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Abstract

The elemental composition, structural, optical and electronic properties of p-type Cu;BiS; thin films are investigated. The films
are shown to be single phase orthorhombic, with a measured composition of CusyoBig9,S302. A surface oxidation layer is also
clarified using energy dependent X-ray microanalysis. Photoreflectance spectra demonstrate two band gaps (E,x =1.24 eV and
E,y=1.53 eV at 4 K) associated with the X and Y valence sub-bands. The photocurrent excitation measurements suggest a direct
allowed nature of Egy. Photoluminescence spectra at 5 K reveal two broad emission bands at 0.84 and 0.99 eV quenching with an
activation energy of 40 meV.
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1. Introduction

The compound semiconductors Cu(InGa)Se, and CdTe form the absorber regions in the best available single
junction thin film photovoltaic (PV) cells [1]. They have demonstrated notable advances but there are issues with the
high toxicity of tellurium (Te), cadmium (Cd) and selenium (Se) and also with large scale manufacture due to the
limited supply of indium (In) and gallium (Ga), as well as Te and Se [2]. Ideally the large scale fabrication of thin
film solar cells will involve development of PV technologies based on cheap, non-toxic elements which are
abundant in the Earth’s crust. This target drives the search for new semiconductor compounds, with high optical
absorption coefficients matched to the solar spectrum, which are composed of low toxicity, low cost, earth abundant
and easy to mine elements. The compound Cu,ZnSnSe,, referred to as CZTS, shows promise to match these
requirements. CZTS can be viewed as a variation on CulnSe,, where the rare and expensive In and Ga atoms are
replaced with abundant and cheap Zn and Sn, on alternate In/Ga lattice sites [3,4]. Thin film solar cells fabricated
using CZTS have demonstrated conversion efficiencies of over 12% [5]. However, the compound has a high degree
of complexity and there is a very narrow single phase region in the phase diagram, leading to major challenges
resulting from multiple secondary phases within the material [3]. This paper describes work on an alternative
material containing bismuth (Bi), which is a non-toxic element whose reserves in the earth’s crust are estimated to
exceed those of In and Ga by two orders of magnitude. Considering ternary materials composed of Cu, S and Bi a
very promising PV material is the natural mineral Cu;BiS; (wittichenite), which has a very high absorption
coefficient (~10° cm™). There is, however, a wide spread of reported values for the band-gap, ranging from 1.14 to
1.41 eV [6,7,8,9]. Theoretical studies of this compound suggested an indirect band gap of 1.69 eV while the smallest
direct band gap was estimated to be of 1.79 eV [10]. Cu3;BiS; has an orthorhombic crystal structure [6] and can be p-
type doped [8,9]. A recent report has investigated of defect states and surface passivation of p-type Cu;BiS; [8].
However the basic electronic properties vital for development of Cu3;BiS; photovoltaic devices are almost
unexplored and there are no published studies of experimental work on the electronic band structure. The most
common technique for bandgap measurement is optical absorption. However, multinary compounds can often have
deep potential fluctuations [11] generating tails in the absorption spectra [12] and making analysis difficult such that
the bandgap energy calculated from the absorption spectrum could be incorrect. Electro- or photoreflectance
modulation methods [13] provide a more reliable method for measuring the bandgap.

In this paper we report the fabrication of thin films of Cu;BiS; and characterization of their structural, optical

and electronic properties.

2. Experimental details

The thin films of Cu;BiS; were fabricated using a 2-stage process. Initially magnetron sputtering was used to
deposit a 0.3 pm thick precursor layer of Cu and Bi on Mo-coated soda-lime glass, using SN-purity elemental
targets. Thermal evaporation was then used to coat this with a 1.5 pm thick film of 4N-purity sulphur.
Subsequently this was heated for 30 min at 250 °C in an Ar atmosphere at a pressure of 1 mbar. The excess of
sulphur is designed to ensure full conversion of the precursor layer during the heating process. Hot probe
measurements were made immediately after fabrication of the film, demonstrating p-type conductivity. The
surface morphology of the fabricated films was analysed using scanning electron microscopy (SEM) with
wavelength-dispersive X-ray (WDX) microanalysis providing details of the elemental composition and
homogeneity. X-ray diffraction (XRD) and Raman spectroscopy were used to investigate the structural properties
of the films and the presence of secondary phases. The photoresponse was measured by immersing the films in a
glass cell with 0.2 M aqueous solution of Eu(NO;);, as an electron scavenging redox electrolyte, and illuminating
with 75 Hz chopped monochromated light from a tungsten halogen lamp. A three electrode configuration was used
with an Ag/AgCl reference electrode, a counter platinum electrode in addition to the molybdenum back contact.
The photo-current was maximised by adjusting the potential with respect to the reference electrode. Photo-current
excitation spectra were recorded using a standard Bentham lock-in amplifier and then normalised against
calibrated silicon and germanium photodiodes, in order to correspond to apparent quantum efficiency (AQE). The
photoreflectance (PR) measurements were carried out using a 40 cm focal length grating monochromator, Si
detector and with the temperature varied in the range 10 to 300 K using a closed-cycle He cryostat. The primary
beam comprised monochromated light from a 250 W halogen lamp and the secondary source was a solid state
laser, emitting 80 mW of 405 nm light modulated at 85 Hz. Photoluminescence (PL) spectra were collected using
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514 nm light from an Ar" excitation laser, with maximum power of 200 mW. A 1 m focal length grating
monochromator and either an InGaAs photomultiplier tube (PMT) or a photodiode were used to detect PL in the
spectral ranges from 0.9 to 1.7 um and 0.9 to 1.9 um, respectively. A closed-cycle He cryostat was used for
temperature resolved measurements and a liquid helium cryostat for the excitation intensity dependent
measurements.

