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Abstract-This work describes the development of hybrid 
circuits composed of silicon-based molecular electronic devices 
and traditional CMOS technology.  In the development of these 
circuits, we first fabricated individual CMOS-compatible 
molecular electronic devices and established their effectiveness. 
We then designed and used traditional VLSI tools to layout a 
hybrid circuit that includes CMOS for the on-chip 
characterization of the molecular devices, as well as a platform 
composed of the contacts and interconnects for the molecular 
electronic devices.  Finally, we developed the procedures for the 
post-processing fabrication of the molecular electronic devices 
based on CMOS-compatible techniques.  This work is an 
important step towards the realization of hybrid 
molecular/traditional circuits.  It both advances novel “beyond 
CMOS” molecular electronic technology, and enables hybrid 
circuits for the on-chip characterization of the molecular 
electronic devices via CMOS instrumentation. 

 

I. INTRODUCTION 

We have successfully fabricated and electrically 
characterized molecular electronic devices with CMOS 
integration potential and then developed the design and 
procedures for the integration of these devices with CMOS by 
using traditional VLSI layout tools and CMOS fabrication 
techniques.  The hybrid molecular device/CMOS chips were 
designed not only to show that such integration is possible, but 
also to enable the on-chip characterization of the molecular 
devices by using CMOS circuitry.  These developments are 
critical to the realization of molecular electronics, a field based 
on using organic molecules with functional electrical 
properties in devices.   

The field of molecular electronics has been focused on the 
characterization of electron transport through molecular 
monolayers, much of which has been performed by using 
methodologies and materials that are not compatible with 
conventional integrated circuit technologies.  For example, 
much of the work thus far has used gold as a bottom substrate 
material due to the ease and reliability of self-assembly of 
organic monolayers on gold [1-10]; however, gold is not 
compatible with traditional silicon (Si) technologies due to its 
propensity to form energy traps in Si.  Also, because 
evaporated metal device top contacts have been shown to 
degrade and/or displace molecular monolayers in junctions 
[11,12], characterization techniques have mostly consisted of 
indirect contacts (such as STM probes) or devices that rely on 
“soft” top contacts (mercury drops, carbon nanotubes, or 

electrolytes) [13-15].  Since the electrical behavior of the 
molecular monolayer is extremely dependent on the materials 
and characterization methodology used, it is essential for 
groups to begin to characterize monolayers in devices that have 
increased technological potential.  Because it is also likely that 
the first step to the realization of molecular electronic devices 
will be the integration of molecular electronics with existing 
technologies to form hybrid molecular electronic/CMOS 
circuits, it is imperative to begin designing and fabricating 
CMOS-compatible molecular electronic devices and hybrid 
circuits. 
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Fig. 1. (a) Cross section of the molecular electronic device, (b)
Representative current-voltage (I-V) curve results for the molecular
electronic devices.   In these I-V curves the longer chained molecules 
assembled in the device were less conductive than the shorter chained 
molecules, demonstrating the effectiveness of the molecular electronic
device. 

(a) 

(b) 

US Government work not covered by US Copyright



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
2008 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2008 to 00-00-2008  

4. TITLE AND SUBTITLE 
The Integration of Molecular Electronic Devices With Traditional CMOS 
Technologies 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Semiconductor Electronics Division,National Institute of Standards and 
Technology,Gaithersburg,MD,20899 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
See also ADM002137. Proceedings of the 2008 IEEE International Conference on Nanotechnology (8th)
Held in Arlington, TX on August 18-21, 2008. U.S. Government or Federal Rights License 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

4 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



II. THE FABRICATION AND CHARACTERIZATION OF CMOS-
COMPATIBLE MOLECULAR DEVICES 

The first step in the realization of the hybrid circuit with on-
chip characterization potential was the fabrication and 
characterization of CMOS-compatible molecular electronic 
devices.  Fig. 1(a) shows an enclosed molecular electronic 
device with a “hard” Ag top contact.  We avoided displacing 
the molecular monolayer during the top metal evaporation by 
using Ag, which has been shown not to displace the molecular 
monolayer in the junction, as the top contact material [11].   
The bottom contact was highly doped Si (100), due to its 
compatibility with CMOS.  Because prior to this work most of 
the monolayer assembly/characterization that had been 
performed was on Si (111) [16-23], we performed extensive 
characterization to ensure that the monolayers assembled on Si 
(100) were comparable in quality to those assembled on Si 
(111) [24].  Additionally, prior work by our group was 
performed with a lightly doped Si substrate [16]; however, we 
have switched to highly (degenerately) doped Si in order to 
ensure that the electrical characteristics observed from the 
devices are dominated by inherent molecular properties, rather 
than depletion in the substrate due to the work function 
mismatch between the lightly doped bottom Si contact and the 
Ag top contact [24-25]. 

