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Abstract

In this work, we have explored the possibility of using light to remove the adsorbed 

hydrogen layer that blocks the GaAs substrate surface when electrodepositing Bi thin films on 

lower-doped n-GaAs(111)B substrates. A light pulse of a few seconds applied under open-

circuit (zero-current) conditions before starting the Bi electrodeposition in darkness has a 

small effect on the structural, morphological and interfacial electrical properties of the Bi film 

in comparison to layers deposited without the use of light. The potentiostatic curves recorded 

during the Bi nucleation show that the light pulse does not remove the adsorbed hydrogen 

layer but modifies the n-GaAs surface, inhibiting the reduction of Bi(III) ions. The atomic 

force microscopy analysis of the n-GaAs surface corroborates that the light degrades the 

surface by inducing photo-oxidation reactions, phenomenon that is correlated to the 

photocorrosion of the substrate. To maintain the electrical neutrality during photocorrosion, 

proton reduction and electroless deposition of Bi occur in parallel to the photo-oxidations. 

The simultaneity of these processes and the inhibition of Bi(III) ions to get reduced on those 

areas of the n-GaAs surface chemically altered enables the electroless deposition of 

unconnected Bi flakes with morphological, structural and interfacial electrical properties close 

to the state of the art of Bi thin films. Only the out of plane crystal quality of the Bi flakes 

show a small detriment whereas the Schottky barrier height slightly increases. 
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1. Introduction

Bismuth (Bi) is a semimetal with interesting electronic properties due to the large 

carrier mean free path [1, 2] and Fermi wavelength. [3, 4]. Bi surface states are strongly spin-

polarized via Rashba effect [5]. This makes Bi interesting for spintronics [6] as demonstrated 

by the large spin to charge conversion induced by spin-orbit coupling observed in the Bi/Ag 

interface. [7] In order to investigate the possibility of implementing Bi in spintronics devices, 

it is necessary to focus on the growth and characterization of Bi thin films since they represent 

a better configuration than other nanostructures to do so. 

Compared to other growth techniques, electrodeposition offers a large number of 

advantages to grow Bi thin films since it provides high quality Bi on different substrates ( [8] 

and references therein) at a high deposition rate, with a set-up transferable to industry and 

compatible with patterning. Among the possible substrates that can be used, semiconductors 

like GaAs can be very versatile in the development of Bi-based devices for several reasons. 

Rectifying [9] or tunnel [10, 11] Schottky barriers can be fabricated by varying the substrate 

doping level, obtaining different mechanisms for electron transport through the interface, 

thermionic emission or thermionic-field emission. Modifying the substrate surface orientation 

gives the opportunity to synthesize Bi thin films with both different crystalline textures and 

interfacial electrical properties. [10] Finally, the electrodeposition conditions have a strong 

impact not only on the morphological and crystal quality of the film but also on the electrical 

properties of the interface. [11, 12]  However, one of the main drawbacks of electrodepositing 

Bi onto n-GaAs is the presence of an adsorbed hydrogen (Hads) layer at the substrate surface 

that results from the interaction between the n-GaAs surface states and the protons of the 

electrolyte. [13] Although it might protect the n-GaAs surface form oxidation, it also hinders 

the nucleation of Bi(III) ions avoiding the growth of compact and high quality Bi thin films. 

To solve this problem, we designed a protocol to desorb the Hads layer before carrying out the 
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Bi electrodeposition, so high-quality Bi layers can eventually be obtained. [14, 11, 10] 

Nevertheless, this protocol can only be used with highly-doped semiconducting substrates 

with a carrier concentration higher than 1·1017 cm-3, because it involves the dissolution of a 

previously deposited Bi layer. For n-GaAs substrates with a lower carrier concentration, that 

we will call from now on “lower-doped n-GaAs”, we investigated another routine based on 

electrodepositing under illumination conditions [14] since the photogenerated holes can 

remove the Hads layer. [15] However, this protocol leads to a rough and chemically modified 

interface because of the photocorrosion of the n-GaAs substrate upon illumination [16, 17, 

18].

