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ABSTRACT 

The semimetal character of bismuth and its large photon absorbing power make of this element the 

most suitable absorber material for X-ray low temperature detectors. This application requires 

coatings of Bi with thicknesses and properties that only electrodeposition methods may achieve. 

Although there are studies on electrodeposition of bismuth for these detectors and other devices, the 

process is not straightforward and has not been sufficiently studied in terms of the desired final 

properties, neither the effect of different parameters is well known or easily reproduced. This work 

reports the influence of two different electrolytes, of the deposition method, and of heating and 

stirring on the structure, microstructure and transport properties of bismuth films. Typically, 

rhombohedral Bi is obtained upon electrodeposition with very good crystallinity, and some crystal 

preferential orientation, while significant empirical correlations are found among electrochemical 

parameters, microstructure, and resistivity. Such correlation allows the identification of the 

deposition parameters for coatings that yield the optimal functional properties.  
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1. Introduction 

Bismuth is an element with most unusual electronic properties. It is a semimetal, with highly 

anisotropic Fermi surface, low carrier densities and very large carrier mobilities; it also displays 

large positive magnetoresistance [1], and bulk superconductivity has been reported very recently [2].  

Due to these peculiarities, Bi has motivated much interest in condensed matter research and also a 

significant number of applications, especially in the form of films.  It has been used to test several 

quantum confinement phenomena [3-7], and among the applications of Bi films are magnetic field 

and current sensing [1,5,8], electrochromic and fotovoltaic devices [9-12], thermoelectric devices 

[13], and electrodes for a variety of appliances [14-16].  

Because of its large atomic number, semimetallic character, and very low heat capacity, bismuth is 

also a most suitable material for X-ray absorbers in extremely sensitive radiation detectors, such as 

microcalorimeters based on Transition Edge Sensors (TES) [17-22]. To achieve high quantum 

efficiency (that is, high photon absorption) up to energies of 10 keV, Bi coatings are required to be 

several microns thick [17-19]. Also, films require being compact and uniform. On the other hand, it 

is known that Bi films display usually a semiconductor-like behaviour [3,19,20,22-25], instead of the 

typical ρ(T) of semimetallic bulk bismuth; post deposition annealing has been shown to improve 

morphology and resistivity [5,19] but such thermal treatments cannot be used with TES devices, 

since they would damage them. Thus, and since these detectors are meant to operate at extremely 

low temperatures, a high thermal conductivity at the operation temperature requires a ρ(T) as close 

as possible to bulk, which could be achieved through a careful control of defects and microstructure 

of the films.  

Different deposition techniques have been used to obtain Bi films, depending on the required 

thickness and final application; they include molecular beam epitaxy, evaporation, sputtering, pulsed 

laser ablation and electrodeposition [1,3,17,19-32]. Bi films deposited by physical techniques such as 
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thermal evaporation and sputtering may result in small grain sizes and poor transport properties, and 

they may produce spectra with undesirable low energy tails when used as X-ray absorbers [26]. 

Besides, with these techniques it is difficult to obtain good quality films with thickness above 1 mm.  

On the other hand, electrochemical deposition stands out due to its unique properties, i. e. simplicity, 

speed, ease of control, cost-effectiveness and the ability to deposit onto substrates with complex 

geometries [27-29]. Thus, electrodeposited bismuth layers display clear advantages. In fact, 

electrodeposition is the most suitable technique for films several microns thick, with deposition rates 

in the order of 0.2 mm/min reported [5,8,30].  

It is widely accepted how changing the parameters of electrochemical deposition such as substrate, 

electrolyte composition, pH and concentration, deposition potential or current has a clear influence in 

the resulting coating morphology, and hence in its physical properties.  In the case of Bi, Zhu et al. 

[33] describe how the crystal orientation and melting point of electrodeposited Bi nanowires is 

highly influenced by the applied potential. Jiang et al. [31] focus on the importance of the deposition 

substrate, and several other studies are devoted to the importance of the additives, hence electrolyte 

composition [32].  Finally, other studies analyse the effect of deposition substrate and potential [34]. 

