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Mechanism of electron conduction in self-assembled alkanethiol monolayer devices
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Electron tunneling through self-assembled monolay@AaM’s) of alkanethiols is investigated using
nanometer-scale devices. Temperature-dependent current-voltage measurements are performed on alkanethiol
SAM's to distinguish between different conduction mechanisms. Temperature-independent electron transport is
observed, proving that tunneling is the dominant conduction mechanism of alkanethiols, as well as exhibiting
an exponential dependence of tunneling current on the molecule length with a decay cogffi¢iemin the
bias dependence @8, a barrier heightbg of 1.39+0.01 eV and a zero-field decay coefficieB§ of 0.79
+0.01 A1 are determined for alkanethiols.
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. INTRODUCTION membrane(size of 40umx40um and thickness of~70
nm) is fabricated on the topside of the wafer. Subsequent

Understanding the transport mechanism in organic moe-beam lithography and reactive ion etching create a single
lecular layers has gained particular interest recently due tpore with a diameter of tens of nanometers through the mem-
their potential applications in nanometer-scale electronidbrane. As the next step, 150 nm gold is thermally evaporated
systems: One of the molecular systems that have beeronto the topside of the wafer to fill the pore and form one of
studied extensively is alkanethi¢lICH;(CH,),-1SH] be-  the metallic contacts. The device is then transferred into a
cause it forms a robust self-assembled monol&@&M) on  molecular solution to deposit the SAM layer. For our experi-
Au surface$. A few groups have utilized scanning tunneling ments, a~5 mM alkanethiol solution is prepared by adding
microscop€, conducting atomic force microscofé, or  ~10 uL alkanethiols into 10 mL ethanol. The deposition is
mercury-drop junction’ to investigate electron transport done in solution for 24 h inside a nitrogen-filled glovebox
through alkanethiols at room temperature and claimed thawith an oxygen level of less than 100 ppm. Three molecules
the transport mechanism is tunneling. Although the electron
conduction is expected to be tunneling when the Fermi levels
of contacts lie within the highest occupied molecular orbital
and lowest unoccupied molecular orbit@OMO-LUMO)
gap of a short-length molecule as for the case of these
alkanethiolsi! in the absence of temperature-dependent
current-voltagd |1 (V,T)] characteristics such a claim is un-
substantiated since other conduction mechanissush as
thermionic or hopping conductigrtan contribute and com-
plicate the analysis.

In this study, electron transport through alkanethiol self-
assembled monolayers is investigated using a device struc-
ture that enables(V,T) measurements. The measuitéll)
data are compared with theoretical calculatio{®) mea-
surements on various alkanethiols of different molecular
lengths are also performed for the study of length-dependent

conduction behavior. . B
%
=é_.\<~b
Il. EXPERIMENT Alleanethiel .,
Electronic transport measurements on alkanethiol SAM’s %ﬁﬁb
were performed using a device structure similar to one re- &

ported previously:*? In this device, as illustrated in Fig. 1, a
number of molecule$~several thousangisire sandwiched
between two metallic contacts. This technique provides a FiG. 1. Schematics of a nanometer-scale device used in this
stable device structure and makes cryogenic measuremendgdy. Top schematic is the cross section of a silicon wafer with a
possible. The device fabrication starts with a high-resistivitynanometer-scale pore etched through a suspended silicon nitride
silicon wafer with low-stress §N, film deposited on both membrane. Middle and bottom schematics show a Au-SAM-Au
sides by low-pressure chemical vapor deposiibRCVD).  junction formed in the pore area. The structure of octanethiol is
By standard photolithography processing, a suspendgd, Si shown as an example.
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monolayer. For the same reason the evaporation rate is kept
very low. For the first 10 nm gold evaporated, the rate is less
than 0.1 A/s. Then the rate is increased slowly to 0.5 A/s for
the rest of the evaporation and a total of 200 nm gold is
deposited to form the contact. The device is subsequently
packaged and loaded into a Janis cryostat. The sample tem-
perature is varied from 300 to 77 K by flowing cryogen
vapor onto the sampléand thermometgrusing a closed-
loop temperature controller. Two-terminal t¢/) measure-
ments are performed using an HP4145B semiconductor pa-
rameter analyzer.

IIl. RESULTS

FIG. 2. Scanning electron microscope image of a representative
array of pores used to calibrate device size. The scale bar is 500 nm.

