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1. Experimental schematics 

 Figure S1A shows a schematic cross section of the all-carbon molecular junction, 
consisting of oligomers of bis-thienyl-benzene (BTB) between a carbon substrate and a 
carbon top contact. The molecular layer is partially ordered with covalent bonding to the 
PPF substrate, and has a range of thickness from 4.5 to 22 nm. Figure S1B shows an 
image of the top of two completed junctions, which occur at the intersection of 
orthogonal lines of PPF and top contact, along with three of the four probes used to 
make electrical contact. Figure S1C is a schematic of the 4-wire circuit used for 
current/voltage measurements, which compensates for lead and probe contact resistances. 
Junction area was 0.00125 cm2 in all cases. 

Figure 
S1A. Junction schematic (A), image of completed junction from above, showing three of the four contact 
probes (B), and electronic schematic of 4-wire system used for JV measurements (C). ADC0 and ADC1 
are inputs to a National Instruments 6111 data acquisition board, and the “current amp” is a Stanford 
Research Systems 570 current amplifier. Applied voltage (V) is provided by DAC0 from the 6111 board, 
and was scanned at 1000 V/sec in most cases. For currents < 200 nA which occurred at low bias a Keithley 
6517B electrometer in two electrode configuration was used to measure a series of discrete bias values. 
 

I-V curves were measured by different methods depending on the thickness of the 
molecular layer. Thus, for thin layers where capacitive current is small, voltage scans 
were used, typically at 100 or 1000 V/s. As the thickness and capacitive current increased, 
the DC characteristic was obtained by either slowing the scan rate to as low as 0.5 V/s, or 
by a series of DC voltage pulses. In the latter case, voltage pulses were applied every 0.1 
V or so, and the capacitive current was allowed to decay prior to taking a current reading. 
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2. Junction Fabrication 

The “crossed junction” design has been reported in a series of papers (1-10), and 
was used here with bis-thienyl benzene (BTB) as the molecular component, a substrate of 
pyrolyzed photoresist film (PPF) (11) and a top contact of electron-beam deposited 
carbon (e-C) and Au. Preparation of PPF has been described in detail previously (1, 11), 
but consists of photolithographic patterning of four parallel 0.5 mm wide lines of 
photoresist on Si/SiO2 surfaces followed by pyrolysis in a flowing H2/N2 atmosphere at 
1100 oC. The result is four conducting, sp2 hybridized carbon “stripes” with surface 
roughness < 0.4 nm rms. 

 
The precursor to the BTB diazonium reagent, 1-(bithien-2-yl)-4-aminobenzene 

[BTAB] was prepared as described previously (4), then its diazonium ion was prepared 
in-situ before electrochemical modification of PPF as follows: An acetonitrile (ACN) 
solution (20 mL) containing BTAB (5mM, ~2.6mg) and tetrabutylammonium 
tetrafluoroborate (TBABF4, 0.1M, ~0.66g) as supporting electrolyte was prepared and 
degassed with high purity argon for ~30 minutes. Tert-butylnitrite (36µL) was then added 
to the above solution and was stirred for 15 min before electrografting was started. 
Electrografting was carried out with cyclic voltammetry in the above solution using PPF 
as working electrode, Ag/Ag+ as reference electrode and Pt as counter electrode. Cyclic 
voltammetric sweeps were initiated from +400 mV to selected negative potentials at 100 
mV/s. Various thicknesses were obtained by varying the negative potential range and 
number of scans, as noted in table S1. After surface modification, samples were 
thoroughly rinsed with copious ACN and dried with Ar. Typical values for the surface 
roughness (rms) determined with tapping-mode AFM were 0.4 nm for bare PPF and 0.5 
nm for a 10.5nm BTB film on PPF. After electrografting, orthogonal lines (250 μm wide) 
of 10 nm e-C and 15 nm Au were applied to the PPF/BTB “stripes” through a shadow 
mask by electron-beam deposition, as described previously (7). Raman spectroscopy of 
similar PPF/molecule/e-C/Au junctions through both the top contact and a transparent 
substrate before and after e-C/Au deposition revealed no observable structural changes to 
the molecular layer during top contact deposition (5, 7, 12). 