However little has been mentioned concerning the comparison between deposition methods with 

dynamic or static potential, or combined with other conditions such as additives, stirring or 

temperature changes, and their effects on transport properties. Static potential deposition is typically 

used when we are interested in adjusting a potential in order to prevent possible side reactions which 

may generate impurities or gas products [35], while constant current deposition usually guarantees a 

constant crystal growth and large crystals, when a single process may occur [36]. Dynamic potential 

methods, on the other hand, are normally used when the conditions of static deposition may not be 

optimal, and they have the advantage that the reversal scan eliminates the part of the deposit which 
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has not been well adhered [37], which in turn renders final films with higher purity and quality or 

compacity.  

This work studies the electrodeposition of bismuth using different solutions and methods in an 

attempt to further improve the physical properties of Bi coatings several mm-thick, especially the 

electric transport at low temperatures. Moreover, it establishes an empirical correlation of 

electrodeposition parameters (electrolyte, the deposition method, the temperature and the presence of 

stirring) with morphology and electrical resistivity of the films. Two different electrolytes have been 

used, the first containing only bismuth nitrate and nitric acid, and the second containing the 

mentioned compounds plus other additives such as glycerol, tartaric acid and potassium nitrate. The 

resulting films reported are all pure and display high crystal quality in all cases, something that is not 

so usual [21]. Also, through a selection of variables during electrodeposition, it is concluded that 

using different electrolytes has a clear influence on the resulting properties of the films and on the 

best deposition method (static or dynamic). Additives have a determinant role, both in the 

morphology and the resistivity. A clear correlation is found between grain size and resistivity of the 

films, with better resistivity (lower values and better temperature dependence) when the grain size 

increases. Also, larger in-plane grain sizes are correlated in general to lower surface roughness.  As a 

conclusion, the best films are found to display resistivity ratios close to unity and minimal resistivity 

values close to those of bulk bismuth, and are obtained using the electrolyte with additives and 

following a dynamic deposition and heating, although the effect of temperature is a second order 

parameter in this case. 

 

2. Experimental 

2.1. Electrodeposition 
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Bismuth thin films were prepared by electrochemical deposition on gold coated glass. Au was 

deposited by thermal evaporation up to a 10 nm thickness on soda lime glass (24 mm × 70 mm 

pieces) coated previously with a Cr (2 nm) adhesion layer obtained also by thermal evaporation. The 

roughness of the final Au surface is 1 nm as measured with an Atomic force microscopy equipment 

(AFM; Agilent Technologies, model5400 SPM). The 10 nm thickness of the Au layers was chosen in 

order to ensure a homogeneous continuous film while minimizing the Au contribution in resistance 

measurements, because of the large difference between Bi and Au resistivities, and thus facilitating 

the measurements of Bi films resistance.   

 As shown in Table 1, two different aqueous solutions, purged for at least 10 min with Argon to 

remove ambient oxygen, were tested as electrolyte: 1) 0.01 M bismuth nitrate pentahydrate 

(BiNO3·5H2O, ACS Reagent, ≥98%, Sigma-Aldrich) and 1 M nitric acid (HNO3, ACS Reagent, 

70%, Sigma-Aldrich); 2) 0.15 M bismuth nitrate pentahydrate (BiNO3·5H2O, ACS Reagent, ≥98%, 

Sigma-Aldrich), 1.35 M glycerol (ACS Reagent, ≥99.5%, Sigma-Aldrich), 1.15 M potassium 

hydroxide (KOH, ACS Reagent, ≥85%, Sigma-Aldrich), 0.33 M DL-tartaric acid (Reagent plus®, 

99%, Aldrich), and 16 M nitric acid was added up to a pH of 0 [28].   

