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S1) Preparation of BL films 

The preparation of BL films consist of a simple two step procedure shown schematically 

in Figure S1. This procedure leads to a polycrystalline highly conducting topmost layer (BEDT-

TTFxHaly) of about d ~ 2 µm thickness grown on top of 18 – 23 µm thick polymeric (PC) 

support. 

 

 

Figure S1. Two step preparation of BL-films. Top) First step consisting of casting a hot 
solution of PC (98 wt.%) and BEDT-TTF (2 wt.%) in 1,2 – dichlorobenzene (conc. = 20 g/l) into 
a Petri dish at T = 130 oC and evaporation of solvent leading to a composite film with thickness 
of about 20 – 25 µm. Bottom) Second step: film treatment with halogen vapors and formation of 
polycrystalline conducting layer with thickness of about d ~ 2 µm. 
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S2) X-Ray diffraction pattern of BL-films 

XRD spectra of F2 and F3 measured on a modular X-ray diffractometer RIGAKU with 

monochromatic Cu-Kα (λ = 1.54056 Å) at RH = 45 ± 5 % and T = 24 ± 3 oC.1 

 

Figure S2. X-Ray diffraction pattern of BL-Films. a) F2 and b) F3.1 

 

Figure S3 shows XRD spectrum of F1 measured on a modular X-ray diffractometer 

RIGAKU with monochromatic Cu-Kα (λ = 1.54056 Å) at RH = 45 ± 5 % and T = 24 ± 3 oC. 

Two group of reflections in agreement with literature values have been found: 0k0 of phase-I in 

green,2 and h00 of phase II in red3. The third group of reflections found in F1 (blue) could be 

clearly identified as crystals of the neutral donor molecule and stays well in agreement with the 

0kl = 011 reflections of the crystal structure reported by Kobayashi et al.4 See also Table S1. 

This also stays in agreement with isolated, neutral donor molecules that are not participating in 

electrical charge transport, and are therefore not responsible for the hydro-sensitivity of F1. 
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Figure S3. X-Ray diffraction pattern of BL-Film F1. Top) Raw data with baseline correction. 
Bottom) baseline corrected diffraction pattern with three groups of reflections orientated 
perpendicular to BL-film surface: 0k0 of phase-I in green,2 h00 of phase-II in red3 and 0kl of 
neutral donor molecule BEDT-TTF single crystals in blue.4 
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Table S1: X-Ray structural parameters of BL-Film F1. 

Neutral BEDT-TTF 

hkl two-theta a two-theta b 

011 8.46 8.42 

022 16.97 16.91 

033 25.58 25.51 

a) Values extracted using Mercury from CIF file of ref 4 

b) Values extracted from X-ray diffraction pattern of BL-film F1 of this work. 
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S3) Electromechanical characterization 

 

Figure S4. Electromechanical characterization of F1. a) Relative resistance versus strain and 
b) stress versus strain for values up to ε = 2%. c) Generalized gauge-factor and d) Young’s 
Modulus extracted for the full range. Black lines correspond to measured data which include 
noise originating from mechanical movement of the stretching station (i.e. stepwise 
deformation). Red traced are noise corrected data and calculations. 
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Figure S5 shows the elastic deformation range for strain values ε < 0.6%. In agreement 

with previous measurements, both gauge factor and Young’s Modulus are fairly constant inside 

this range exhibiting k = 9 ± 1, and YM = 1.27 ± 0.03 GPa.5 Peaks observable in the gauge factor 

(calculated as derivative of R/R0 with respect to strain) originate from non-fully-linear and 

continuous deformation of stretching system and reflect once more the high sensitivity of BL-

films for strain gauges. 