3. Results and discussion

A secondary electron (SE) image of the surface of the CuBiS film is shown in Fig 1(a). The film is largely
uniform and continuous. A higher resolution cross-sectional SE image is shown in Fig.1(b), demonstrates a dense
homogeneous layer with an average thickness of 0.7 um and grain size of 0.1 um. The elemental composition of
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Fig.1. a) Secondary electron image of film surface. (b) Cross sectional SEM micrograph of Cu;BiSs/ Mo/ glass

the film was investigated using WDX analysis with an electron beam energy of 5 keV, which corresponds to a
penetration depth of approximately 0.1 um [14]. A thallium acid phthalate (TAP) crystal was used to measure the
Cu La X-rays and a pentaerythritol (PET) crystal was used to measure Mo and Koo X-rays of Bi and S,
respectively. A pseudocrystal was used to measure oxygen Ko. The standards used for quantitative measurements
were pure Cu, pure Bi and pyrite (FeS,). The elemental composition determined from averaging ten points along a
5 mm line was CujoBip9:S302- A good lateral homogeneity was observed, as shown in Fig.2(a). A low level of
oxygen was also detected. Depth dependent WDX (Fig. 2(b)), using electron beam energies from 4 to 7 keV,
demonstrate that this is due to surface oxidation with the oxygen signal decreasing linearly as the beam energy
increases and the electrons penetrate further into the material.
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Fig.2. a) WDX data measured along a line across the film surface. (b) Depth dependent WDX
data demonstrating that the oxygen is located at the surface
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The XRD spectrum of the film shows a clear pattern of single phase orthorhombic lattice structure, as shown in
Fig.3(a). A number of extra peaks, associated with metallic molybdenum and bismuth are also observed,
indicating the presence of Bi clusters. Raman spectra, measured at different points of the films at room
temperature, consistently reveal four modes at 96, 125, 264 and 292 cm’ as shown in Fig. 3(b). The dominant
peak at 292 cm™ has a full width at half maximum (FWHM) of 12 cm™.
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Fig.3. a) XRD pattern of Cu;BiSs/ Mo/ glass (b) Raman spectra of the Cu;BiS; thin films

Photoreflectance data were used to measure the band gap of the Cu;BiS; film. A modulation of the built-in
electric field, created by the surface band bending due to the photo-injection of electron-hole pairs by a chopped
incident laser beam, generates differential changes of the complex dielectric function and the amplitude of the PR
signal AR/R [13]. Fig. 4(a) shows room temperature PR spectra, in which a strong resonance at 1.2 eV is seen.
Decreasing the temperature down to 80 K shifts this resonance towards higher energies and reveals a second
resonance at 1.5 eV. Further decrease of temperature, down to 10 K, shifts the resonances further towards higher
energies and makes both resonances sharper. The experimental PR spectra were fitted with the function [15,16]:

L .
AR/IR=Re| Y C,e”(E-E,,+il})™ | M

J=1

where E is photon energy, C; 6, E,; and I; are the amplitude, phase, transition energy and broadening
parameter of each resonance, respectively, p is the number of resonances and i is imaginary unit. A two resonance
(p=2) fit was used. The m parameter is defined by the type of the critical point and m = 5/2, corresponding to
interband transitions and a three-dimensional critical point, has been assumed for the calculations. The fitted
curves for the temperature 10, 80 and 300 K are shown by solid lines in Fig. 4(a). Values for E, for different
temperatures, determined using the best fits, are shown in Fig.4(b). The presence of two band gaps can be
associated with a splitting of the valence band, as has been reported for ternary I-III-IV, semiconductor
compounds with a chalcopyrite structure [17,18]. Measurements on two different phases, chalcopyrite and
orthorhombic, of one of these compounds (AgInS,), reveals a splitting of the valence band into three sub-bands for
both of them [19]. In the chalcopyrite phase the splitting into A, B and C sub-bands occurs due to the simultaneous
influence of the crystal field and spin orbit interaction whereas in the orthorhombic one a splitting into X, Y and Z
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sub-bands is considered to be solely due to the influence of the crystal field. For the orthorhombic structure of
Cu3BiS; we use the notations X and Y for the top two bands. The temperature dependencies of E,x and E,y were
fitted with the expression introduced by O’Donnell and Chen [20]:

E,(T)=E,(0)-S <hv>/[coth(< hv >/2kT)-1] , )

where E,(0) is the band gap energy at 0 K, S is a dimensionless coupling constant and <hV > represents an average
phonon energy.
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Fig. 4. (a) PR spectra of Cu;BiS; films at different temperatures with best fits (solid lines) using Eq.(1),
(b) temperature dependence of the X and Y band gap energies with best fits (solid lines) using Eq.(2).