A VMP model potentiostat (Biologic) was used for electrodeposition control, using a three-electrode 

cell configuration containing 35 ml electrolyte solution. A Pt foil (Goodfellow 99.99%, 5 cm2 

exposure) was used as counter electrode and a Ag/AgCl (sat KCl) as reference electrode 

(Bioanalytical systems, BAS). The working electrode, where coatings were deposited, was the Au 

coated soda-lime glass. Both working and counter electrode are placed at a fixed 1 cm distance using 

two Teflon pieces on top and bottom of the Au coated glass piece described above. The bottom 

Teflon piece has an open space to allow diffusion of stirred solution, upon magnetic stirring at 300 

rpm. Two strategies were used for electrodeposition: 1) Constant potential deposition at a potential 

of -0.25V vs Ag/AgCl, and 2) Dynamic potential deposition from open circuit potential to -0.25V 

and then back to 0V vs Ag/AgCl, repeating several cycles up to a desired total charge, and at a speed 
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of 10mV/s. Also, the effects of moderate stirring (300 rpm) and heating (55ºC) on the properties of 

the films were evaluated. In all cases, and in order to compare and optimize films, the delivered 

charge was intended to yield thicknesses around 6 microns, with a certain variability, since these are 

the values suitable for high absorption efficiency (above 90%) of X-rays with E<10keV [17-19]. 

Also, resistivity measurements of films synthesized with identical conditions and thickness varying 

between 5 and 8 mm have revealed that the ρ(T) of the films is independent of thickness, in this 

range. 

2.2. Morphological, chemical and electrical characterization 

Surface topography, grain size and thickness were determined from Scanning Electron Microscopy 

(SEM) images of the samples using a Quanta FEI 200 FEG-ESEM instrument). Typical operating 

parameters were 20–30 KeV accelerating voltage and 2.5-3.0 nm spot size. SEM planar images of a 

surface area of 900 mm2 were processed and analyzed using Mountains Map Premium software 

(Digital Surf Co.), in order to evaluate average grain size and surface roughness. Thickness was 

measured using the same conditions, from transversal SEM images, and correlated with charge used 

for deposition in every experiment. 

 The crystal structure and eventual preferential orientations of the coatings were analyzed by X-ray 

diffraction (XRD), using a Siemens D500 diffractometer, with Cu Kα radiation; θ-2θ scans were 

carried out varying 2θ between 20º and 80º, with 0.02º steps. X-ray photoelectron spectroscopy 

(XPS) measurements were performed at room temperature using an AXIS Ultra from Kratos 

hemispherical analyzer with monochromatic Al KCuα radiation, in order to investigate the 

composition of the films surface.  

Resistance of the films was measured from room temperature down to 2K in a Quantum Design 

PPMS, using the standard 4-probe technique: 4 parallel Au pads were evaporated on the films, 

extending on the substrate close to them, with the leads being micro-contacted on the pads. Because 
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of the large difference between the resistivities of Bi and Au, it is very important a careful 

subtraction of the contribution of the Au seed layer (required for electrodeposition) to the measured 

resistance. For this, it is crucial to insure that the Au layer resistance is significantly smaller than that 

of the Bi film; this was guaranteed by using a thin enough Au seed layer (10nm), measuring its 

resistance in the same geometry as that of Bi films, and then subtracting it to the measured resistance 

of Bi samples by assuming a circuit of two resistances in parallel corresponding respectively to the 

Au and Bi layers. For the best Bi films (lowest resistance) the Au layer contribution amounts at most 

to 3-4% of the total at low temperatures; as the Bi resistance increases, the Au contribution to the 

measured resistance is increasingly important, and so its correction (difference between the measured 

resistance and the resistance of the Bi film) also increases; in the worst cases (highest measured 

resistances) this correction amounts to 15%. Since most Bi films display semiconductor behaviour, 

this also implies that the resistance ratio (R300/R2) values, where R300/R2≡ R(300K)/R(2K), are 

affected by this correction; this effect is below 10% in the most unfavourable cases. 

