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Fig S1: Current-Voltage plots and fitting of alkyl Dithiols, C8DT on Ag, Au, and Pt!
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Fig S2: Current-Voltage Fitting plots of alkyl Dithiols, C9DT on Ag, Au, and Pt!
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Fig S3: Current-Voltage Fitting plots of alkyl Dithiols, C10DT on Ag, Au, and Pt?
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Fig S4: Current-Voltage Fitting plots of Isocyanide terminated perylene diimide (CN,PDI) on Ag, Au, and Pt2.
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Fig S5: Current-Voltage Fitting plots of Mesitylene (Mes) and 1, 2, 4-trichlorobenzene (TCB)3
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Fig S7: Current-Voltage Fitting plots of 4, 4-bisnitrotolane (BNT), 4, 4-bisthiotolane (BTT) and 4, 4-biscyanotolane (BCT) on
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Fig S8: Current-Voltage Fitting plots of oligophenylene dimethanethiols (OPDMn) (n=1, 2 &3) on Au®



TEMPERATURE DEPENDENT TUNNELING TRANSPORT

Temperature dependence measurement in molecular junctions was often used to distinguish tunneling from
hopping transport. Generally, it is believed that tunneling is temperature independent while hopping is temperature
dependent. This is commonly true if we consider Method 2 and 3, where the Fermi distribution with temperature
term was approximated into step function under the precondition that the thermal broadening of the Fermi
distribution at room temperature (~25 meV) is relatively small in comparison to the coupling. However, on the other
hand, when the coupling is weaker than the thermal broadening, tunneling can be temperature dependent,
especially near resonance, i.e. small energy offset®. Low bias temperature dependence tunneling has been claimed
in several studies.?”® For example, smith et al.?2 have experimentally demonstrated that isocyanide terminated
perylene diimide (CN2-PDI) molecular junction exhibit a low bias temperature dependent that could be attributed to
broadening of the Fermi level. However, we would like to argue that the recognition of temperature dependent
tunneling is actually quite vague. We use Method 1 to demonstrate the effect of thermal broadening at the Fermi
level in tunneling transport since it encloses the temperature effect in Fermi function of the electrode. Based on the
study of Smith et al, we applied two strategies. First, we extract the energy offset and coupling strength parameters
by Method 1 based on their experimental result at 25 °C, and then regenerate |-V curves using Method 1 at
temperatures from 65 °C to -25 °C (figure S9A). In the second strategy, we generated |-V curves at different
temperatures using Method 1 again (figure S9C), while this time, we used energy level and coupling parameter
reported in their paper, which were obtained by fitting experimental results using Method 3. From the plots below,
it can be seen that neither of them can reproduce their temperature dependent experimental results, which imply
that the observed temperature dependent I-V behavior might not originate from the temperature dependent
tunneling, or at least not pure single level based the temperature dependent tunneling. More study should be done
to make this point clear in the future.
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Figure S9: (A) & (C) Temperature dependent |-V curves generated from (Method 1), using €, and I obtained by re-
fitting the experimental results CN2-PDI on Pt (reprinted in panel B) from ref? by Method 1 (panel A), or using the
€0 and I provided in ref 2 (panel B).



The derivation of equation 2 (Method 2)

=22 dETr(E) [f,(E) ~ fo(E)]

Where the Fermi function is;

fL,R(E) =

1
1+exp((E—ur,r)/kT))

At zero temperature
. _ (0 forE>up
lTlir(l)fL'R(E)_{l forE<u

The bias voltage can be introduced into the chemical potential in the Fermi functionas pu;r = u, + ieV. Then at

T=0
1
0 forE>,uO+§eV
fu(E) = .
1 forE<,uo+§eV
And
1
0 forE>,uo—§eV
fa(E) = .
1 forE<,uO—§eV

So, when incorporating these into the Landauer formula,

_Ze2 r
zcrfwmmmw—mm

uo—%ev uo+%ev
2e? 2e?
= T f dE TT(E) [1 - 1] + T f dE TT'(E) [1 - 0]
-® uo—%eV
© uo+%eV
2e? 2e?
+ - J’ dE7v(E)[0-0]=-7;- .f dE Tr(E)
uo+%eV uo—%eV

The above equation become

) ev/2
I=2eQQR 1

h r?
—eV/2 (E - 80)2 + 2

dE

Since the integration run assuming p, as the base 0 level and ¢, is the energy relative to y,

On integration the expression becomes;

ev/2
4e? I 1; E—c¢
[=— IR ean—t 2
h T r

2 —-ev/2




—1 Eotev/2

. I 2ryr
The final equationis; I = %%(tun ——F———tan

2

MATLAB CODE FOR NUMERICAL INTEGRATION AND FITTING

%%% Definition of fitting function
function IT=Tunnelingl(beta,V)%Function

%%% Constant setting
e=1.60217e-19;% electron charge
h=6.62607004e-34;%Planks constant
hbar=h/(2*pi);

% below is the calculation of the |-V
GO0=(2*e*e/hbar);% conductance quantum

kT=0.025; % at 298K RT

N=40 );% # of Molecules (Varies depending on junction)
IV=length(V);

Eg=beta(1);%energy offset

gl=beta(2);%coupling

g2=gl;

g=g2+gl;

alpha=0.5;%voltage division factor

%Energy grid

NE=50001; ;% # of energy grid for numerical integration
E=linspace(-5,5,NE); );% energy grid for numerical
integration

dE=E(2)-E(1); );% energy step for numerical integration
D=(g/(2*pi))./((E.*2)+((g/2)*2));% Lorentzian Density of
states per eV

foriv=1:IvV

vd=V(iV);

UL=(alpha*Vd);%electrochemical potential
UL2=((1-alpha)*Vvd);
f1=1./(1+exp((E-(Eg+UL))./KkT));%Fermi function
f2=1./(1+exp((E-(Eg-UL2))./KkT));

_1 &0—€V/2
r

=)

IT(iV)=((N*dE*GO*(sum(D.*(f1-
2)))*(g1*g2/g)));%Tunneling equation
end

%Tunneling fitting

clear;

clc;

tdata=xIsread('folder');%import the data that used to fit
I=((tdata(:,2))); %current, notice the format of data
V=tdata:,1);

betaTO=['input Eg g']; %lnitial setting value for fitting
opts = statset('RobustWgtFun','bisquare','Maxlter',1000);%
Setting of the fitting algorithm
betaT=nlinfit(V,l,@Tunnelingl,betaT0,opts); %fitting
function
EgT=betaT(1);
GamaR=betaT(2);  %fitting result of coupling strength
betaT1=[EgT GamaR];

VV=linspace(-2,2,501);  %fitting bias
Ifit=Tunnelingl(betaT1,VV);% fitting result of current
figure(1)

plot(VV,Ifit,'b")% plot the I-V of fitting results

hold on

plot(V,1,'r.")% plot the |-V of imported data
xlabel('Voltage(v)')

ylabel('Current(A)')

title('Current---Voltage')

%fitting result of energy barrier

grid on
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