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Abstract
The development of methods to produce nanoscale features with tailored chemical functionalities is fundamental for applications

such as nanoelectronics and sensor fabrication. The molecular-ruler process shows great utility for this purpose as it combines top-

down lithography for the creation of complex architectures over large areas in conjunction with molecular self-assembly, which

enables precise control over the physical and chemical properties of small local features. The molecular-ruler process, which most

commonly uses mercaptoalkanoic acids and metal ions to generate metal-ligated multilayers, can be employed to produce regis-

tered nanogaps between metal features. Expansion of this methodology to include molecules with other chemical functionalities

could greatly expand the overall versatility, and thus the utility, of this process. Herein, we explore the use of alkanethiol molecules

as the terminating layer of metal-ligated multilayers. During this study, it was discovered that the solution deposition of alkanethiol

molecules resulted in low overall surface coverage with features that varied in height. Because features with varied heights are not

conducive to the production of uniform nanogaps via the molecular-ruler process, the vapor-phase deposition of alkanethiol mole-

cules was explored. Unlike the solution-phase deposition, alkanethiol islands produced by vapor-phase deposition exhibited

markedly higher surface coverages of uniform heights. To illustrate the applicability of this method, metal-ligated multilayers, both

with and without an alkanethiol capping layer, were utilized to create nanogaps between Au features using the molecular-ruler

process.

2339

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:corey.causey@unf.edu
mailto:tj.mullen@unf.edu
https://doi.org/10.3762%2Fbjnano.8.233


Beilstein J. Nanotechnol. 2017, 8, 2339–2344.

2340

Findings
In a time when many technological advances are driven by the

miniaturization of fabrication methods, much effort has been

placed on the development of novel methods to produce nano-

scale features with chemical functionalities that go beyond

traditional semiconductors [1-3]. Recent advances in the field

allow for the fabrication of molecular-scale features into sur-

faces that template the assembly and growth of metals, poly-

mers, biomolecules, and cellular structures [3-11]. In addition,

these surface assemblies have been utilized as molecular-scale

resists for lithography [12,13]. One promising strategy for such

fabrication utilizes top-down lithography to create complex

architectures over large areas in conjunction with molecular

self-assembly, which enables precise control over the physical

and chemical properties of the small features [1,2]. The molecu-

lar-ruler process is a notable example of this hybrid approach as

it couples conventional patterning methods with molecular self-

assembly [14].

The molecular-ruler process can be employed to form nanogaps

between registered metal surface features that have been gener-

ated using conventional lithographic techniques such as

photolithography or electron-beam lithography (Figure 1) [14-

24]. In short, a metal structure that has been patterned on a non-

metal substrate (e.g., Si) using conventional lithography is

subsequently covered by a metal-ligated multilayer through the

iterative deposition of bifunctional organic molecules and metal

ions. Note that the use of a thiol as one of the two functionali-

ties ensures that deposition and growth of the multilayer only

occurs on the surface of the metal, not the exposed substrate. By

using molecules of discrete length, the thickness of the multi-

layer can be precisely controlled through the number of deposi-

tion steps. Once the desired thickness has been achieved, a

second metal deposition is used to cover the entire sample of

the substrate, including the exposed substrate and the surface of

the multilayer. Following this second metal deposition, a chemi-

cal lift-off removes the labile multilayer, thus exposing the

initial metal feature and the portion of the substrate that was

masked by the multilayer, yielding a nanogap between the two

metal surfaces. The size of this gap is defined by the thickness

of the multilayer. Utilization of the molecular-ruler process in

this way provides a general and widely applicable method to

fabricate registered, nanometer-scale features for potential ap-

plications including nanoelectronics, molecular-scale junctions,

and electrochemical sensors [17,18,20,21,25,26].