In order to characterize the degenerately doped Si (100) 
molecular device (fig. 1 (a)), we applied a bias across the top 
and bottom contacts and measured the current through the 
junction.  We performed these measurements on devices with 
various chainlengths of organic molecules self-assembled in 
the junctions [24].  Because the method of transport through 
alkanethiol molecules has been found to be quantum 
mechanical tunneling, one would expect longer molecules to 
have a longer tunneling barrier and thus, devices with longer 
molecules assembled to exhibit less current.  The current vs. 
voltage curves from the devices with no organic monolayer 
(hydrogen terminated Si), with octadecanethiols (molecules 18 
carbons long), and with dodecanethiols (molecules 12 carbons 
long) are shown in Fig. 1(b).  Our experimental results confirm 
an inverse dependence of device current on molecular 
chainlength.  This trend is consistent with what is expected for 
alkanethiols in a Si-metal junction [13], establishing that a 
molecular dependence is observed from the devices; i.e. they 
are effective. 

 

III. HYBRID CHIP PLATFORM DESIGN 

Once the electrical characteristics of the devices were 
established, hybrid Si-molecular circuitry was designed.   Part 
of the concept of the design was that first, the CMOS 
components plus the contacts and interconnects for the 
molecular device would be fabricated on-chip; then, via post-
CMOS/interconnect processing, the active components of the 
molecular electronic devices would be fabricated on-chip.    

A schematic of the basic hybrid chip layout, including the 
contact and interconnect platform for the fabrication of 

molecular electronic devices, is shown in Fig. 2(a).  The 
platform area for the molecular electronic devices consists of a 
4 x 4 array of highly doped areas, to be used as bottom contacts 
for the devices, connected through output interconnect to a bus 
to the CMOS area of the chip.  The contact and interconnect 
fabrication was performed by using the same VLSI layout 
tools, representations, and fabrication techniques as are used 
for the fabrication of traditional CMOS and at the same time as 
the fabrication of the on-chip CMOS.  For example, the highly 
doped areas were fabricated by using the same VLSI layout 
representation and process steps as were used for the n-type 
wells of the NMOS circuitry (the “active” areas).      
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Fig. 2.  (a) A schematic overview showing the layout of the hybrid chip
including the area for CMOS and the area for the interconnects and contacts 
(platform) of the molecular electronic devices, (b)  The actual VLSI layout of
the hybrid chip including the CMOS area (not clearly visible due to small 
size), the molecular electronic device platform, and the probing pads. 

(a) 

(b) 



 
The final VLSI layout for the chip is shown in Fig. 2 (b).   

The on-chip CMOS circuitry is not easily identifiable in the 
design, due to the relative scale of the molecular electronic 
device platform relative to the CMOS.  The CMOS circuitry 
design and layout were simulated and checked for functionality 
prior to fabrication.  The VLSI layout was used for the 
fabrication of the entire chip, including the molecular 
electronic device platform, using traditional CMOS techniques.    

 

IV. POST-CMOS PROCESSING INTEGRATION OF  MOLECULAR 
ELECTRONIC DEVICES 

After the CMOS and the molecular device platform (contacts 
and interconnects as shown in Fig. 2 (a)) are fabricated on-chip 
with traditional CMOS tools and methodologies, the 
integration of the molecular electronic devices is completed by 
using post-processing techniques.  The top and side views of a 
completed molecular electronic device are shown in Fig. 3 
[16].  The molecular electronic devices are fabricated by first 
etching through the oxide covering the embedded highly doped 
“contact areas” using standard photolithography or e-beam 
lithography wet etching, or dry etching methods.  After 
etching, UV-assembly techniques (as described in Section II) 
are used to assemble the molecular monolayer.   Finally, the 
top Ag contact is formed by using an evaporation mask that 
aligns with the bottom contact areas and the input 
interconnects to “wire-up” the molecular junction to the rest of 
the circuitry.  Alternatively, this top contact could be fabricated 
by using a standard photolithography method with chemical or 
physical etching, or with a “liftoff” procedure, depending on 
the top contact metal used.  After this final top metallization, 
the molecular electronic device is complete.    

V. ENABLING ON-CHIP CHARACTERIZATION 

Once the fabrication is complete, the chip is ready for 
verification of the CMOS and molecular components, as well 
as for the on-chip characterization of the molecular devices via 
the CMOS.  The CMOS circuitry on the chip is designed to 
function as on-chip instrumentation for the electrical 
characterization of the molecular electronic devices.  These on-
chip characterization capabilities were accomplished by 
including multiplexers in the hybrid chip design between the 
molecular electronic and CMOS areas so that the rows and 
columns of the molecular electronic device array could be 
accessed by the CMOS instrumentation circuitry for the on-
chip molecular device characterization.  Additionally, in order 
to verify the individual electrical characteristics of each 
molecular electronic device, the hybrid chip includes two on-
chip probing pads per device for individual off-chip 
characterization.    