3. Results 

3.1 Electrochemical deposition of bismuth 

Cyclic voltammetries of the solutions run at 10 mV/s, and starting at the respective rest potentials, 

show several electrochemical features of Bi deposition that agree with those described elsewhere 

[1,38]. The electrochemical behavior in both cases and for the two electrolytes used is shown in 

figures 1 and 2 respectively. It may be observed that both solutions display the same I vs t behavior 

for both methods, and differ only in the fact that solution 2 reaches higher current density values than 

the process with solution 1, for the same applied potentials, [38]. The initial times of the deposition 

slightly differ for both cases (figure 2), which may be due to the use of a different electrolyte.  

In both cases, an electrochemical wave is observed at potentials around 0.2 V vs Ag/AgCl, 

interpreted as Bi underpotential deposition (UPD). Furthermore, a wide wave for extended Bi 
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deposition is observed starting near 0 V vs Ag/AgCl for both solutions used, with a ramp shape that 

indicates a resistive behavior due to the deposited coating (figure 1) [1,39]. There is no evidence of 

hydrogen evolution, in agreement with literature [40].  

The electrodeposition has been performed by two methods: using constant potential or dynamic 

potential sweeps, as described in Section 2.1. After analyzing the effect of the electrolyte and the 

deposition method, which turned out to be the most influential parameters as we shall see, and in 

search of further improvement of the coatings, we also studied the effect of stirring (only in solution 

1), heating the solution (up to 55°C), plus warming and stirring simultaneously, on the 

electrochemical behavior of the deposition. Stirring could not be performed with solution 2 since this 

solution favored the formation of solid Bi+3 species [41] that disturbed the quality of the Bi film upon 

stirring. Representative samples of all the mentioned conditions are shown in Table 1, along with 

further characterization parameters.  

From Table 1 it is clear that stirring increases the current density, as expected from a larger 

concentration gradient at the double layer, magnitude which controls the current density [42]. High 

temperature does not have such a remarkable influence on the deposition current density although 

current increases due to an increased diffusion of metal ion from the electrolyte to the cathode [43]; 

on the other hand, if both strategies are used simultaneously a larger influence of stirring is observed, 

with a similar current (mA/cm2) behavior. 

All electrodeposited films show a white-grey color, as expected for Bi, and are uniform to the naked 

eye. For an area of 5 cm2, all deposited layers require a charge in the range of 5.6 to 8.4 C/mm.  

Dynamic deposition or heating increase the required charge for a certain thickness, as expected.  All 

deposition processes have similar rates, and are comparable to the reported 0.2 mm/min [5, 8, 30], 

with slightly superior values upon heating or stirring. 
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3.2 Structural and microstructural characterization 

In the search of pure, compact Bi coatings with uniform thickness and low roughness, and with grain 

shape and size that maximize low temperature electrical conduction, correlations have been studied 

between deposition parameters, morphology of the obtained layers, and their resistivity.  The 

structure, microstructure and chemical composition at the surface have been studied by SEM, XRD 

and XPS, as described in Section 2.2.  

X-ray diffraction patterns (Figure 3) from all the coatings agree with the pattern of polycrystalline 

and pure rhombohedric Bi [44], with no evidence of other crystalline phases or impurities. The very 

low width of the peaks, detected by the clear differentiation between Kα1 and Kα2 reflections (inset in 

Fig.3), is indicative of the high crystallinity of all films. Relative peak intensities, however, differ 

from those expected for fully polycrystalline bulk samples, and are dependent on the solution and 

deposition method used (Figure 4). All films display a significant reduction in intensity of the (012) 

reflection, the most intense in bulk polycrystalline Bi [45], suggesting some degree of preferential 

orientation, which depends on the deposition parameters used, and that could be expected given the 

anisotropy of the rhombohedral Bi crystal structure. While absolute changes of peak intensity are 

observed for the same thickness and the intensity ratios of the 5 main peaks change with deposition 

conditions (Fig.4), these intensity ratios do not have a straightforward correlation with the 

corresponding deposition conditions. The clearest result is the significant decrease of the intensity of 

peak (012) –the most intense in bulk- when using solution 1 in static mode. In the case of solution 2, 

although (012) is also lower in intensity, the relative peak intensities are closer to those of bulk Bi, 

and are similar in the three studied samples.  