Although mercaptoalkanoic acid molecules, such as 16-mercap-

tohexadecanoic acid (MHDA), are the most widely studied mol-

ecules used in the molecular-ruler process, this method is inher-

ently versatile through the use of molecules with alternate func-

tionalities [27-31]. Towards this end, we set out to explore the

Figure 1: Key steps for the molecular-ruler process. (A) A metal is
patterned on a substrate via conventional lithography. (B) A molecular-
ruler, consisting of alternating layers of thiol molecules and metal ions,
is created only on the first metal structure. (C) A second metal is
deposited. (D) Upon removal of the molecular-ruler and the second
metal on top of the multilayer via a chemical lift-off, a tailored nanogap
is generated with a width that corresponds to the thickness of the
multilayer.

use of an alkanethiol, specifically 1-hexadecanethiol (C16), as

the terminating layer of a metal-ligated multilayer. This

molecule was selected as it is commonly used to produce well-

ordered self-assembled monolayers, has a relatively well

understood terminal functionality (e.g., a methyl group), and

enables direct comparison of thickness to MHDA molecules.

Figures 2A and 2B show representative 2 µm × 2 µm and

500 nm × 500 nm atomic force microscopy (AFM) images of a

Cu-ligated MHDA-C16 bilayer formed from the solution depo-

sition of MHDA for 18 h, Cu(ClO4)2·6H2O for 5 min, and C16

for 1 h. Figure 2C displays a representative cursor profile across

several islands as indicated by the red line in Figure 2B. Al-

though C16 is very similar in structure to MHDA, the solution
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deposition of C16 results in structures that exhibit islands of

various apparent heights, ranging from 3.4 to 24.8 nm, with rel-

atively low surface coverages (38.2 ± 3.3%). This is in contrast

to Cu-ligated MHDA bilayers, which exhibit islands of uniform

height (ca. 2.2 nm) and have surface coverages of about 50%

[27-29,32]. The C16 islands of the Cu-ligated MHDA-C16 bi-

layers are observed across the Au{111} substrate and are attri-

buted to C16 molecules bound to a MHDA monolayer via

cupric ions. The morphology of these islands is consistent with

previous AFM topographic images of solution-deposited

Cu-ligated MHDA-C16 bilayers [27]. This surface morphology

results in a RMS roughness of 3.2 ± 0.5 nm, which is consider-

ably larger than previously reported RMS roughnesses for

MHDA monolayers (ca. 0.1 nm) and MHDA bilayers (1.0 nm)

[32]. Similar morphology and slightly higher coverages of the

C16 islands are observed when C16 is deposited from solution

at 80 °C (Figure S1, Supporting Information File 1). Given the

roughness and variations in the surface morphology of the

Cu-ligated MHDA-C16 bilayers, it seems that the solution

deposition of C16 is not suitable for use in the molecular-ruler

process, and specifically for producing nanogaps with repro-

ducible uniformity.