VI. SUMMARY 

This work advances the field of molecular electronics by 
establishing CMOS-compatible molecular electronic devices 
and by developing the methodologies for integrating these 
novel “beyond CMOS” devices with traditional CMOS 
technology.  Future work will include the use of the hybrid 
chip for extensive on-chip characterization of molecular 
electronic devices for traditional electrical properties, as well 
as for properties that may be difficult to accurately measure 
using traditional off-chip characterization techniques.  Due to 
the flexibility in the design of the integrated chip, the basic 
concepts and processes could be extended for the integration of 
other nanotechnologies with CMOS. 
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Fig. 3.  The top view and side view of a complete molecular electronic device post CMOS processing.   The post-processing consists of: milling a well in the oxide 
above the heavily doped silicon contact, using UV-assisted self-assembly to assemble the molecular monolayer in the well, and capping with a metal top contact which
also connects the device to the “metal 2” CMOS interconnects [16].  



ACKNOWLEDGMENT 

This work was funded in part by the NIST Office of 
Microelectronics Programs and the DARPA MoleApps 
Program.   The research was performed while NGH held a 
National Research Council Research Associate Award and 
while AAH held a National Science Foundation Summer 
Undergraduate Research Fellowship. 
 

REFERENCES 
[1]   W. Wang, T. Lee, M.A. Reed, “Mechanism of electron conduction in  
       self-assembled alkanethiol monolayer devices,” Phys. Rev B, vol. 68,  pp.  

035416.1-035416.7,  2003.   
[2]   N. Gergel, N. Majumdar, K. Keyvanfar, N. Swami, L.R.  Harriott, J.C.  

Bean, G. Pattanaik, G. Zangari, Y. Yao,  J.M. Tour, “Study of the room 
temperature molecular memory observed from a nanowell device,” J. 
Vac. Sci. Technol.  A, vol. 23 (4), pp 880-885, 2005. 

[3]   F.F. Fan, J. Yang, L. Cai, D.W.  Price, S.M. Dirk, D.V. Kosynkin, Y. Yao, 
A.M.  Rawtlett, J.M. Tour, A.J. Bard, “Charge transport through self-
assembled monolayers of compounds of interest in molecular 
electronics,” vol. 124, pp. 5550-5560, 2002.  

[4]   Z.J. Donhauser, B.A. Mantooth, K.F. Kelly, L.A. Bumm, J.D. Monnell, 
J.J. Stapleton, D.W. Price Jr., A.M. Rawlett, D.L. Allara, J.M. Tour, P.S. 
Weiss, “Conductance switching in single molecules through 
conformational changes,” Science, vol. 292, 2303-2307, 2001.  

[5]    J. Chen, M.A. Reed, A.M. Rawlett, J.M. Tour, “Large on-off ratios and 
negative differential resistance in a molecular electronic device,” Science, 
vol. 286, pp. 1550-1552.    

[6]   D.J. Wold, C.D.  Frisbie, “Fabrication and characterization of metal-
molecule-metal junctions by conducting probe atomic force microscopy,” 
J. Am. Chem. Soc, vol.  123, pp. 5549-5556, 2001.  

[7]   L.A. Bumm, J.J. Arnold, M.T. Cygan, T.D. Dunbar, T.P. Burgin, L. Jones 
II, D.L.  Allara, J.M. Tour, P.S. Weiss, “Are single molecule wires 
conducting?” Science, vol. 271, pp. 1705-1707, 1996. 

[8]   X.D. Cui, X.  Zarate, J. Tomfohr, O.F. Sankey, A. Primak, A.L. Moore, 
T.A. Moore, D. Gust, G. Harris, S.M. Lindsay, “Making electrical 
contacts to molecular monolayers,”  Nanotechnology,  vol. 13, pp. 5-14, 
2002.    

[9]   I. Amlani, A.M. Rawlett, L.A. Nagahara, R.K. Tsui, “An approach to 
transport measurements of electronic molecules,” Appl. Phys. Lett., vol. 
80, pp. 2761-2763, 2002.    

[10]   N. Gergel-Hackett, M.J. Cabral, T.L. Pernell, B. Chen, M. Lu, J.M. Tour, 
L.R. Harriott, J.C. Bean “Vapor phase deposition of a monolayer of 
organic molecules for use in molecular electronic devices,”  Journal of 
Vacuum Science and Technology B, vol.  25 (1), pp. 252-257, 2007.   