 XPS analysis was performed to know the composition of the bismuth films surface. All the analyzed 

samples only contain bismuth, carbon and oxygen, discarding other possible impurities derived from 

ambient atmosphere or solution (data not shown).  
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Three of the samples were studied in detail using higher resolution for the Bi 4f XPS peak, with and 

without etching, to identify possible composition differences between films surface and the volume 

immediately below.   The results evidence the existence of Bi 4f 5/2 and 4f 7/2 peaks corresponding to 

both oxidized bismuth species (158.6eV and 163.9 eV corresponding respectively to Bi 4f7/2 and Bi 

4f5/2), and to elemental Bi (binding energies 156.9eV (Bi 4f7/2) and 162.2eV (Bi 4f5/2)) at the surface. 

Oxidation is also confirmed by the presence of oxygen O 1s peaks. However, these oxygen O 1s 

peaks disappear as we etch the surface of the film.  In all samples studied, carbon and oxygen present 

in the surface practically disappear after etching with argon ions is performed during 120 seconds 

(Figure 5a), which corresponds to the approximate removal of a 10-20nm surface thickness. For two 

of the samples (D and F), the etching was continued for 300 seconds (≈30-40nm), in which case 

carbon content resulted near 0% and oxygen content around 1% (data not shown). The doublet signal 

expected for Bi, Bi 4f5/2, and Bi 4f7/2 is observed splitted, due to the presence of oxidized Bi at the 

surface, as mentioned above (Figure 5a). However, the relative amount of elemental un-oxidized Bi 

signal is larger with increasing etching time, while the oxidized Bi signal decreases substantially 

[27]. This confirms that the films are mostly made of pure metallic bismuth, and states that only a 

small degree of oxidation occurs in ambient conditions (30 nm vs 6000 nm coating). The C 1s core 

level spectra reveals the usual signal of endemic carbon (Figure 5b). This carbon includes aliphatic 

carbon species (C1 peak at ~284.8eV) and species with C-O bond at 286.0eV (C2 peak). Other 

species which may be related to hydroxycarbonate phases appear at ~288.0eV (C3 peak). The sample 

F, made with solution 2, has the biggest peak at ~286.0eV (C2), which indicates the presence of 

species with C-O bond, possibly related with the use of additives [46]. No N 1s peaks are observed, 

discarding possible nitrate contamination. 

In the case of oxygen O 1s XPS signals, the observations agree with the existence of a certain degree 

of oxidation of the surface, as mentioned, but O 1s peak deconvolution (Figure 5c) evidences that the 

oxidized phase is not a simple bismuth oxide. The O1 and O2 peaks evidence different types of 
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oxygens, which could be related to various complex bismuth oxides [47], but the existence of a third 

peak at higher binding energies (~532eV) entails the existence of species such as hydrated hydroxo 

(OH-/H2O), or hydroxycarbonate phases, also detected in the C 1s spectra analysis. Oxygenated 

species may come from the oxidized bismuth phase and also from adsorbed carbonated species, in 

both cases disappear upon etching, and are not observed in the measured X-ray diffraction pattern. 

In general, samples synthesized with solution 2 reveal a larger amount of oxygenated species at the 

surface, which may be due to the presence of more additives in the electrolyte.  However, if the XPS 

analysis is performed 10 months after preparation for the same samples, the ones made with solution 

2 have not increased their amount of oxygenated species, while samples made with solution 1 have 

reached the same content than those from solution 2. This suggests a faster oxidation in samples 

obtained from solution 2 and also a maximum limiting level of oxidation of the films surface, with a 

thickness of 30-40 nm, since only Bi is observed after a 300 s etching. Hence the aging effect of the 

samples in atmospheric conditions is very limited in both cases. 