To overcome this limitation, the vapor deposition of C16 is

explored. Interestingly, when C16 is deposited from the vapor

phase onto MHDA monolayers to produce Cu-ligated MHDA-

C16 bilayers, protruding islands with uniform thickness are

observed across the Au{111} substrate (Figure 3). Figure 3A

and Figure 3B show representative 2 µm × 2 µm and

500 nm × 500 nm AFM images of a Cu-ligated MHDA-C16 bi-

layer formed from the solution deposition of MHDA for 18 h

and Cu(ClO4)2·6H2O for 5 min followed by vapor deposition of

C16 for 1 h at 80 °C. Figure 3C displays a representative cursor

profile across several islands as indicated by the red line in

Figure 3B. The apparent height of these protruding islands

(3.6 ± 0.2 nm) is consistent with the least-protruding C16

islands of the Cu-ligated MHDA-C16 bilayers formed via solu-

tion deposition. Protruding islands of greater thicknesses are not

observed. The surface morphology of the Cu-ligated MHDA-

C16 bilayer formed via vapor deposition results in a RMS

roughness of 1.3 ± 0.1 nm, which is smaller than a Cu-ligated

MHDA-C16 bilayer formed via solution deposition. Further, the

surface coverage of these C16 islands (69.9 ± 1.8%) is consider-

ably higher than the C16 surface coverage for the MHDA-C16

bilayer formed via solution deposition. Given the increase in

surface coverage coupled with the marked decrease in rough-

ness, this method is far more amendable to our goal of nanogap

formation. It should be noted that thickness of the C16 islands is

roughly twice as thick as predicted, which has been observed

in other studies [27,33,34]. Although the explanation of this

height discrepancy it not completely clear, it is conceivable that

Figure 2: Cu-ligated MHDA-C16 bilayer formed from solution-phase
deposition of C16. Representative (A) 2 µm × 2 µm and
(B) 500 nm × 500 nm AFM images of a Cu-ligated MHDA-C16 bilayer
formed from the solution deposition of MHDA for 18 h,
Cu(ClO4)2·6H2O for 5 min, and C16 for 1 h. (C) Corresponding cursor
profile across the C16 islands.
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Figure 3: Cu-ligated MHDA-C16 bilayer formed from vapor-phase
deposition of C16. Representative (A) 2 µm × 2 µm and
(B) 500 nm × 500 nm AFM images of a of a Cu-ligated MHDA-C16 bi-
layer formed from the solution deposition of MHDA for 18 h and
Cu(ClO4)2·6H2O for 5 min and the vapor deposition of C16 for 1 h at
80 °C. (C) Corresponding cursor profile across the C16 islands.

Figure 4: Nanogaps from MHDA only and MHDA with vapor-phase
deposition of C16. (A) A representative SEM image of a nanogap fabri-
cated from nine iterations of the solution deposition of MHDA and
Cu(ClO4)2·6H2O followed by the solution deposition of MHDA. (B) A
representative SEM image of a nanogap from ten iterations of the solu-
tion deposition of MHDA and Cu(ClO4)2·6H2O followed by the vapor
deposition of C16. In both SEM images, the initial Au structure
(100 nm thick) is on the left, and the second layer of Au (30 nm thick)
is on the right.

the doubling in height results from disulfides that are interca-

lated into the hydrocarbon tails of the Cu-ligated C16 mole-

cules.

To illustrate the applicability of the vapor-phase deposition of

C16 in the molecular ruler process, Cu-ligated MHDA multi-

layers with and without a C16 capping layer are utilized to

create nanogaps via the molecular-ruler process. Figure 4A

shows a scanning electron microscope (SEM) image of the re-

sulting nanogaps from nine iterations of the solution deposition

of MHDA and Cu(ClO4)2·6H2O followed by the solution depo-

sition of MHDA for 1 h. The higher-intensity region corre-

sponds to the first Au deposition (100 nm thick) before multi-

layer growth, and the lower-intensity region corresponds to the

second Au deposition (30 nm thick) after multilayer growth.

The lowest-intensity region between the two Au regions corre-

sponds to the nanogap where the Si substrate is exposed. This

nanogap measures 26.0 ± 4.3 nm and is consistent with the
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thickness of the Cu-ligated MHDA decalayer measured via

spectroscopic ellipsometry (24.8 ± 0.1 nm) and the thickness of

Cu-ligated MHDA decalayers from previous studies [28].

Figure 4B shows an SEM image of the resulting nanogaps from

ten iterations of the solution deposition of MHDA and

Cu(ClO4)2·6H2O followed by the vapor deposition of C16 at

80 °C for 1 h. Similar higher and lower intensity regions are ob-

served and correspond to the first and second Au deposition

steps. The nanogap between the two Au regions measures

31.0 ± 9.4 nm, which is both larger and exhibits greater vari-

ability than the nanogap without the C16 capping layer. The

width is consistent with the thickness of a Cu-ligated MHDA

decalayer with the C16 capping (31.0 ± 1.0 nm) measured via

spectroscopic ellipsometry.

The standard deviations of the nanogap widths, thus the quality

of the nanogaps, result from the morphologies of the Cu-ligated

multilayers of MHDA only and MHDA with vapor-phase depo-

sition of C16 (Figure S2, Supporting Information File 1). The

surface morphology of the 10-layer Cu-ligated MHDA multi-

layer with a C16 capping layer appears rougher with protruding

islands with larger cross sections when compared to the

10-layer Cu-ligated MHDA multilayer without a C16 capping

layer. Although the nanogaps produced from the Cu-ligated

MHDA multilayer with a C16 capping layer have somewhat

larger standard deviation, these nanogaps illustrate that alter-

nate chemical functionalities can be utilized in the molecular-

ruler process.