[11]  C.A. Hacker, C.A. Richter, N. Gergel-Hackett, L.J. Richter, “Origin of 
Differing Reactivities of Aliphatic Chains on H-Si(111) and Oxide 
Surfaces with Metal,” Journal of Physical Chemistry C, vol. 111(26), pp. 
9384-9392, 2007. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [12]   G.L. Fisher, A.V. Walker, A.E. Hooper, T.B. Tighe, K.B. Bahnck, H.J.  
          Skriba, M.D. Reinard, B.C. Haynie, R.L. Opila, N. Winograd, D.L.  
           Allara, “Bond insertion, complexation, and penetration pathways of  
           vapor-deposited aluminum atoms with HO-and CH3O-terminated  
           organic monolayers,” J. Am. Chem. Soc., vol. 124, pp. 5528-5541  
           (2002). 
 [13]   E.J. Faber, L.C.P.M. De Smet, W. Olthius, H. Zuilhof, E.J.R. Sudholter,  

P. Bergveld, A. Van de Berg, “Si-C linked organic monolayers on 
crystalline silicon surfaces as alternative gate insulators,” Chem. Phys. 
Chem, vol. 6, pp. 2153-2166, 2005. 

[14]   J.G. Kushmerick, D.B. Holt, J.C. Yang, J. Naciri, M.H. Moore, R.  
Shashidhar, “Metal-molecule contacts and charge transfer across 
monomolecular layers: measurement and theory,” Phys. Rev. Lett, vol.  
89, pp. 086802.1-086802.4, 2002. 

 [15] J. He, B. Chen, A.K. Flatt, L.J. Stephenson, C.D. Coyle, J.M. Tour, 
“Metal-free silicon-molecule-nanotube testbed and memory device” 
Nature Materials, vol.  5, pp. 63-68, 2006.  

[16]  N. Gergel-Hackett, G.S. Rose, P. Paliwoda, C.A. Hacker, C.A. Richter, 
“On-chip characterization of molecular electronic devices using CMOS: 
the design and simulation of a hybrid circuit based on experimental 
molecular electronic device results”, Proceedings of the ACM Great 
Lakes Symposium on VLSI 2007, pp. 108-113, 2007.   

[17] C.A. Hacker, K.A. Anderson, L.J. Richter, C.A. Richter, “Comparison of 
Si-O-C interfacial bonding of alcohols and aldehydes on Si (111) formed 
from dilute solution with ultraviolet irradiation,” Langmuir, vol. 21, pp.  
882-889,  2005. 

[18] R. Boukherroub, S. Morin, P. Sharpe, D.D.M Wayner, P. Allongue, “New 
synthetic routes to alkyl monolayers on the Si (111) surface,” Langmuir, 
vol. 15, pp. 7429-7434, 2000. 

[19] R.L. Cicero, M.R. Linford, C.E.D Chidsey, “Photoreactivity of 
unsaturated compounds with hydrogen-terminated silicon (111),” 
Langmuir, vol. 16 (13), pp. 5688-5695,  2000. 

[20] B.J. Eves, Q.-Y. Sun, G.P. Lopinski, H. Zuilhof, “Aromatic self-
assembled monolayers on hydrogenated silicon,” J. Am. Chem. Soc., vol. 
126(44), pp. 14318-14319, 2004. 

[21] M. Zharnikov, A. Kuller, A. Shapoenko, E. Schmidt, W. Eck, “Aromatic 
self-assembled monolayers on hydrogenated silicon”, Langmuir , vol. 19, 
pp. 4682-4687, 2003.  

[22] C.J. Barrelet, D.B. Robinson, J. Cheng, T.P. Hunt, C.F Quate, C.E.D. 
Chidsey, “Surface characterization and electrochemical properties of 
alkyl, fluorinated alkyl, and alkoxy monolayers on silicon”, Langmuir, 
vol. 17, pp. 3460-3465, 2001. 

[23] C.H. de Villeneuve, J. Pinson, M.C. Bernard, P. Allongue, 
“Electrochemical formation of close-packed phenyl layers on Si (111),” 
J. Phys. Chem. B , vol.. 101(14), pp. 2415-2420, 1997. 

[24] N. Gergel-Hackett, C.D. Zangmeister, C.A. Hacker, L.J. Richter, C.A. 
        Richter, “Demonstration of molecular assembly on Si (100) for CMOS- 

compatible molecule-based electronic devices”, Journal of the  
American Chemical Society, vol.. 130  (13), pp. 4259-4261, 2008.  

[25] A. Scott, D.B. Janes, C. Risko, M. Ratner, “Fabrication and 
characterization of metal-molecule-silicon devices,” Applied Physics 
Letters, vol. 91, pp. 033508.1-033508.3, 2007. 

 
 
 
 
 
 

 
 

 


	Select a link below
	Return to Proceedings
	Return to Main Menu

	Select a link below
	Return to Proceedings
	Return to Main Menu