The solid curves in Fig 4(b) are the best fits of the E,(T) values using equation (2) with the fitting parameters
shown in Table 1. The average phonon energies are in the range of the measured energies of the Raman modes.
Fig.4(b) demonstrates a strong decrease of both energy gaps with increasing temperature as well as a reduction in
the splitting of the valence bands, from 0.28 eV at 10 K to 0.27 eV at 100 K.

Table 1. The band gap E,, coupling constant S and average phonon energy
<hv> for the X and Y valence bands, determined by fitting the
experimental temperature dependencies of E, using equation (2).

Valence band E,(0) (eV) S <hv>(meV)
X 1.24 0.54 6
Y 1.53 0.70 20

Fig. 5(a,b) shows PL spectra, which provide information on the mechanisms of radiative recombination and the
nature of defects. The low temperature (4.2 K) PL spectra in Fig.5(a), measured with the extended range photo-
diode and PMT, contain two non- resolved broad bands: Al at about 0.99 eV with a full width at half maximum
(FWHM) of 160 meV and (A2) at 0.84 eV with FWHM of 140 meV. The relative intensities of the bands vary at
different points on the sample, but their spectral positions remain the same. The dependence of the total integrated
PL intensity (/) of both bands with increasing laser power P was fitted to the equation I ~ P’. A value of y = 0.71 is
determined, suggesting that these bands are associated with defect related transitions [21]. No significant spectral
shifts were observed as the excitation laser power density was increased from 0.26 to 2 W/cm®. The PL intensity of
the Al band increases at a greater rate than that of the A2 band, as clearly seen in Fig.5(a) which shows spectra
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excited with laser power densities of 0.26, 0.78 and 2 W/cm? and normalized to the A2 band intensity for 2 W/cm?>.
The low energy tail of the A2 band is cut-off beyond the 1.7 pm limit of the PMT used for this measurement. The
temperature dependence of the PL spectra from 5 to 90 K is shown in Fig.5(b). These spectra reveal significant
water absorption at 0.9 eV. The spectral positions of the Al and A2 bands do not shift in energy within this
temperature range. Also the A1 band is seen to quench at a greater rate than A2.
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Fig.5. Normalised PL spectra at different laser excitation power (a), temperature dependence of the PL spectra (b), Arrhenius
plot of the temperature quenching of the A1 and A2 band integrated intensity (o experimental points, - fitted straight line)
(c). Apparent quantum efficiency of the Cu;BiS; film (a), the dependence of [oAv])? on hv and estimation of E, (d).

An Arrhenius plot of the temperature quenching for the integrated intensity of both bands 7 is shown in Fig. 5(c),
revealing a straight line region between 50 and 90 K. The best fit of the experimental data points in this region was
achieved assuming a model with one recombination channel:

I(T)=I,(1+Aexp(-E/kT) 3

where I, (intensity at the lowest temperature), E, (activation energy) and A are fitting parameters and k is the
Boltzmann constant. An activation energy of 40 + 4 meV is determined. Thus the observed temperature quenching
of both bands can be caused by ionization of a shallower defect, located at 40 meV from the valence or conduction
band.

An AQE spectrum, shown in Fig.5(d), demonstrates a photoresponse of about 1 % in the photon range of 1.1 -
2.3 eV. A similar photoresponse also measured using the Eu* electrolyte has been reported in [9]. Varying the
potential with respect to the reference electrode the authors of [9] derived the doping density values. The AQE
depends on absorption coefficient o as [22], AQE = I- exp(-aW), where W is the width of the space charge region.
For a direct allowed transition, the dependence of the absorption coefficient on the photon energy Av should follow
the relation, ahv o (hv - Eg)'/z. Fig.5(e) demonstrates a clear linearity of the [Av In(] -AQE)]2 dependence on hv
suggesting a direct allowed nature of the band gap in Cu;BiS;. Extending this line to the intersection with the hv —
axis, as shown in Fig.5(e), gives an estimate of E, = 1.22 eV which is close to that determined from PR
measurements at room temperature.
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Conclusion

In conclusion, the properties of Cu;BiS;films have been extensively investigated. Photo-reflectivity at 10 K reveals
two band gaps, at 1.24 and 1.53 eV, which were associated with the X and Y valence sub-bands respectively. Two
broad bands were observed in low temperature PL spectra at 0.99 and 0.84 eV. Their excitation power dependencies
revealed no spectral shifts but a redistribution of PL intensity towards the higher energy band. Both bands were
quenching at temperatures of 90 K.
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