In this work, we have explored an alternative to this routine based on applying a light 

pulse of a few seconds under open-circuit (zero-current) conditions before electrodepositing 

Bi under darkness conditions on lower-doped n-GaAs(111)B substrates. The analysis of 

current density transients and atomic force microscopy (AFM) images indicates that the light 

pulse does not desorb the Hads layer but produces the degradation of the n-GaAs substrate 

surface due to photo-oxidations. To maintain the electrical neutrality of the cell during the 

illumination under open-circuit conditions, parallel reduction reactions are necessary. In this 

case, these are protons and Bi(III) ion reduction, that seem to be inhibited on the areas that 

have been chemically altered by the photo-oxidations. We have taken these results into 

account to propose a new route for synthesizing unconnected Bi flakes by means of 

electroless deposition under continuous illumination at open-circuit conditions, which 

represents a step forward on the development of Bi-based nanodevices. Although electroless 

deposits can present different properties from their electrodeposited equivalents [19], we have 

observed pretty similar characteristics, except for slightly differences in the out-of-plane 

quality and the Schottky barrier height, for the Bi flakes.
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2. Experimental

Electrochemical experiments have been carried out using a stable water-based 

electrolyte containing 1 mM Bi2O3 (bismuth oxide) as the Bi(III) cation source and 1 M 

HClO4 (perchloric acid) as supporting electrolyte. Solutions were prepared with analytical 

grade chemicals and deionized water in order to avoid free ions. The pH of the solution 

(approximately 0.1) was not necessary to be further adjusted. Working electrodes were Si 

doped n-type GaAs(111)B wafers, supplied by Semiconductor Wafer Inc., with a carrier 

concentration of n0 = 4  1016 cm-3. Ohmic contacts were made on the back of the wafers by 

thermal evaporation of 80 nm of AuGe (2% Ge) and 250 nm of Au, followed by an annealing 

at 380 oC in forming gas for 90 s. The total surface area exposed to the electrolyte was 0.15 

cm2 in all cases. Prior to each experiment, substrates were degreased and then etched to 

remove GaAs native oxide under darkness conditions. First, substrates are dipped in a 

solution of HCl (10% vol.) for 2 min to remove arsenic and gallium oxides. [20] Then, 

substrates are rinsed in deionized water for 2 min to remove Ga-Clx species since they are 

soluble in water. [21] Finally, substrates are immersed in 1 M HClO4 (supporting electrolyte) 

for 2 min to remove possible Cl- ions remaining in the solution or adsorbed at the substrate 

surface. Then, the substrate surface is protected from air with a drop of 1M HClO4 

(supporting electrolyte) when transferred to the Bi(III) solution, where substrates remained 2 

min to reach a stable open-circuit potential (OCP). In this condition, the substrate surface is 

oxide-free with about one monolayer coverage of elementary As, which interacts with the 

protons in the solution (As-H) [22], creating a layer of adsorbed hydrogen [13]. 

Electrochemical experiments were controlled by a PalmSens EmStat3+Blue potentiostat and 

carried out in a three-electrode cell with a platinum mesh as counter electrode and a Ag/AgCl 

(3 M NaCl) reference electrode supplied by BASi (Eeq =  0.196 V vs. SHE). In this study, all 

potentials are referred to this electrode. Unless otherwise stated, all electrochemical 
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experiments were performed without agitation, at 300 K and in darkness. When illumination 

was needed for the experiment, a white 3 W LED lamp (220 lm, Tc = 2700-3500 K) located at 

the zenith of the substrate and at 8 cm from it was switched on. For the definition of light 

pulse (LP) used in this work, we will consider 7 seconds of illumination. After deposition, 

films were rinsed in deionized water and dried with N2.

Surface characterization was done by means of a Nanoscope Atomic Force Microscope 

(AFM) with a Si tip, working in tapping mode and operating in air. Images were analyzed 

with WSxM 5.0 software and Nanoscope 5.31r1 software. Structural characterization of the 

Bi layers was done by X-Ray Diffraction (XRD) using a Philips X’Pert PRO system equipped 

with a Cu target  = 1.54 nm) and a four-circle goniometer. All films were measured in a 

symmetric Bragg-Brentano configuration (  scan) to determine the preferred orientation 

of the films. To avoid substrate reflections, an offset of 0.5o was introduced between the 

incidence and the diffracted direction     offset). The crystallographic uniformity of the 

Bi layers has been analyzed by means of rocking curves (out-of-plane uniformity) and ϕ-

scans (in-plane uniformity). The average tilt and twist of Bi grains with respect the GaAs 

substrate is defined as one half of full width at half maximum (FWHM/2) of -rocking curves 

and -scans, respectively. In order to extract the FWHM values with their corresponding 

errors, the -rocking curves have been fitted to a pseudovoigt function and the -scans to a 

Gaussian function. The values obtained for the FWHM have been corroborated with the 

software X’Pert Data Viewer provided by PANalytical B. V. 

