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A report is presented on the electrical and structural properties of

Cu7S4 films deposited on polyimide substrate at temperatures close to

room temperature using the water solutions of complex-salt

compounds. The X-ray diffraction data identified Cu7S4 crystalline

monoclinic structure. The resistance of the film increased by 350%

under tensile strain and by 5% under compressive strain. Maximal

value of the gauge factor was found to be G’ 103.

Introduction: Flexible electronics has already found a variety of

commercial and defence applications such as in wearable computers,

electrotextiles [1], large area sensors, and displays on flexible

substrates [2, 3]. One of the key challenges to the successful devel-

opment of such applications is the development of electrical conduc-

tors, which can be fabricated on flexible and, ideally, stretchable,

substrates and sustain large mechanical strain. Recently, we reported

on depositing semiconductor materials, such as CdS, CdSe, PbS and

semiconducting=metallic Cu7S4 films on large flexible substrates and

threads at temperatures close to room temperature [4, 5]. We also

reported on the photovoltaic effect in polycrystalline semiconductor

CdS cells deposited on view foils [6] and threads [7]. Such solar cells

could provide a renewable energy source (energy harvesting) for

electrotextiles and for ‘sensitive skin’. In this Letter, we report on

the structural and electrical properties of Cu7S4 films deposited on

viewfoil.

Cu7S4 thin films were deposited by the chemical bath technique

described in [8]. By adjusting the concentrations of Cuþ ions and Na2Sn
poly-sulphide and using multiple deposition cycles, we obtained Cu7S4
films with the resistivity as low as 100 O per square. The deposited thin

films exhibited excellent adhesion to the polymeric substrate. The films

were deposited at temperatures 60–70�C. Because of low deposition

temperatures, we were also able to use a variety of flexible materials,

including viewfoils, cloths, and threads. We covered the areas up to

several tens of square inches. The layer thickness was measured as

2.5 mm using both the ‘AlphaStep’ profilometer on the selectively

etched Cu7S4 layer and by the Atomic Force Microscope (AFM) on

the cross-section of the structures.

Fig. 1 X-ray diffraction curve of Cu7S4 film deposited on viewfoil

Results: Fig. 1 shows the X-ray diffraction curve of the Cu7S4 film

deposited on viewfoil. Peaks on the diffraction curve at 2y¼ 26.58�,

2y¼ 46.84� and 2y¼ 54.62� correspond with good accuracy to the

Cu7S4 monoclinic crystal structure with lattice constants a¼ 53.79 Å

b¼ 30.9 Å and c¼ 13.36 Å [9]. However some peaks on the diffrac-

tion curve at 2y¼ 31.20�, 37.86�, which are also characteristic for the

monoclinic form of Cu7S4, are missing, a possible reason being a

systematic orientation and=or small dimensions of the crystallites.

The average particle size can be estimated using Scherrer’s equation:

t ¼
0:9l

bCos y
ð1Þ

where l is the wavelength, y is the diffraction angle and b is the full

width at half maximum of the signal at y. For the diffraction pattern

shown in Fig. 1, y¼ 13.29�, b¼ 0.0285 rad, and l¼ 0.15406 nm,

yielding the average particle size t of �5 nm.

To study the stress sensitivity we bent the viewfoil with the deposited

Cu7S4 film as shown in the inset in Fig. 2. A pair of silver paint

electrodes was printed on both ends of 1 cm-wide sample strips for

electrical measurements.
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Fig. 2 Relative change in film resistance against reciprocal bending radius

Inset: How film was bent
j relative resistance under tension n relative resistance under compression

Fig. 3 Resistance relaxation after tension

(R�R0)=R0¼ 350 at t < 0
j measured relative resistance after tension — curve fit with t¼ 240 s

The representative dependence of the film resistance normalised to

the unstressed resistance against the reciprocal radius r of the film

bending is shown Fig. 2. As can be seen, the resistance increases

monotonically by 50% under tension until 1=r¼ 0.3 cm�1 and

increases thereafter rapidly up to 350%. The relative resistance of the

Cu7S4 films under compression (represented by the open symbols in

Fig. 2) increases monotonically by 4.5% until 1=r¼ 0.5 cm2. The

change in the resistance under stress was reproducible. This reprodu-

cibility might be explained by the film structure, which consists of

nanocrystallites separated by elastic amorphous Cu7S4.

Fig. 3 shows how the resistance relaxation depends on time after

tension. The film was initially stressed under tension to reach the

relative resistance of 350%. At t¼ 0 tension was removed and the

relative resistance dropped to 26% instantly. After that resistance

decrease followed an exponential decay. Symbols in the Figure repre-

sent the measured data and the solid line represents the exponential

decay curve fit with t¼ 240 s.

One of the important characteristics of the piezoresistive sensors is

the gauge factor defined as:
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G ¼
DR=R0

DL=L0
ð2Þ

where L is the sensor length. As it follows from the inset in Fig. 2,

DL=L’Dr=r, where r¼ 50 mm is half the viewfoil thickness. We found

the maximal value G’ 103 for Cu7S4 films, that is larger than that for

metal (G’ 1� 2) and regular semiconductor piezoresistive sensors

(G’ 102) but smaller than that which was reported recently for CdS

thin films under UV illumination (G’ 105) [4].

Conclusions: We deposited Cu7S4 films on flexible viewfoils by the

chemical bath method. Measurements showed that films consist of

nanocrystalline grains with characteristic size of �5 nm. The X-ray

diffraction data identify oriented Cu7S4 structure. The resistance of

Cu7S4 films increased by 350% under tensile strain and by 5% under

compression reproducibly. This study revealed that these films might

serve as the material for electrical conductors in large area electronic

circuits on flexible substrates. They can be also used for stress gauges.
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