 
3. Measurement of Molecular Layer Thickness and Microscopy  
 

Oligo-BTB film thicknesses on PPF were determined by an Atomic Force 
Microscopy (AFM) “scratching” technique described previously (6, 13). Thickness 
measurements were carried out on PPF/BTB immediately adjacent to one of the junctions 
of each sample. First, contact mode was applied to scratch a trench (1 x 1 µm) in the 
molecular layer, with the result shown in figure S2A. A set point (0.25V) was used to 
remove the molecules but not damage the underlying PPF substrate. A 5 x 5 µm tapping-
mode image was then obtained in the area surrounding and including the trench. Finally, 
the image was analyzed within the area defined by the white rectangle in Figure S2A to 
determine the difference in height between the bottom of the trench and the upper surface 
of the molecular layer. A histogram generated from the height data was fit by two 
separate Gaussian functions (for the two different height distributions), with the height 
determined as the difference between the centers of the two functions and the uncertainty 
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Derivatization Conditions  AFM Thickness
+0.4V to -0.4V, 1 scan 4.5 ± 0.7
+0.4V to -0.6V, 1 scan 5.2 ± 0.9
+0.4V to -0.4V, 2 scans 6.9 ± 0.6
+0.4V to -0.6V, 2 scans 8.1 ± 0.7
+0.4V to -0.4V, 4 scans 10.4 ± 0.8
+0.4V to -0.6V, 4 scans 12.8 ± 0.9
+0.4V to -0.6V, 6 scans 16 ± 1
+0.4V to -0.6V, 10 scans 22 ± 1

given as the quadrature addition of the two best-fit σ values. Table S1 lists all molecular 
layer thicknesses determined in the same way. To reflect the uncertainly in thickness, the 
values given in the main paper are rounded to the nearest 0.5 nm. 
 
 

Figure S2. (A) 5 x 5 µm tapping mode image of a 1 x 1 μm “trench” made in a PPF/BTB layer using 
contact mode AFM. (B): histogram of heights determined within the white rectangle of the AFM image. 
Uncertainty in thickness is the quadrature addition of the two Gaussian σ values. 
 
 
Table S1: BTB film derivatization conditions and corresponding film thicknesses (in nm) 
determined as shown in figure S2: 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Layer thickness and integrity were confirmed by obtaining a STEM image of a 
completed PPF/BTB(10 nm)/e-C(10 nm)/Au(20 nm) junction sectioned by a focused ion 
beam. The image of figure S3 was obtained with a Hitachi S5500 STEM by Peng Li of 
the NINT microscopy facility. From top to bottom in the image are the PPF, BTB, e-C, 

A B
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and Au layers of the junction plus an addition e-C layer added to protect the sample 
during ion beam sectioning.  
 

Figure S3. A STEM image of PPF/BTB(10 nm)/e-C(10 nm)/Au(20 nm) junction obtained after 
sectioning with a focused ion beam (FIB). e-Carbon layer at bottom was applied preceding FIB sectioning 
to protect the junction layers. 
 
4. Representative Current-Voltage results 

As reported previously, relative standard deviations (rsd) for the current density 
measured for a series of independent molecular junctions made with the procedures 
outlined above are in the range of 10-20% (6, 7). An example for PPF/BTB/e-C/Au 
junctions is shown in figure S4A, which is an overlay of JV curves for seven different 
junctions with a BTB thickness of 22 nm. The rsd of J for the seven junctions varies from 
8.3% at V=1 V to 19% at 0.5 V, with an average for this voltage range of 11.1%. The 
average for the -0.5 to -1.0 V range was 11.5% with a maximum of 15% at V = -1 V. 
Figure S4B is an expansion of the low voltage range for 13, 16, and 22 nm BTB junctions 
at 300K, showing the overlap of the 16 and 22 nm curves in the ±0.4 V range. The 
attenuation coefficient β for the 16-22 nm curves is (0.015 ± 0.005) nm-1 at V = 0.3 V, 
0.037 ± 0.007 at V = 0.5 V, and 0.133 ± .003 at V = 1.0 V (see table S3). Stated errors are 
standard deviations of ten points determined for bias values centered on the stated voltage.  
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Figure S4. (A) Overlay of seven JV curves for independent PPF/BTB(22 nm)/e-C(10 nm)/Au(20 nm) 
junctions obtained at 300K (see supplemental text for statistics). (B) Magnified low bias region for 13, 16, 
and 22 nm BTB junctions at 300K, determined under identical conditions. (C) Same data as B, plotted with 
ln J axis. 