 

 

Figure S5. Electromechanical characterization of F1 – linear elastic regime. a) Relative 
resistance versus strain and b) stress versus strain for values up to ε = 0.6%, in the linear 
reversible elastic range of deformation. c) gauge factor and d) Young’s Modulus extracted for ε 
< 0.6%. Black lines correspond to measured data which include noise originating from 
mechanical movement of the stretching station (i.e. step-wise deformation). Red traced are noise 
corrected data and calculations. 
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Table S2. Summary of performed monoaxial deformation studies for BL-films F2 and F3. 
∆L = elongation and k = gauge factor. F2: L0 = 4.15 mm, F3: L0 = 4.0 mm. Arithmetic mean 
values calculated assuming Gaussian distributed data. Table data correspond to experiments 
carried out in.5 

BL-Film IRS ∆L [µm] ε [%] k 

F2 
 
 
 
 

α-[BEDT-TTF]2I3 

 

 

 

 

11 
20 
30 
22 
25 

0.26 
0.48 
0.72 
0.53 
0.60 

9.66 
10.10 
9.66 
9.94 
9.95 

 

    9.91 ± 0.09 

F3 
 
 
 
 
 

β-[BEDT-TTF]2I3 

 

 

 

 

 

10 
20 
42 
21 
24 
 
 

0.25 
0.5 
1.05 
0.5 
0.6 

 
 

16.8 
18.20 
19.30 
18.0 
18.0 

 
18.4 ± 0.3 

 

 

Table S3. Summary of Young’s Moduli. Young’s Moduli were estimated parallel to sample 
surface applying uniaxial strain for: F2, F3 and bare PC sample.1 

BL-Film IRS Young’s Modulus [GPa] 

F2 
F3 

α-[BEDT-TTF]2I3 

β-[BEDT-TTF]2I3 

1.90 ± 0.20 
1.46 ± 0.20 

PC None 2.05 ± 0.20 
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S4) Hydrosensitivity of BL-Films 

 

 

Figure S6. Photo of the homemade copper support with two samples of BL films F1 for 
simultaneous measurements of the electrical response to relative humidity changes. Copper 
support was used to guarantee both mechanical and thermal stabilization once the sample was 
placed within Memmert Oven for humidity experiments. For each sample 4 graphite contacts 
were used to measure 4-wire dc-resistance. Current of about 1 – 10 µA was applied to prevent 
Joule heating of the sample. 
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Figure S7. Reversibility of resistance change at different relative humidity. Top) resistance 
change. Bottom) change of relative humidity (RH). Experiment carried out using samples shown 
in Figure S6 within a Memmert Oven. Blue, red and green traces correspond to maximum 
humidity of 30%, 40% and 60%, respectively. 
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Figure S8. Stability of F1 resistance at different humidity. Top) resistance change and 
bottom) time derivative of resistance change at different relative humidity (ϕ) of samples shown 
in Figure S6. Measurement carried out within Memmert oven. Stabilization time of resistance 
after changing humidity level was found to be: t = 10 ± 2 s, extracted for humidity steps 
including: ∆ϕ = 20% to 40%, ∆ϕ = 40% to 60%, ∆ϕ = 60% to 80% and ∆ϕ = 80% to 90%. Also 
clearly visible is the increasing step-height of derivative for ∆ϕ = 20% to 40%, ∆ϕ = 40% to 
60%, ∆ϕ = 60% to 80%. The lower step at ∆ϕ = 80% to 90% was attributed to the humidity 
chamber which exhibits limited control of absolute RH at 90%, in agreement with the 
specifications given by the manufacturer. 
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Figure S9. Response speed of F1 resistance to humidity variations. Magnification of 
derivative in Figure S8 for three different humidity levels. Ripples in the derivative are due to 
automatic stabilization of Memmert humidity chamber and well in agreement with manufacturer 
device specifications. Due to the high humidity sensitivity of BL-Film F1 stabilization cycles of 
the humidity chamber can be clearly resolved even though the incorporated sensor on top of the 
chamber showed a constant value of humidity. At higher humidity levels, ripples are bigger, well 
in agreement with higher humidity sensitivity of BL-Films. 
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Figure S10. Samples and homemade humidity measurement cell. Commercial sensors 
(BOSCH BME280 and DHT22) connected to Arduino board have been used to measure 
temperature, humidity and ambient pressure in real time. Two samples of F1 (F1a and F1b in 
Figure 2) are mounted on a metal copper substrate for thermal stabilization, electrically insulated 
by a Kapton layer from the substrate and electrically connected using 4 graphite paste pads and 
Au wires for 4-wire dc-resistance measurements. Electrical measurements were carried out using 
a two channel Keithley 2612 Source Meter with current values of 1 – 10 µA to prevent Joule 
heating of the samples. 
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Figure S11. Parameter variation within homemade humidity chamber during resistance 
measurements. Left) Time-derivative of relative humidity (ϕ) corresponding to variation speed 
of relative humidity was found to be about 0.10 ± 0.05 %/s, shortly after changing humidity 
inside the measurement chamber. In order to study solely humidity influence on the resistance 
change, temperature and ambient pressure inside the measurement chamber have been monitored 
in real-time during the whole measurement, exhibiting constant values as shown in plots on the 
right side. 
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Figure S12. Sensitivity of humidity sensor. Left) Sensitivity for a typical sensor F1 (extracted 
from fitted curve in Figure 1d) ∂(R/R0)/∂(RH) as function of relative humidity (RH). Right) 
Signal linearization after employing a logarithmic amplifier shown in the figure inset. 
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Figure S13. Humidity dependence of normalized electrical resistance (R/R0) at T = 25 °C 
for two representative films F1. Samples were measured within homemade chamber that 
allowed measuring both relative humidity and electrical resistance. At low relative humidity, i.e. 
RH < 5%, a strong increase of the electrical resistance was observed. This might indicate another 
phase transition under very dry conditions. 
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S4.1) Wheatstone bridge and BL-Films for low cost electronics 