In conclusion, Cu-ligated MHDA-C16 bilayers formed from the

solution and vapor deposition of C16 have been characterized

with AFM revealing varied surface morphologies. The solution

deposition of C16 results in structures that exhibit protruding

islands of varying heights with relatively low surface coverages.

These results agree with previous AFM topographic images of

solution deposited Cu-ligated MHDA-C16 bilayers [27]. The

vapor deposition of C16 produces protruding islands with

uniform apparent heights and relatively high surface coverages.

Given the increase in surface coverage coupled with the marked

decrease in roughness for C16 islands formed from the vapor-

phase deposition, Cu-ligated MHDA multilayers, without and

with a vapor-phase deposited C16 capping layer, were utilized

to create nanogaps between Au features using the molecular-

ruler process. Although the quality of the nanogaps formed

using the vapor-phase deposited C16 capping layer is dimin-

ished (i.e., the standard deviation is larger) when compared to

MHDA multilayers, this is a minor tradeoff considering this ap-

proach enables the utilization of molecules with alternate func-

tionalities beyond carboxylic acid into the molecular-ruler

process. Efforts to explore the underling mechanism for the in-

creased thickness of the C16 islands and to apply this strategy

to other bifunctional thiol molecules are ongoing.

Supporting Information
Supporting Information features additional AFM data and

experimental details.

Supporting Information File 1
Additional experimental data.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-233-S1.pdf]

Acknowledgements
This work was supported by the National Science Foundation

(CMMI-1536528) and a UNF Academic Affairs Faculty Devel-

opment Scholarship Grant. We thank Mr. Jackson Neuman,

Mr. Joel Serrano, Mr. Cameron Kilgore, Mr. Michael

VanMiddlesworth, Prof. Josh Melko, and Prof. Tao Ye for

helpful and insightful discussions and the UNF Materials

Science and Engineering Research Facility (MSERF) for the

use of equipment.

References
1. Mullen, T. J.; Srinivasan, C.; Shuster, M. J.; Horn, M. W.;

Andrews, A. M.; Weiss, P. S. J. Nanopart. Res. 2008, 10, 1231–1240.
doi:10.1007/s11051-008-9395-y

2. Saavedra, H. M.; Mullen, T. J.; Zhang, P.; Dewey, D. C.;
Claridge, S. A.; Weiss, P. S. Rep. Prog. Phys. 2010, 73, 036501.
doi:10.1088/0034-4885/73/3/036501

3. Smith, R. K.; Lewis, P. A.; Weiss, P. S. Prog. Surf. Sci. 2004, 75, 1–68.
doi:10.1016/j.progsurf.2003.12.001

4. Whitesides, G. M.; Ostuni, E.; Takayama, S.; Jiang, X. Y.; Ingber, D. E.
Annu. Rev. Biomed. Eng. 2001, 3, 335–373.
doi:10.1146/annurev.bioeng.3.1.335

5. Kasemo, B. Surf. Sci. 2002, 500, 656–677.
doi:10.1016/S0039-6028(01)01809-X

6. Mantooth, B. A.; Weiss, P. S. Proc. IEEE 2003, 91, 1785–1802.
doi:10.1109/JPROC.2003.818320

7. Tirrell, M.; Kokkoli, E.; Biesalski, M. Surf. Sci. 2002, 500, 61–83.
doi:10.1016/S0039-6028(01)01548-5

8. Pathem, B. K.; Claridge, S. A.; Zheng, Y. B.; Weiss, P. S.
Annu. Rev. Phys. Chem. 2013, 64, 605–630.
doi:10.1146/annurev-physchem-040412-110045