A. Temperature-dependent current-voltage[ | (V,T)]
measurement

In Table I, possible conduction mechanisms are listed
of different molecular lengths—octaneth{@H;(CH,),SH,  with their characteristic current, temperature, and voltage
denoted as C8, for the number of alkyl ujtdodecanethiol dependence’s:**Based on whether thermal activation is in-
[CH3(CH,)1;SH, denoted as CJ]2 and hexadecanethiol volved, the conduction mechanisms fall into two distinct cat-
[CH5(CH,)15SH, denoted as Cl6were used to form the egories: (i) thermionic or hopping conduction, which has
active molecular components. As a representative exampléemperature-dependehtV) behavior, andii) direct tunnel-
the chemical structure of octanethiol is shown in Fig. 1. Ining or Fowler-Nordheim tunneling, which does not have
order to statistically determine the pore size, test patterntemperature-dependehtV) behavior. For example, thermi-
(arrays of poreswere created under similar fabrication con- onic and hopping conductions have been observed for
ditions. Figure 2 shows a scanning electron microscopé-thioacetylbiphenyl SAM'YRef. 2 and 1,4-phenelyene di-
(SEM) image of such test pattern arrays. This indirect meaisocyanide SAM’'YRef. 15. On the other hand, the conduc-
surement of device size is done since SEM examination ofion mechanism is expected to be tunneling when the Fermi
the actual device can cause hydrocarbon contamination dévels of contacts lie within the large HOMO-LOMO gap for
the device and subsequent contamination of the monolayeshort-length molecules, as for the case of the alkyl-chain or
From regression analysis of 298 pores, the device sizes of thée-chain molecular systef:'® Previous work on Langmuir-
C8, C12, and C16 samples are predicted as 2645+ 2, Blodgett alkane monolayéers'® exhibited a large impurity-
and 45-2 nm in diameters, respectivelp9% confidence dominated transport component, complicating the analysis.
interva). The sample is then transferred in ambient condi-l (V) measurements on self-assembled alkanethiol monolay-
tions to an evaporator that has a cooling stage to deposit thers have also been reportéd®°-?*however, all of these
opposing Au contact. During the thermal evaporafjonder measurements were performed at fixed temperd@0e K),
the pressure of- 10 8 Torr), liquid nitrogen is kept flowing which is insufficient to prove tunneling as the dominant
through the cooling stage in order to avoid thermal damagenechanism. Without temperature-dependent current-voltage
to the molecular layer. This technique reduces the kineticharacterization, other conduction mechanigsugh as ther-
energy of evaporated Au atoms at the surface of the monanionic or hopping conductigrcannot be excluded. Reported
layer, thus preventing Au atoms from punching through thehere arel (V) measurements in a sufficiently wide tempera-

TABLE I. Possible conduction mechanisrtedapted from Ref. 13

Conduction Characteristic Temperature \oltage
mechanism behavior dependence dependence
Direct 2d
tunneling J~Vex *?\/2“}@) none J~V
Fowler- Ad\2md 32 (J) 1
[ ~\? - Inl=|~5
Nordhglm J~V ex 3qhV ) none 2|7y
tunneling
Thermionic d—a/aVidmed J\ 1
avqviame 1/2
. T2 _ —|~= In(J)~V
emission J~T exp( T ) |“(-|-z) T )
Hopping Y q)) R Py
conduction ex KT n VT

&This characteristic of direct tunneling is valid for the low-bias reg[isee Eq(3a)].
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FIG. 3. Temperature-dependehtV) characteristics of dode- (b)_17_2 . i i i i i
canethiol(C12. I (V) data at temperature from 300 to 80 K with 20 = 290K
K steps are plotted on a logarithmic scale. 173k ]l e 240K

LI b . - A 190K
ture range(300—80 K and resolution(10 K) to determine 474 = 2" o = 1 o 140K
the mechanism of self-assembled alkanethiol molecular sys=, - L. s a s . <« 90K
tems. = 175} ax aa 4 . ¢