Finally, the Bi/GaAs interface was characterized electrically by means of current-

voltage (I-V) curves and capacitance - voltage (C-V). Several diodes with 200 m and 230 m 

of diameter were fabricated in the Bi films by standard optical lithography followed by 

photochemical etching. Afterward, an electrical contact made by 20 nm Cr/300 nm Au was 

evaporated on the top of the Bi diodes to protect them. I-V and C-V measurements were 
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carried out at 290 K in a Janis probe station (model CCR10-1) with a Hewlett Packard 4145 

semiconductor parameter analyzer and a 4284A LCR meter, respectively. All diodes showed 

a good reproducibility when measuring the curves, making possible to consider just one j-V 

and C-V curve per diode. At least 10 diodes have been measured in each case.

3. Results and Discussion

3.1. Light pulse. Electrodeposition of Bi thin films

The effect of light on the Semiconductor-Electrolyte Interface (ScEI) can be initially 

detected as a modification of the open circuit potential (OCP) when the n-GaAs electrode is 

immersed in the Bi(III) solution (Figure 1a). In darkness, the OCPdark ≈ 70 mV indicates that 

the GaAs surface is covered by a Hads layer. [10, 12] When the light is switched on, the OCP 

shifts cathodically, reaching a value of OCPlight ≈ -280 mV, in agreement with previous work 

[18]. After 7 s, which is denoted as LP as abovementioned, the illumination is switched off 

and the OCP acquires a value of OCPLP ≈ 40 mV. The difference between OCPdark and OCPLP 

indicates that the ScEI has been modified by the LP. However, the difference between OCPLP 

and the OCP obtained in a Hads-free n-GaAs surface in darkness conditions (OCPfree ≈ 100 

mV) [8, 10] reflects that the LP cannot completely remove the Hads layer.  

In order to gain further insight into the effect of the LP on the electrochemical 

properties of the n-GaAs substrate we have performed two CVs (Figure 1b): a) in darkness 

conditions (denoted as dark), and b) in darkness after applying the LP. The CVs start at the 

OCP, go first toward the cathodic stage, then to the anodic stage, and finish at the OCP. We 

can observe that the two CVs, dark and LP, are quite similar. Both curves show a cathodic 

peak, related to Bi(III) ion reduction, but none exhibit anodic peaks, i.e., the metallic Bi 

cannot be oxidized into Bi(III) ions during the anodic stage. This is a consequence of the 

doping level of the n-GaAs substrate, which is low enough to produce a wide space charge 

region that avoids the necessary electrons tunneling from the electrolyte to the substrate for 
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the anodic reaction. [12] The onset potential of the Bi(III) ion reduction (defined as the 

intersection of the rising current of the cathodic peak with its baseline) is Eonset (Bi) ≈ -230 

mV in both cases, which is approximately the onset potential of H+ reduction. This is a 

consequence of the presence of the Hads layer on the n-GaAs surface which blocks surface 

sites that are required for the reduction of Bi(III) ions. [13, 10, 12] When H+ reduction is 

activated, some surface sites become free, and Bi (III) ions can get reduced on the n-GaAs 

surface. Consequently, in Hads-covered n-GaAs substrates, Bi(III) ion reduction takes place 

simultaneously to H+ reduction. The similar Eonset (Bi) obtained for both CVs is a further 

support to the conclusion that the n-GaAs surface is still covered by Hads after the LP. 

Although the CV’s look similar, if we represent the trace of the cathodic stage in a Tafel plot 

(inset Figure 1b) we can observe a different slope at low cathodic potentials which indicates a 

modification of the ScEI as a result of the LP, in agreement with the difference between 

OCPdark and OCPLP (Figure 1a). Since the n-GaAs surface is still Hads covered, this 

modification can be a sign of n-GaAs surface degradation produced by light-induced 

oxidation. [14, 17, 16] 

We have electrodeposited 40 nm Bi films in darkness after applying the LP, which have 

been compared with layers deposited also in darkness but without the previous LP. We have 

chosen a growth potential of E = -0.3 V (equivalent to an overpotential of SEI = E – OCP = -