9. Alivisatos, A. P.; Andrews, A. M.; Boyden, E. S.; Chun, M.;
Church, G. M.; Deisseroth, K.; Donoghue, J. P.; Fraser, S. E.;
Lippincott-Schwartz, J.; Looger, L. L.; Masmanidis, S.; McEuen, P. L.;
Nurmikko, A. V.; Park, H.; Peterka, D. S.; Reid, C.; Roukes, M. L.;
Scherer, A.; Schnitzer, M.; Sejnowski, T. J.; Shepard, K. L.; Tsao, D.;
Turrigiano, G.; Weiss, P. S.; Xu, C.; Yuste, R.; Zhuang, X. W.
ACS Nano 2013, 7, 1850–1866. doi:10.1021/nn4012847

10. Gates, B. D.; Xu, Q. B.; Stewart, M.; Ryan, D.; Willson, C. G.;
Whitesides, G. M. Chem. Rev. 2005, 105, 1171–1196.
doi:10.1021/cr030076o

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-233-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-233-S1.pdf
https://doi.org/10.1007%2Fs11051-008-9395-y
https://doi.org/10.1088%2F0034-4885%2F73%2F3%2F036501
https://doi.org/10.1016%2Fj.progsurf.2003.12.001
https://doi.org/10.1146%2Fannurev.bioeng.3.1.335
https://doi.org/10.1016%2FS0039-6028%2801%2901809-X
https://doi.org/10.1109%2FJPROC.2003.818320
https://doi.org/10.1016%2FS0039-6028%2801%2901548-5
https://doi.org/10.1146%2Fannurev-physchem-040412-110045
https://doi.org/10.1021%2Fnn4012847
https://doi.org/10.1021%2Fcr030076o


Beilstein J. Nanotechnol. 2017, 8, 2339–2344.

2344

11. Weiss, P. S. Acc. Chem. Res. 2008, 41, 1772–1781.
doi:10.1021/ar8001443

12. Johnson, S.; Evans, D.; Davies, A. G.; Linfield, E. H.; Wälti, C.
Nanotechnology 2009, 20, 155304.
doi:10.1088/0957-4484/20/15/155304

13. Xia, Y. N.; Rogers, J. A.; Paul, K. E.; Whitesides, G. M. Chem. Rev.
1999, 99, 1823–1848. doi:10.1021/cr980002q

14. Hatzor, A.; Weiss, P. S. Science 2001, 291, 1019–1020.
doi:10.1126/science.1057553

15. Anderson, M. E.; Smith, R. K.; Donhauser, Z. J.; Hatzor, A.;
Lewis, P. A.; Tan, L. P.; Tanaka, H.; Horn, M. W.; Weiss, P. S.
J. Vac. Sci. Technol., B 2002, 20, 2739–2744. doi:10.1116/1.1515301

16. Anderson, M. E.; Srinivasan, C.; Hohman, J. N.; Carter, E. M.;
Horn, M. W.; Weiss, P. S. Adv. Mater. 2006, 18, 3258–3260.
doi:10.1002/adma.200601258

17. Anderson, M. E.; Srinivasan, C.; Jayaraman, R.; Weiss, P. S.;
Horn, M. W. Microelectron. Eng. 2005, 78–79, 248–252.
doi:10.1016/j.mee.2005.01.003

18. Anderson, M. E.; Tan, L. P.; Tanaka, H.; Mihok, M.; Lee, H.;
Horn, M. W.; Weiss, P. S. J. Vac. Sci. Technol., B 2003, 21,
3116–3119. doi:10.1116/1.1621662

19. Srinivasan, C.; Anderson, M. E.; Carter, E. M.; Hohman, J. N.;
Bharadwaja, S. S. N.; Trolier-McKinstry, S.; Weiss, P. S.; Horn, M. W.
J. Vac. Sci. Technol., B 2006, 24, 3200–3204. doi:10.1116/1.2393252

20. Srinivasan, C.; Hohman, J. N.; Anderson, M. E.; Weiss, P. S.;
Horn, M. W. J. Vac. Sci. Technol., B 2007, 25, 1985–1988.
doi:10.1116/1.2811712

21. Srinivasan, C.; Hohman, J. N.; Anderson, M. E.; Weiss, P. S.;
Horn, M. W. Appl. Phys. Lett. 2008, 93, 083123.
doi:10.1063/1.2963982