Figure 3 _shows a representam/e/,T) chgractenstlc of E e, 1 o« <« 1 «
dodecanethiolC12 measured with the device structure as 176+ .« o
shown in Fig. 1. Positive bias corresponds to electrons in- . ¢« * s .
jected from the physisorbed Au contatottom contact in ATTE *% 6 0 ® 1
Fig. 1) into the molecules. By using a contact area of 45 P . . . . .
+2nm in diameter, a current density of-1500 10 12 14 16 18 20
+200 Alcnt at 1.0 V is determined. No significant tempera- 1V (1/V)

ture dependence of the characteristitem V=0 to 1.0 V)
is observed over the range from 300 to 80 K. An Arrhenius FIG. 4. (a) Arrhenius plot generated from th¢V) data in Fig.
plot [In(l) versus 1T] of this is shown in Fig. 4), exhibit- 3, at voltages from 0.1 to 1.0 V with 0.1 V stegb) Plot of In(?/V)

ing little temperature dependence in the slopes dj Mgrsus Vs 1V at selected temperatures.

1/T at different bias and thus indicating the absence of ther- ) S

mal activation. Therefore, we conclude that the conductiorfodels is the Franz two-band modét*® This model pro-
mechanism through alkanethiol is tunneling. The tunneling/ides a nonparabolic energy-momentéitk) dispersion re-
through alkanethiol SAM’s has been assumed as “throughlationship by considering the contributions of both the
bond” tunneling—i.e., along the tilted molecular chains be-HOMO and LUMO energy level$*
tween the metal contactBased on the applied bias as com-

pared with the barrier heightd(g), the tunneling through a E
SAM layer can be categorized into either direcV ( Eq

<®g/e) or Fowler-Nordheim Y>dg/e) through-bond \yhere is the imaginary part of wave vector of electrons,
tunneling. These two tunneling mechanisms can be d|st|nr—n* is the electron effective masis(=277) is Planck’s con-
guished dlue to th;:*ir distinct voltage dgpender(see Table stant,E is the electron energy, arfg is the HOMO-LUMO

). Analysis of In(*/V) versus 1V [in Fig. 4b)] shows N0 o arqy gan. From this nonparabolidk) relationship, the
significant voI_tage dependence,_ |r_1dlca_lt|ng no  obvioUsytective mass of the electron tunneling through the SAM
Fowler-Nordheim transport behavior in this bias rargeo can be deduced by knowing the barrier height of the metal-
1.0 V) and thus determining that the barrier height is IargerSAM-metaI junctior?3

than the applied bias: i.ebg>1.0€eV. This study is ré-  \yhan the Fermi level of the metal is aligned close enough
stricted to applied biases 1.0 V. The transition from direct ; jne energy leveleither HOMO or LUMO, the effect of

to Fowler-Nordheim through-bond tunneling requires higher,o oiher distant energy level on the tunneling transport is
bias and is under study at present. Having established t“'?fegligible and the widely used Simmons mdfés an ex-
neling as the conduction mechanism, we can now obtain thggent ap'proximatioﬁ7 In the following we use the Sim-
barrier height by comparing our experimenit@V) data with o5 model to characterize our experimenal) data and

2m*

k2=?—E 1+

: @

theoretical calculations from a tunneling model. later compare it to the Franz model to examine the validity of
. - ) the approximation.
B. Tunneling characteristics through alkanethiols The Simmons model expresses the tunneling current den-

To describe the transport through a molecular system haswsity through a barrier in the tunneling regime 6k ®g/e
ing HOMO and LUMO energy levels, one of the applicable as **°

035416-3



WENYONG WANG, TAKHEE LEE, AND M. A. REED PHYSICAL REVIEW B68, 035416 (2003

40 . T T gular barrier to tunneling either through a nonrectangular
: ] barrier'® a proposed effective massnt) of the tunneling
/ electrons through the molecufes (i.e., for a=0.65, m*
20F N would be 0.4n here, or a combination of both. Note that
—_ thel(V) data can be fit to arbitrary accuracy over the entire
ff_: 0 bias range by allowing a slight bias dependencexofor
: i i ¢B)
Nonlinear least-squares fittings on CL@V/) data at all
20k i temperatures allow us to determif@g,a} over the entire
| — @ ,=142eV,a=0.65 temperature range and show tllag and « values are tem-
' - 0,=065eV,a=1 1 perature independent in our temperature rafgf®—-80 K.
40 M . L For the first C12 sample reported, a value ®g=1.45
-1.0 -0.5 0.0 0.5 1.0 +0.01 eV ande=0.64+0.01 was obtaineflloy, (standard
V (V) erron].
_FIG. 5. Measured C1(V) data(circular symbolis compared C. Length dependence of tunneling through alkanethiols
with calculation(solid curve using the optimum fitting parameters
of dz=1.42 eV anda=0.65. The calculatedi(V) from a simple Equation (2) can be approximated in two limits: low
rectangular modeld¢=1) with ®;=0.65 eV is also shown as the bias and high bias as compared with the barrier hedgft
dashed curve. For the low-bias range, Eq2) can be approximated &s
e eV N (2mdg)Ye’a _2(2m)1’2 B2
J= —2—2)[(‘195— - - h2d ex 7 a(Ps) :
47°hd 2
1/2 1/2 (Sa)
xexp{— ﬂa<¢8_ i/) d}— Dg+ i/ To determine the high-bias limit, we compare the relative
h 2 2 magnitudes of the first and second exponential terms in Eq.