The Wheatstone bridge was invented by Samuel Hunter Christie6 in 1833 and improved 

and popularized by Sir Charles Wheatstone7 in 1843. This configuration is often used in sensor 

technology and permits to decouple multidimensional signal variations of sensor elements. It can 

be used to eliminate the absolute value, reducing the measurement scale and thereby simplifying 

data acquisition permitting increased resolution of the measurement. It is typically formed by 

four branches consisting of active (Rsensor) and passive (Rreference) sensor elements and a variable 

resistor (Rvariable) to balance the bridge (i.e. absolute offset removal). Two possible scenarios are 

depicted in Figures S14a and S14b, with one and two active sensors, respectively. Once the 

active sensor (or sensors) is/are stimulated a voltage signal proportional the sensor response can 

be measured by the Analog Digital Converter (ADC). 

 Similar structures have been used previously in BL-film based sensors in contact-

lens (to measure the intraocular pressure of a human eye) and in contact less radiation sensors 

(i.e. Bolometer)8 among others. An important feature of BL films is that due to a homogeneous 

active layer thickness of the polycrystalline topmost layer, square pieces of the same sample 

exhibit the same sheet resistance (R□) even if the absolute area is different (see Figure S14c). 

This permits to use the same film as active (directly exposed to stimulus, Rsensor) and passive 

(protected from stimulus i.e. through its encapsulation, Rreference) sensor element. More 

interestingly, for RH humidity sensors, it also allows to use for instance F1 (highly sensitive to 

RH changes) as active sensor and F3 (not sensitive to RH changes) as passive sensor. 

Additionally, resistance, current and voltage ranges of such sensor elements are fully 

compatible with emerging low cost open-source electronic systems, shown schematically in 

Figure S14.9 
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Figure S14: BL-films connected in a Wheatstone bridge shown schematically. Bridges 
consisting of one active sensor (Rsensor) (a) and two active sensors (Rsensor) (b), respectively 
Variable resistor (Rvariable) is used to electrically balance the bridge. Reference sensor (Rreference) 
is used to decouple multidimensional sensor response. (Response measured at Analog Digital 
converter (ADC) for (b) is 2 times bigger compared to (a)). c) Square pieces of the same sample 
exhibit the same sheet resistance (R□) even though absolute area is different. d) Low cost open 
source board, Arduino nano, fully compatible with BL-films (i.e. VDD = 5V). Arduino Nano 
taken from (https://commons.wikimedia.org/wiki/File:Arduino_Nano.jpg; David Mellis [CC BY 
2.0 (https://creativecommons.org/licenses/by/2.0)], No modifications were done to the image. 
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S5) Boltzmann’s sigmoidal equation and de-convolution of relative resistance 
change 