22. Tanaka, H.; Anderson, M. E.; Horn, M. W.; Weiss, P. S.
Jpn. J. Appl. Phys., Part 2 2004, 43, L950–L953.
doi:10.1143/JJAP.43.L950

23. McCarty, G. S. Nano Lett. 2004, 4, 1391–1394. doi:10.1021/nl049375z
24. Li, C. B.; Hasegawa, T.; Tanaka, H.; Miyazaki, H.; Odaka, S.;

Tsukagoshi, K.; Aono, M. Nanotechnology 2010, 21, 495304.
doi:10.1088/0957-4484/21/49/495304

25. Anderson, M. E.; Mihok, M.; Tanaka, H.; Tan, L. P.; Horn, M. W.;
McCarty, G. S.; Weiss, P. S. Adv. Mater. 2006, 18, 1020–1022.
doi:10.1002/adma.200600108

26. McCarty, G. S.; Moody, B.; Zachek, M. K. J. Electroanal. Chem. 2010,
643, 9–14. doi:10.1016/j.jelechem.2010.03.018

27. Daniel, T. A.; Uppili, S.; McCarty, G.; Allara, D. L. Langmuir 2007, 23,
638–648. doi:10.1021/la0621719

28. Benson, A. S.; Elinski, M. B.; Ohnsorg, M. L.; Beaudoin, C. K.;
Alexander, K. A.; Peaslee, G. F.; DeYoung, P. A.; Anderson, M. E.
Thin Solid Films 2015, 590, 103–110. doi:10.1016/j.tsf.2015.07.048

29. Johnson, S.; Chan, J.; Evans, D.; Davies, A. G.; Wälti, C. Langmuir
2011, 27, 1033–1037. doi:10.1021/la103733j

30. Evans, S. D.; Ulman, A.; Goppert-Berarducci, K. E.; Gerenser, L. J.
J. Am. Chem. Soc. 1991, 113, 5866–5868. doi:10.1021/ja00015a053

31. Freeman, T. L.; Evans, S. D.; Ulman, A. Thin Solid Films 1994, 244,
784–788. doi:10.1016/0040-6090(94)90571-1

32. Drexler, C. I.; Moore, K. B., III; Causey, C. P.; Mullen, T. J. Langmuir
2014, 30, 7447–7455. doi:10.1021/la501645w

33. Kim, Y. T.; McCarley, R. L.; Bard, A. J. Langmuir 1993, 9, 1941–1944.
doi:10.1021/la00032a001

34. Woodward, J. T.; Walker, M. L.; Meuse, C. W.; Vanderah, D. J.;
Poirier, G. E.; Plant, A. L. Langmuir 2000, 16, 5347–5353.
doi:10.1021/la991672+

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.233

https://doi.org/10.1021%2Far8001443
https://doi.org/10.1088%2F0957-4484%2F20%2F15%2F155304
https://doi.org/10.1021%2Fcr980002q
https://doi.org/10.1126%2Fscience.1057553
https://doi.org/10.1116%2F1.1515301
https://doi.org/10.1002%2Fadma.200601258
https://doi.org/10.1016%2Fj.mee.2005.01.003
https://doi.org/10.1116%2F1.1621662
https://doi.org/10.1116%2F1.2393252
https://doi.org/10.1116%2F1.2811712
https://doi.org/10.1063%2F1.2963982
https://doi.org/10.1143%2FJJAP.43.L950
https://doi.org/10.1021%2Fnl049375z
https://doi.org/10.1088%2F0957-4484%2F21%2F49%2F495304
https://doi.org/10.1002%2Fadma.200600108
https://doi.org/10.1016%2Fj.jelechem.2010.03.018
https://doi.org/10.1021%2Fla0621719
https://doi.org/10.1016%2Fj.tsf.2015.07.048
https://doi.org/10.1021%2Fla103733j
https://doi.org/10.1021%2Fja00015a053
https://doi.org/10.1016%2F0040-6090%2894%2990571-1
https://doi.org/10.1021%2Fla501645w
https://doi.org/10.1021%2Fla00032a001
https://doi.org/10.1021%2Fla991672%2B
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.233

	Abstract
	Findings
	Supporting Information
	Acknowledgements
	References

