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S1. Raman spectroscopy of 9-AGNR films

In Fig. S1 we show Raman spectra taken on a 9-AGNR film as-grown on Au and after the
transfer on SiO, demonstrating the intactness of the film after the transfer. We find the RBLM
peak at approximately 311 cm™1, which is the expected value for 9-atom wide GNRs!. As no

additional peaks appear we can conclude that the GNRs are not significantly altered by the

transfer process.
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Figure S1. Raman spectrum of a 9-AGNR film on Au and SiO, surfaces. The low-frequency

line at 311 cm™1 can be attributed to the presence of intact 9-AGNRs (the ribbon width is
denoted by N, the number of carbon atoms across the ribbon).



S2. Gate-leakage and bias symmetry in 5-AGNR network FETs

As described in the main text, in FET devices parasitic leakage currents can occur through the
gate barrier. At high gate voltages and low drain voltages, the leakage leads to small
systematic errors in the measurement. In order to quantify the impact of leakage currents, we
measure the current at the gate electrode I; = Ip; + Igq, Where g is the current flowing
between the source electrode and the gate electrode. As shown in Fig. S2, the gate current is
small compared to the drain current and its dependence on Vj, is negligible at small voltages
applied to the gate electrode. Only at large V;, the leakage starts to affect I, slightly. However,
since I; does not change with V,, we correct for its influence by simply subtracting I; from

the I-V curves, such that lim I, = 0.
Vp—0
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Figure S2. Gate leakage current and bias symmetric channel current for a representative 5-
AGNR device presented in a semi-logarithmic plot. The gate current is orders of magnitude
below the channel current and does not depend on bias voltage. We plot the absolute value of
the channel current in order to provide a facile comparison of positive and negative bias.
Although the current at negative drain voltages is systematically lower than the current at
positive drain voltages, this difference is very small. Hence, the use of data from only positive
bias is justified.



S3. GNR-network FET characterization

In a conventional FET, the ratio I,y ¢ Which compares the current in the saturation regime
(on-state) with the current in the subthreshold regime (off-state), is widely used as a figure of
merit to quantify the effect of the gate voltage. Since a current saturation regime is not

reached in our devices, we define in analogy to I,y ¢ @ current modulation ratio

1(v
Iygavez = %' (S1)

where we compute the ratio of channel current at specific gate voltages. Furthermore, the

field-effect mobility can be extracted from the transfer curve via?

UrE = g (S2)

Vp Cox W’

where g = dls,/0dV; is the transconductance, L is the channel length, W is the channel width
and Coy = €€4/tox = 1.15 X 10~*F/m? is the geometrical capacitance density assuming that
the channel and the gate electrode form a parallel plate capacitor. Here, we use to, =
300 nm, a relative permittivity of SiO> € = 3.9 and a vacuum permittivity ¢, = 8.854 F/m.
Ideally, the transconductance is determined in the linear regime of the transfer curve.
However, with our GNR network FETS, a linear regime is not reached. Therefore, we use a
linear approximation of the curve in the range V; < —35V. In the linear regime of transfer
curves, the channel current is usually much larger than in the subthreshold regime and
therefore the transconductance, which we extract in this way leads to a systematic
underestimation of upz. Hence, the values given for uzy are lower bounds. However, the
contact resistance-free mobilities are of the same magnitude showing that the systematic error
in the field-effect mobility is small and hence these values represent a good approximation of
the charge carrier mobility in the devices.

With nuclear tunneling-assisted hopping as the dominant charge transport mechanism, we can
further rationalize the values for the field-effect mobility. Although a degradation of the

charge carrier mobility with larger band gaps is expected, using terahertz spectroscopy, values
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for the mobility in the order of 102 cm?V-1s™! have been experimentally observed in 9-AGNR
samplest. Hence, the mobility of individual GNRs can be much larger than the field effect
mobilities determined in our charge transport experiments. On the other hand, when hopping
is the dominant charge transport mechanism, mobilities in the range of 10~ cm?V-!s? to

10~* cm?V-1s! are typically observed.



