IPE yield of theold-control sample, observed between thevaporated and cold-evaporated
which was made side by side with theold-evaporated samples could be due to the temperature dependence of
sample but contains no molecules, represents the IPE yielshetal adatom mobility. However, we cannot rule out that the
of a Au—GaAs Schottky contact with Au electrodes depos-dithiol monolayer in the uncooled sampl@vaporated
ited at—15°C. Hence, 1% of the junction areas in tw@d-  might develop more defects under radiative heating.
evaporatedsample are Au—GaAs Schottky contadable
II). Despite such a small percentage of direct Au—GaAs cony, SUMMARY
tact, the current densities of tleld-evaporatedsample are

. ) In summary, the nature of electrical contacts in the Au—
4 orders of magnitude higher than those of tid? sample. Y

. . . L dithiol-GaAs system was studied by varying the fabrication
This is attributed to the high reactivity between Au and method of the Au top electrodes. We found that direct Au—

GaAs, so that the existence of any direct contact will result inGaAs contacts always form when evaporating Au onto the

?;Crgciéeﬂ(;?]s' (?rlggres ﬂ;? ﬁ?;dnuiz'c\i'gyh?f;Qfstﬁa?]hr;gngog;githiol molecular layer. Cooling the sample during evapora-
Y 9 9 POTtion helps to minimize direct contacts through the dithiol

gh;%?gig:?aguifify%zi a d?giﬁft;r?ﬁ:ZTegirﬁgl_t?mfmonolayer but does not eliminate their existence. In contrast,
pietely our results show that Au—dithiol-GaAs junctions made by

portt |ntth§ ;nolecutlﬁr Jtunct|o|ns'.[ Tdhus, we infer Fgaald'reﬁtthe nTP method contain no direct conta@tectrical shorts
contacts between the wo electrodes are unhavoidable w tween the two electrodes. Hence, nTP is a very promising

tlhg_;%?aﬁ‘lej dﬁlr?ig:rf;dee? are deposited by evaporation on thgpproach for fabricating molecular electronics. Furthermore,
’ yer. the 1-V and IPE results show that the 1,8-octanedithiol
monolayer acts as an insulating tunnel barrier between Au

D. Effect of sample temperature during metal and GaAs, with a broad distribution of DOS as inferred from
evaporation IPE spectra, which is indicative of disorder in the molecular

It is curious that cooling the samples t015°C during layer or inhomogeneity in bonding.

Au evaporation reduces the direct Au—GaAs contact fraction

from 35% to 1%. A few possibilities come to min(:) dam- ACKNOWLEDGMENTS
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