The microstructure of electrodeposited Bi films has been studied by SEM (Fig.6). In general, all 

films display a similar morphology, exhibiting a granular topography with well-defined crystals and 

a clear tendency to anisotropic rhombohedral formations, in agreement with the rhombohedral Bi 

phase revealed by X-ray diffraction. However, the use of different synthesis conditions does have a 

significant influence on roughness and grain size of the films, as expected [29,31,34,48].  

Table 1 displays the resulting root mean square (RMS) roughness and grain sizes for the 

representative samples analyzed in this work, as extracted from analyses of the SEM images, (see 

section 2.2). With solution 1 a notably flat film is obtained in static mode stirring and heating. With 

solution 2, the roughness of all samples is very similar to this latter sample and also similar among 

all prepared with such solution, but the sample synthesized in dynamic mode and heating has the 

largest crystal size.  
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Analyses of the possible relationships between grain sizes and the absolute and relative intensity of 

main peaks in the θ-2θ X-ray diffraction patterns have also been performed, since a variation in 

relative intensity is observed when changing the deposition parameters, as described above. 

However, no clear correlations have been found between the average grain size and the intensity 

ratios of any pair of the 5 most intense peaks in bulk. All samples have crystal sizes around 3 

microns, and they have the peak (012) depressed, particularly films from solution 1, evidencing a 

degree of orientation. However, no clear correlation of orientation with grain size is detected.  

 

3.3 Resistivity  

The evaluation of the functional properties of the Bi films, as a probe for optimization of the 

electrodeposition process, has been performed by measuring the electrical resistivity which, in view 

of the Wiedemann-Franz law [17], can be used as a proxy of thermal conductivity.  This is a crucial 

parameter, since Bi coatings require high thermal conductivity, in order to be used as X-ray 

absorbers. 

 
R(T) measurements have been performed as described in Section 2.2. They have been found very 

reproducible, and without aging effects in the span of several months (samples C and H were 

measured after 3 months and the results were coincident), indicating that the slight surface oxidation 

observed by XPS has no effect on electrical transport in the coatings. Fig. 7 shows the temperature 

dependence of the electrical resistivity of the films listed in Table 1. Both the temperature 

dependence and the values vary significantly among samples; clearly, the deposition parameters and 

methods affect the electrical transport, and therefore also the thermal transport.  

While bulk Bi is a semimetal (that is, displays metallic behaviour but with resistivity much higher 

than metals, due to the low charge carrier density), it is well known that Bi films display most often 

semiconducting behaviour [3,8,17,19,22,23]; quite often also this semiconducting behaviour flattens 
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and saturates at low temperature. The exact shape of the R(T) films appears to depend on their 

thickness and the deposition technique; this variability has been ascribed to the peculiar band 

structure of bismuth, responsible of its semi-metallic bulk behaviour (highly anisotropic Fermi 

surface, low carrier concentrations, small effective carrier masses and high carrier mobilities), which 

makes the material extremely sensitive to defects [3,23]. It has also been observed that, depending on 

the type of defects and film thickness, the semiconductor behaviour can be smoothened, and metallic 

behaviour can be recovered at high enough temperatures. On the other hand, a metallic dependence 

has also been obtained after thermal annealing of the films [5,19]. Thinking in those terms, the 

resistance ratio R300/R2=R(300K)/R(2K) can be used to describe the flatness of the R(T), i.e. whether 

the films are more semiconducting-like or closer to metallic behaviour. As reference, R300/R2 of films 

with thickness in the order of microns have been reported with values as low as 0.2 and up to 1 in the 

literature [19, 20]. 

The resistivities of the films reported in this work display metallic behaviour from room temperature 

down to a temperature Tmin characteristic of each sample; at T<Tmin the resistance displays 

semiconducting behaviour, tending to saturate at the lower temperatures (T<40K). The extent of the 

metallic behaviour can be evaluated from Tmin: the lower Tmin, the more extense temperature window 

with metallic R(T) and consequently the higher R300/R2.  