 
5. Plots of lnJ vs lnV 

Plots of ln J vs ln V are useful for indicating mechanism, and several are shown in 
figure S5 for various BTB thicknesses and temperatures. A listing of the slopes of all 
cases examined is shown in Table S2 for both low and high bias ranges. The intercept of 
d(lnJ)/d(lnV) at low V is 1.11 ± 0.14 for the 5-22 nm thickness range at 300 K, indicating 
ohmic behavior at low bias. This slope increases to 12-15 for d= 8.0, 10.5, and 22 nm as 
the bias is increased to ~5 V, indicating a major departure from ohmic behavior.  
 
 
 
 
 
 
 
 
 
 

A

22 nm, 300K

B 300K

22 nm

16 nm

13 nm

C 300K

22 nm16 nm

13 nm
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Figure S5. lnJ vs lnV for several temperatures and BTB thicknesses. (A) 10.5 BTB thickness at indicated 
temperatures from 6.8 to 300 K. Approximate slopes are indicated, and a full listing is in Table S2. (B) 
slope of lnJ vs. lnV plot vs lnV for 10.5 nm BTB at 300K; (C) Plots for four thicknesses at 300 K; (D) Plots 
for four thicknesses at <10 K.  
 
Table S2: Slopes and intercepts of lnJ vs lnV plots 
 

 
thickness V range 

slope @ 
300K 

slope,   
<10K 

 
d, nm intercept*  

        Low V: 4.5 nm 0.01-0.11 2.17 1.44 
 

5.0 1.03 

 
8.0 0.01 - 0.10 1.92 0.91 

 
7.0 0.96 

 
10.5 0.01-0.10 1.15 2.47 

 
8.0 1.23 

 
22 0.8 - 1.3 3.97 7.71 

 
10.5 1.03 

      
13 1.31 

Hi V: 4.5 0.5-0.6 1.50 1.52 
 

16 1.22 

 
8.0 1.7-1.8 13.20 13.80 

 
22 0.97 

 
10.5 1.9-2.5 14.06 14.05 

 
  mean        1.11 

 
22 4.9-5.2 12.08 15.06 

 
st. dev 0.14 

 

* intercept of d(lnJ)/d(lnV) at V=0 and 300 K 

slope ~ 14

slope ~1.0
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6. Attenuation coefficients (β) for various conditions 

 Table S3 lists β values with units of nm-1 derived from JV curves at various 
temperatures and bias ranges for the 8 thicknesses listed in table S1. Slopes of ln J vs d 
plots, many of which are shown in figure 2 of the main text, determined from least 
squares fits to 2-4 BTB thicknesses are listed. Values for high bias and thin BTB layers 
could not be determined because the current exceeded the instrumental limit (5 mA). 
Figure S4 shows that the 16 nm and 22 nm JV curves are indistinguishable in the range 
of ±0.4 V, with the result being a small β for the 12-22 nm range (0.015 at V = 0.3 V and 
0.04 at V = 0.5 V) 
 
Table S3. Attenuation coefficient β (nm-1) for various V and T  

 
       thickness range: 4-8 nm 

 
8-16 nm 

 
16-22 nm 

 V @ 300K β* σ β* σ β* σ 

       0.3 V 2.86 0.32 0.81 0.17 0.015 0.005 
0.5 2.4 0.44 0.79 0.17 0.037 0.007 
1.0 2.89 0.32 0.88 0.17 0.13 0.003 
1.5 

  
0.95 0.17 0.15 

 2.0 
  

1.05 
 

0.18 
 3.0 

  
0.75 

 
0.28 

 
       V @ 200K  

      0.8 3.04 
 

1 
   1.5 

  
0.9 

   2.0 
  

1.06 
   

       V @ 100K  
      0.8 3.06 

 
1.12 

   1.5 
  

1.04 
   2.0 

  
1.18 

   
       V @ 50K  

      0.8 3.17 
 

1 
   1.5 

  
1.14 

   2.0 
  

1.45 
   

       V @ 6-8K  
      0.5 3.02 

 
0.65 

   0.8 3.28 
 

0.86 
   1.5 

  
1.03 

   2.0 
  

1.33 
   

       mean  2.97 
 

1.00 
 

0.13 
 st. dev.  0.266 

 
0.197 

 
0.097 

 N 8 
 

19 
 

6 
  

 
* for 4.5-8 nm, β is the least-squares slope of 3-5 points of the plot of ln J vs junction thickness, 
and has units of nm-1. σ is the standard deviation of the least squares slope. For 16-22 nm, β and 
σ were determined from 10 bias points surrounding the indicated bias. 
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7. Supplemental JV curves for T = 6-300 K range 
 
 Figure S6 shows JV curves at the indicated temperatures for 4.5 and 8.0 nm BTB 
junctions, obtained with the same conditions as Figures 3A and 3B of the main text. The 
T dependence for the 4.5 nm device is likely due to Fermi function broadening in the 
contacts, as proposed elsewhere (2, 14). Scans were independent of scan rate in the range 
10-1000 V/s (excluding capacitive current when observed, see section 1), and could be 
repeated many times. In no case were effects of memory or fatigue observed, such as 
hysteresis or slow changes with repetitive scanning. 
 