S4. Gate voltage-dependence of the contact resistance

The gate voltage dependent contact resistances were determined for a series of 5-AGNR
devices by measuring charge transport at room temperature for various channel lengths and
using the transmission line method®. The total device resistance consists of the channel
resistance and the contact resistance, Ry, = Rchannel + Rc - The channel resistance is a
function of gate voltage and is proportional to the geometrical aspect ratio of the channel
L/W, with L the channel length and W, the channel width. We use the Ohmic part of the I-V
curves at low drain voltages to determine the device resistance R,, as the slope of a linear
model via a least squares fit. The data points for each gate voltage were again linearly fitted
(least squares fit) to extract the total contact resistance (source + drain) R from the intercept
of the fit curve with the ordinate-axis at zero channel length. In Fig. 2 (d) of the main text, we
show the result of this procedure for one device at three different gate voltages. The contact
resistance R is expected to be a constant with respect to the gate voltage. However, due to
current crowding effects a gate voltage dependence can be induced* and we observe a
decrease of R when the gate voltage is lowered from large positive values towards zero.
When the gate voltage is further lowered towards large negative values, we gradually turn on
the conducting channel and the contact resistance becomes constant. This behavior is typical
for example in CNT network field-effect transistors®. At zero gate voltage, the ratio of contact
resistance versus total device resistance (for L = 1 um) is < 0.2. Therefore, we conclude that
the contact resistance does not play a dominant role our measurements and we can neglect it
in our analysis.

To corroborate this further, we exemplify a correction for the charge carrier mobility and
compare the corrected value to the as-measured data. With the help of the width—normalized
inverse channel resistance m = (dR/dL)~1/W at different gate voltages (Fig. S3) the contact

resistance-corrected charge carrier mobility® urc = 1/Coy (0m/0V;)™ = (3.4 4+ 0.0.2) x



1073 cm?V-1s1can be determined. Following this method, any apparent channel-length
dependence of the field-effect mobility originating from contact resistance at the source and
drain electrodes is eliminated. However, for this set of devices gz extracted from the transfer
curves ranges from 0.01 cm?V-!s? to 0.03 cm?V-is? (Vsp = 15V) showing that the

difference is small and thus corroborating that the influence of the contacts is negligible.
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Figure S3: Contact resistance of metal/GNR interfaces. Width—-normalized reciprocal slopes
of the total resistance depending on gate voltage allowing for the determination of a contact
resistance—corrected charge carrier mobility.



S5. Charge carrier density as a function of temperature

For the determination of the charge carrier density as
ne=2t=% (S3)

we combine I-V curves (Fig. 3 (a) in the main text) and transfer curves (Fig. S4) at variable
temperatures. Here, we use the Ohmic part of the I-V curves to determine R and we use pgg
(measured at VV, = 1V) as the mobility. At 260 K, the charge carrier density is high with
approximately 2 x 102 cm™. This justifies the use of Eq. 1 of the main text, which requires
equal hopping steps through the device channel. Furthermore, the charge carrier density
remains constant from 260 K down to approximately 100 K. Only at lower temperatures, the
carrier density starts to decrease. Measuring the mobility at constant drain voltage is impeded
at lower temperatures due to the large resistance.

The systematic error in the mobility, which we discuss above (S3), of course propagates to the
charge carrier density. Nevertheless, the temperature dependence of the transfer curves is
captured correctly in the field-effect mobility and therefore our results are robust against these

systematic uncertainties.
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Figure S4. Temperature dependence of charge carrier density 5-AGNR network FETS. In (a),
we present the temperature evolution of the transfer curves. The field-effect mobility is
extracted from these curves and used to estimate the charge carrier density. As shown in (b),
the charge carrier density is constant over a wide temperature range between 100 K and
260 K. Lines in are guides for the eye.



S6. Additional temperature dependent measurements

Additional to the charge transport data from the 1-V curves shown in the main text, we
performed a temperature sweep down to 5.6 K at fixed V, = 10V and V; = 0 as shown in
Fig. S5. These data are also included in the universal scaling shown in Fig. 3 (c) of the main
text. We also tested our data against a variable range hopping (VRH) model as this is a
competing hopping mechanism. However, the model failed to describe the experimental

observation thus ruling out this model.
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Figure S5. Temperature dependence of the channel current at V, = 10 V and V; = 0.
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