The deposition method and solution affect the values of the resistivity and also its temperature 

dependence, parametrized with R300/R2 and Tmin. It is found that films with lower resistivity (at both 

room temperature and the lowest measured temperature) display higher R300/R2 values, as shown in 

Fig. 8a. In addition, a correlation between the resistivity values and the average grain size is 

observed (Fig.8b): lower resistivities (and also higher R300/R2, according to Fig. 8a) are associated to 

larger grain sizes, which can be at least partially understood because of the smaller number of grain 

boundaries. 
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Moreover, the films obtained from solution 2 (F, G, H) display lower Tmin values than those from 

solution 1. Since it has been found (see inset in Figure 4) that these films have the main XRD peak 

(012) more intense, it follows that better R(T) behaviour (more metallic, more bulk-like) is related to 

diffraction patterns also closer to bulk; in fact, when plotting Tmin and R300/R2 as a function of the 

intensity of peak (012) two data groups, corresponding respectively to films from solution 1 and 2, 

can be clearly differentiated (Fig.9). 

As stated above, Bi films to be used as absorbers require low resistance values at low temperatures. 

Thus, films with R300/R2~1 and lower resistivity are close to the desired –optimal- performances. 

Fig.7 evidences how crucial is the solution chosen and the deposition method used: the worst ρ(T) 

correspond to films made by solution 1 in dynamic mode, and by solution 2 in static mode; Fig.9 also 

reveals that the best ρ(T) of films from solution 2 are significantly better than the best ones from 

solution 1, in the sense that they display better resistance ratios R300/R2 and also better resistivity 

values, both at room temperatures and at low temperatures. In fact the best film obtained with 

solution 1 has a resistivity at 2 K nearly twice as high as the best film obtained with solution 2.  

Thus, the best conditions correspond to solution 2 in dynamic mode and heating: in this case, 

R300/R2=1 is obtained, with a lowest resistivity value of 160 mcm obtained at 150 K and a low 

temperature saturation value of ~200 mΩcm. 

4. Conclusions  

The observations described suggest that the best films, following a criterion of resistivity, are those 

obtained from the electrolyte 2 using dynamic potential deposition; while heating and stirring have 

proven less crucial.  These films display metallic behaviour down to T~150K; at lower temperatures 

resistivity smoothly increases, saturating at T<~40-20K to a value close to the room temperature, 

thus providing R300/R2~1. The low temperature resistivity values of the optimal films are ~0.16-0.2 

mΩcm, similar or slightly below the best reported values for Bi films of similar thicknesses, also 
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electrodeposited [8,19], while the room temperature value for bulk Bi is 0.13mΩcm. An 

improvement of R300/R2 and resistivity values for films annealed close to the Bi melting point has 

been reported [5,19], but this kind of annealing is not suitable for their application as absorbers in 

radiation detectors, since it could not be borne by the devices on which the Bi layers must be 

deposited. Therefore, the results shown are similar to the best found in literature without annealing. 

Summarizing, the electrodeposition processes have been optimized to get Bi films suitable for use as 

X-ray absorbers. The effects of different deposition parameters and techniques, such as electrolyte 

composition, dynamic or static potential deposition, heating and stirring are analysed in terms of 

films purity, crystallinity, morphology and resistivity. Correlations between roughness, grain size 

and resistivity behaviour allowed to conclude that electrolyte composition and deposition method are 

the most important variables to optimize the films in terms of morphology and electronic transport; it 

is also observed that the deposition method providing best films depends on the electrolyte. 

The optimal films are obtained with the solution containing additives such tartaric acid and glycerol, 

and using the dynamic potential method. These films display metallic ρ(T) curves from room 

temperature down to ~150K; at lower temperatures the resistivity smoothly increases before 

saturating at T<20-40K; this behaviour provides resistance ratios R300/R2 ~1 and with the lowest 

resistivity values close to the bulk ones, similarly to those reported so far for the best Bi films of 

similar thickness and without annealing.  
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TABLES 

Table 1. List of selected synthesized samples: electrolyte and electrodeposition conditions used, and 
their obtained thickness, charge/thickness ratio, surface roughness (RMS), grain size, room 
temperature resistivity ρ(300K) and resistance ratio R300/R2 values.  