The mathematical model proposed by Boltzmann in 1879 was based on the sigmoidal 

logistic equation: f(x) = 1/[1 + ex]. This equation has been used to describe behaviors exhibited 

when a certain factor triggers a transition (reversible or not) from a steady state to another one 

with very different magnitude. This is an appropriate starting point for the prediction of 

transition phenomena. Thus, the following Boltzmann’s sigmoidal equation, where the original 

function was modified, which contains the required geometric characteristics, is proposed to 

describe changes in d-spacing observed for F1: 

   Equation (1) 

where a and b are the equilibrium values of the dependent variable before and after the 

transition, respectively; x0 is an inflection point and c is a coefficient that describes the behavior 

of the slope of the process during the transition. Figure S15 show the extracted relative change 

of d-spacing (∆d/d0) increasing RH levels in the range from 10% to 80% with its fit employing 

equation 1. Geometrical parameters, as well as goodness of fit (R2) are reported in the inset. 

Figure S16 shows the corresponding fit for decreasing RH. 
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Figure S15: Relative humidity dependence of relative d-spacing. Boltzmann’s sigmoidal 
function used to model ∆d/d0 for increasing RH levels in the range from 10% to 80%. 
Geometrical parameters and goodness of fit (R2) reported in the inset. Error bars correspond to 
standard errors obtained in Gaussian peak deconvolution. 
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Figure S16: Relative humidity dependence of relative d-spacing. Boltzmann’s sigmoidal 
function used to model ∆d/d0 for decreasing RH levels in the range from 80% to 10%. 
Geometrical parameters and goodness of fit (R2) reported in the inset. Error bars correspond to 
standard errors obtained in Gaussian peak deconvolution. 
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Figure S17 shows the 1st derivatives of ∆d/d0 with respect to RH reported in Figures S15 

and S16. Derivative calculated for increasing RH exhibited a slope of 0.19 ± 0.01 (%/%RH) at a 

RH of about 44 ± 1 %, while derivative calculated for decreasing RH exhibited a slope of 0.59 ± 

0.01 (%/%RH) at a RH of about 26 ± 1 %. This leads to a total hysteresis in RH of about 18 %. 

10 20 30 40 50 60 70 80

0.0

0.1

0.2

0.3

0.4

0.5

0.6
 RH ↑
 RH ↓

 

 

∂[
∆d

/d
]/

∂R
H

RH (%)

 

Figure S17: Derivative of relative d-spacing over RH. Calculated maximum values 
correspond to slopes in Figures S13 and S14 exhibiting 0.19 ± 0.01 %/%RH and 0.59 ± 0.01 
%/%RH for increasing and decreasing RH, respectively. 

 

 

 Figure S18 shows the relative resistance change (R/R0) as function of relative d-spacing 

change (∆d/d0). Clearly two regimes have been identified and described by the following 

expression: 

  Equation (2) 

 Figure S19 shows the deconvolution exhibiting a = 0.38 ± 0.01 (in %/% ∆d/d0), xc = 7.3 

± 0.2 (in % ∆d/d0), b=1 and t =-1. 
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Figure S18: Relative resistance change (R/R0) versus relative d-spacing (∆d/d0) for F1 and 
increasing RH. Two regimes have been found: i) linear R/R0 ∆d/d0 dependence for ∆d/d0 < 4.5 
% and ii) strongly increasing R/R0 for ∆d/d0 > 4.5. Critical value of ∆d/d0 = 7.3 ± 0.2 % is in 
agreement with parameter a fitted in Figure S15. 
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Figure S19: Deconvolution of relative resistance change (R/R0) versus relative d-spacing 
(∆d/d0) for F1 and increasing RH. Two regimes have been found: i) linear dependence R/R0 
∆d/d0 dependence for ∆d/d0 < 4.5 % and ii) strongly increasing R/R0 (rational dependence: R/R0 

≈ b·(xc - x)t) with critical value of xc = ∆d/d0 = 7.3 ± 0.2 % and critical exponent t = -1, is in 
agreement with parameter a fitted in Figure S15. 
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