2(2m)2 eV 12 (2). At high bias, the first term is dominant and thus the
X ex;{ - a D+ 7) d } 2 current density can be approximated as
. . . . . Y,
wheremis the electron massl,is the barrier width®g is the ~ © &
. . - . . - . A2k d2 B o
barrier heightV is the applied bias, and is a unitless ad-

justable parameter that is introduced to modify the simple 2(2m)2 eV 12
rectangular barrier model or to account for an effective X ;{—Ta( B— 7) d}
mass %2 =1 corresponds to the case of a rectangular

barrier and bare electron mass and has been previousjyccording to the Simmons model, in the low-bias regime the

surements at fixed temperatu@)0 K 20 o (1/d)exp(— Bod), whereg, is a bias-independent decay co-
From Eq.(2), by adjusting two parameteBg anda, a  efficient,

nonlinear least-squares fitting can be performed to fit the

measured C12(V) data?® By using a device size of 45 nm 2(2m)Y2

o . L 2 _ 172

in diameter, the best fitting parametérsinimized x?) for Bo=——7——a(®p)™ (43
the room-temperature C1ZV) data were found to bég

=1.42-0.04 eV anda=0.65+0.01 (C12, 300 K, where  while at higher biasJe(1/d%)exp(—B,d), where 8y is a

(3b)

the error ranges ofbg and a are dominated by potential bias-dependent decay coefficient,

device size fluctuations of 2 nm. A second independently

fabricated device with C12 gave values dig=1.37 2(2m)*? eV|1? 172
+0.03 eV anda=0.66+0.01. Likewise, a data set was ob- ~ Av=—7 | Pa— 7) =Bo| 1 ) . (4b)
tained and fitting was done for hexadecanetl@i6), which

yielded values of®z=1.40+0.03 eV anda=0.68+0.01 At high biasg, decreases as bias increafeg. (4b)], which

20,

(C16, 300 K. results from the barrier lowering effect due to the applied
Using ®g=1.42 eV anda=0.65, a calculated(V) for  bias.
C12 is plotted as a solid curve in Fig. 5. A calculat€y) We define the high-bias range somewhat arbitrarily by

for =1 and®z=0.65 eV (which gives the best fit at the comparing the relative magnitudes of the first and second
low-bias ranggis shown as the dashed curve in the sameexponential terms in Eq(2). Using ®z=1.42 eV anda
figure, illustrating that withw =1 only limited regions of the =0.65 obtained from a nonlinear least-squares fitting of the
(V) can be fit(specifically here, foW<0.3 V). Although  C121(V) data, the second term becomes less thd8% of