SAMPLE ELECTROLYTE DEPOSITION 
POTENTIAL STIRRING HEATING 

MAXIMUM 
CURRENT 1  
(mA/cm2) 

THICKNESS  
(mm) 

CHARGE/ 
THICKNESS 

(C/mm) 

RMS 
roughness 

(mm) 

GRAIN 
SIZE 
(mm) 

ρ (300K) 
(mΩm) 

R300/R2 

A  Solution 1 Constant  No No -2.0 6.6 6.5 0.30 3.0 ± 0.4 3.0 0.81 

B  Solution 1 Constant  Yes No -3.5 6.4 6.3 0.27 2.5 ± 0.3 4.8 0.63 

C  Solution 1 Constant  No Yes -1.8 7.8 7.3 0.25 3.4 ± 0.4 3.2  0.72 

D  Solution 1 Constant  Yes Yes -5.1 8.0 7.1 0.10 3.0 ± 0.2 3.6  0.77 

E  Solution 1 Dynamic  Yes No -5.4 5.1 8.3 0.25 2.2 ± 0.2 7.3  0.48 

F  Solution 2 Constant  No No -5.6 5.9 5.6 0.11 3.1 ± 0.3 7.4  0.67 

G  Solution 2 Dynamic  No No -2.8 6.4 7.4 0.14 3.0 ± 0.3 2.0  0.96 

H  Solution 2 Dynamic  No Yes -3.6 6.4 8.4 0.12 3.7 ± 0.3 2.6  1.03 
1This column reflects the values of current at the plateaus obtained for constant potential depositions, and the maximum 
current obtained for dynamic potential depositions. 
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FIGURE CAPTIONS 

Fig. 1. CV curves and simultaneous dynamic electrodeposition at 10 mV/s for: (a) solution 1: 

(sample A) and (b) solution 2: (sample F). (No stirring or warming performed).  

Fig. 2.  Chronoamperometric response for electrodeposition at constant -0.25V vs Ag/AgCl using: 

(a) solution 1 and (b) solution 2. (No stirring or warming performed). The 50s first seconds of the 

deposition are expanded for both cases. 

Fig. 3. X-ray diffraction patterns (θ-2θ) of selected films, showing only rhombohedral Bi diffraction 

peaks, and different relative intensities. Symbols correspond to same samples referenced in Table 1.  

Fig. 4. Relative intensities of the main diffraction peaks of rhombohedral Bi, with respect to the 

intensity of the (012) peak, the most intense peak in bulk rhombohedral Bi [45]. The intensity ratios 

labelled as “bulk” correspond to [45]. Inset: Comparison of absolute intensity for peak (012) for 

similar thicknesses. 

Fig. 5. XPS spectra of: (a) A film Bi 4f spectra with different etching times, (b) C 1s core level 

spectra of Bi films A, D and F (no etching), and (c) O 1s core level spectra of Bi films A, D and F 

(no etching). 

Fig. 6. SEM images of the bismuth films listed in table 1. For each sample a planar and a cross-

sectional image (above the planar one) are shown.  

Fig. 7. Electrical resistivity of the analysed Bi electrodeposited films, as a function of temperature. 

The error bars are smaller than the symbol. 

Fig. 8. (a) Resistance ratio (R300/R2) as a function of room temperature resistivity. (b) Resistance 

ratio R300/R2 as a function of the average grain size for the films displayed in Table 1. Solid lines are 

only a guide to the eye. 
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Fig. 9. Temperature Tmin at which the minimum in R(T) occurs, and resistance ratio R300/R2 (inset),as 

a function of the intensity of XRD peak (012). 
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FIGURES 
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Fig. 4 
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Fig. 6 

 

 

 

Fig. 7 
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Fig. 8 
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