Figure S6. JV curves for 4.5 nm (A) and 8.0 nm (B) BTB junctions obtained at the indicated temperatures. 
Identical conditions as those for Figures 3A and 3B of the main text. 

8. Variable Range Hopping (VRH) plots 

 The contribution of VRH to transport in disordered solids is characterized by 
linear plots of ln J vs T-1/2 for one-dimensional Mott VRH or Efros-Shklovskii VRH, or 
linear ln J vs T-1/4 for 3-dimensional Mott VRH. Such plots are shown for the 200-300 K 
range and three BTB thicknesses in figures S7A and S7B, along with a theoretical line 
calculated from standard VRH equations (15). Linearity was not observed for any of the 
experimental results in the conditions studied, and agreement between observations and 
VRH prediction was not observed for any physically reasonable parameters. 

 

5,10,20,50 K

300 K

200 KA 8.0 nm

6, 50, 100, 200

300 K

6, 50

B4.5 nm
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Figure 7A. Comparison of 1-dimensional Mott VRH theory with experimental observations.  Theoretical 
line calculated for a prefactor of 3 x10-7 A/cm2, localization length of 16 nm and density of states of 2 x 
107 eV-1 cm-1 

 

 

Figure S7B . Comparison of 3-dimensional Mott VRH theory with experimental observations.  
Theoretical line calculated for a prefactor of 3 x10-7 A/cm2, localization length of 16 nm and density of 
states of 1.6 x 1020 eV-1 cm-3 

:  
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9. Activation barrier dependence on electric field 

Classical Poole-Frenkel transport between coulombic traps is given by (16-18): 
 

JPF   =  q μ  No  E  exp �−𝑞Φ
𝑘𝑇
�  exp  

q E
kTo

3
1

2 1
πε ε























  

 

ln[ 
𝐽
𝐸

] = ln (q μ 𝑁o) −  Φ
𝑘𝑇

+ � 𝑞
3
2�

(𝜋𝜀0 𝜀 )
1
2�  𝑘𝑇

� 𝐸1 2�  

 
where μ is mobility of a detrapped carrier, No is the number of traps, E the electric field, 
ϕ is the trap depth, k the Boltzmann constant, and εoε is the dielectric constant. These 
equations predict that a plot of ln (J/E) vs E1/2 should be linear with a slope that is 
dependent inversely on temperature. Furthermore, a standard Arrhenius plot of ln J vs 1/T 
should have a slope of: 
 

       Ea  =  - slope of ln J vs 1/T  =      −𝑞Φ 𝑘⁄  + � 𝑞
3
2�

(𝜋𝜀o 𝜀)1 2�  𝑘
�  𝐸1 2�  

Therefore, the slope of a plot of the apparent activation barrier Ea in eV vs E1/2 is equal to 
(q/πεoε)1/2, which is 0.289 meV cm1/2 V-1/2 for ε = 6.9, as determined from junction 
capacitance. Figure S8A shows Ea vs E1/2 for the indicated thicknesses of BTB in the 
temperature range 200-300 K. The lines are least-squares fits for the 16 and 22 nm data. 
The slopes and intercepts are as follows: 16 nm: y = 0.221x + 350 (R2 = 0.974); 
22 nm: y = 0.197x + 296 (R2 = 0.967). 
 
Figure S8B shows Poole-Frenkel plots for a 22 nm BTB junction at four temperatures 
from 5.8 K to 300 K. According to the equations above, the slopes should vary by a 
factor of 50 (300/6) in this range, yet in fact vary by only a factor of 1.3. 
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Figure S8. (A) Observed activation energies Ea from Arrhenius plots in the 200-300 K range plotted vs the 
square root of the electric field. Labels with each set of points indicate the BTB thickness. Lines are least-
squares fits to the data for 16 and 22 nm. (B) ln(J/E) vs E1/2 curves for 22 nm BTB junctions at the four 
temperatures indicated.  

A

16 nm

22 nm

10.5 nm

8.0 nm

B

E1/2 (V/cm)1/2E1/2 (V/cm)1/2
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