the physical meaning ok is not unambiguously defined, it the first term at~0.5 V, which is chosen as the boundary of
provides a way of applying the tunneling model of a rectandow- and high-bias ranges.
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FIG. 8. Summary ofbg (square symbo)sand « (circular sym-
FIG. 6. Log plot of tunneling current densities multiplied by bols) values obtained from alkanethib{V) fittings and thegZ-V
molecular lengtrd at low bias and byl? at high bias(symbol$ vs fitting.
molecular lengths. The lines through the data points are linear fit-
tings. V in this range(0.5—1.0 \} along with a linear fitting of the
data. From this fitting,®5=1.32-0.18 eV and «=0.63
To determine theB values for alkanethiols used in this +0.03 were obtained from the intercept and slope, respec-
study, three alkanethiols of different molecular lengths—tively, consistent with the more precise values obtained from
octanethiol(C8), dodecanethiolC12), and hexadecanethiol the nonlinear least-squares fitting in the previous section.
(C1e—were investigated to generate length-dependgvit The ®5 (square symbojsand « (circular symbol$ values
data. Figure 6 is a logarithmic plot of tunneling current den-obtained by the C12 and C1§V) data fittings andG\Z,-V
sities multiplied by molecular lengtidd at low bias andid®  [inear fitting are summarized in Fig. 8. The combined values
at high bia$ as a function of the molecular length for these are ®3=1.39+0.01 eV (loy) and @=0.65+0.01 (1oy,).
alkanethiols’® The molecular lengths used in this plot are Using Eq.(4a), we can derive a zero-field decay coefficient
13.3, 18.2, and 23.2 A for C8, C12, and C16, respectivelylg0 of 0.79+0.01 A~ L.
(each molecular length was determined by adding an Au- g values for alkanethiols obtained by various experimen-
thiol bonding Iength to the |ength of mOIeCBJENote that tal techniques have previous|y been repo?t_éai_lg_zqn or-
these lengths assume through-bond tunndling. der to compare with these report@values, we also per-
As seen in Fig. 6, the tunneling current shows an expoformed a length-dependent analysis on our experimental data

nential dependence on molecular length. Phealues can be  according to the generally used equafioh°
determined from the slope at each bias and are plotted in Fig.

7. The error bar of an individugB value in this plot was G=Ggexp —Bd). (5)
obtained by considering both the device size uncertaintie%his gives ag value from 0.83 to 0.72 Al in the bias range

and the linear fitting errors. o
According to Eq.(4b), B\Q/ depends on bia¥ linearly in from. 0.1I tgfl.o V, whllch |sI c?mpalrable to (;esultslrepofrted
the high bias range. The inset in Fig. 7 is a plofdfversus preV|Ol{s1y, or example, Holmliet al. reported 35 value o
: ' 0.87 A! by mercury-drop experimentS,and Wold et al.

have reported @ of 0.94 A~ and Cuiet al. reported g3 of

W 0.6 A™! for various alkanethiols by using a conducting
atomic force microscope technigf@ These reporteg were
08} treated as bias-independent quantities, contrary to the results
I + + * ] reported here and that observed in a slightly different alkane
* * % system (ligand-encapsulated nanoparticle/alkane-dithiol
~ 0.6 i % % i molecule$.3!
°§/ [ 06
@ 04} Tg - D. Franz model
Naw W i We have analyzed our experimental data using a Franz
02F oz i two-band modef??42°Since there is no reliable experimen-
TR B AT T tal data on the Fermi level alignment in these metal-SAM-
VV) metal systemspg andm* are treated as adjustable param-
0'%'0 ' sz 0f4 ' 0?6 ' Ofg ' 1:0 eters. We performed a least-squares fit on our data with the
V (V) Franz nonparaboli€(k) relationship[Eg. (1)] using an al-

kanethiol HOMO-LUMO gap of 8 e¥>*3 Figure 9 shows

FIG. 7. Plot of8 vs bias in the low-bias rangsquare symbojs  the resultaniE(k) relationshi® and the corresponding en-
and high-bias rangeircular symbols The inset shows a plot of ergy band diagrams. The zero of energy in this plot was
B2 vs bias with a linear fitting. chosen as the LUMO energy. The best fitting parameters ob-
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O

—— T 71— 71— =1.55 eV indicates that the Fermi level is aligned close to

LUMO one energy level in either case: therefore, the Simmons

I (DEu\L 1 model is a valid approximation. The previous best fits ob-
. tained from the Simmons model abz=1.39 eV anda

2F Electron tunneling =0.65(corresponding ton* = 0.42m for the rectangular bar-

rier casg are in reasonable agreement.

4 . IV. CONCLUSION

E (eV)

From temperature-dependent current-voltage measure-
ments, tunneling is unambiguously shown to be the dominant
B} Hole tunneling 4 transport mechanism in alkanemonothiol SAMfor V

<®dg/e), with a barrier heighthg=1.39+0.01 eV and a
! Dg ; nonideal barrier factorw=0.65+0.01. Exponential length

HOMO dependence is observed with a bias-dependent decay coeffi-
—_ cient (contrary to previous resultswith a zero-field decay
020 015 o010 005 000 coefficient 3 of 0.79+-0.01 A~1.

2,52
-k (A7)
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