0.37 V [8]) because it is near the region in which a clearer difference between CVs for LP and 

darkness is observed (Figure 1b). We have analyzed the current density transients obtained 

during the nucleation of the films (Figure 2a) taking into account the procedure used by other 

authors [23, 24, 25, 26, 27, 28] that allows the deconvolution of the experimental current 

density, j(t), into its individual contributions, ji (with i = ScEI, des, ads, PR and 3D), each one 

assigned to a different process. This procedure consists in a nonlinear fit of the experimental 

j(t) to a theoretical nucleation model, using the Marquardt−Levenberg algorithm. For cathodic 
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reactions, where the current density is negative, the absolute value of j(t) should be used. In a 

previous work, we elaborated a theoretical nucleation model based on several processes that 

occur in the ScEI when it is biased, and that accurately describes the experimental nucleation 

curves for the electrodeposition of Bi on n-GaAs substrates: [8] 

[a] Charging of the ScEI capacitance considering it as a series RC circuit: [29]

          (1)𝑗𝑆𝑐𝐸𝐼(𝑡) =
𝑄𝑆𝑐𝐸𝐼

𝜏𝑆𝑐𝐸𝐼
∙ 𝑒𝑥𝑝( ―

𝑡
𝜏𝑆𝑐𝐸𝐼)

[b] Desorption of OH- and ClO4
- anions: 

         (2)𝑗𝑑𝑒𝑠(𝑡) =
𝑄𝑑𝑒𝑠

𝜏𝑑𝑒𝑠
∙ exp( ―

𝑡
𝜏𝑑𝑒𝑠)

[c] Adsorption of H+ via surface states:

         (3)𝑗ads(𝑡) =
𝑄𝑎𝑑𝑠

𝜏𝑎𝑑𝑠
∙ exp( ―

𝑡
𝜏ads)

The parameters QScEI, Qdes and Qads represent the electrical charge involved in each 

process, and ScEI, des and ads represent their time constants. [25]

[d] Reduction of H+ on the GaAs surface: 

         (4)𝑗PR = 𝑧PR ∙ F ∙ 𝑘PR

where zPR is the number of electrons involved in the reduction reaction; F is Faraday’s 

constant; and kPR is the rate constant of the reaction. [30] This expression takes into 

account the two steps involved in the hydrogen evolution reaction, which follows the 

Volmer-Heyrovsky route on GaAs substrates in acidic aqueous solutions. [31] 

[e] Reduction of Bi(III) ions into metallic Bi following a 3D nucleation controlled by 

diffusion, and delayed by an induction time, t0, associated with the initial current decay. 

[32] This process can be described by the following expression:

          (5)𝑗3D(t) = 𝑃4 ∙ (𝑡 ― 𝑡0) ― 1 2 ∙ 𝜃(𝑡 ― 𝑡0)

where (t) is the substrate surface area covered by the diffusion zones of the Bi nuclei. 

[33]
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          (6)θ(t) = 1 ― 𝑒𝑥𝑝{ ― 𝑃2 ∙ [(𝑡 ― 𝑡0) ―
(1 ― 𝑒𝑥𝑝[ ―𝐴 ∙ (𝑡 ― 𝑡0)])

𝐴 ]}
and

         (7)𝑃2 = 𝑁0 ∙ 𝜋 ∙ 𝐷 ∙ (8𝜋 ∙ 𝑐0 ∙ 𝑀
𝜌 )

1 2

          (8)𝑃4 = (𝑧 ∙ 𝐹 ∙ 𝐷1 2 ∙ 𝑐0

𝜋1 2 )
where A, D and co are the nucleation frequency per active site, the diffusion coefficient, 

and the concentration in the bulk of the electrolyte of Bi(III) ions, respectively; M and 

 are the molar mass and the density of metallic Bi; and No is the number density of 

nucleation sites on the GaAs surface. 

The nucleation process is divided into two regimes delimited by the induction time, t0. 

[8] During the first regime, the ScEI is rearranged due to the modification of the potential 

from the OCP to the growth potential. During the second regime, the Bi(III) ion reduction 

(j3D) begins and alters the H+ reduction (jPR) since the two reactions occur via conduction band 

states. [34, 31] However, H+ adsorption (jads) can run in parallel to Bi(III) ion reduction 

because they take place at different surface sites and through different electronic states. [35, 

25] Therefore, our nucleation model is described by the following equations:

                       (9)j(t) = 𝑗ScEI(t) + 𝑗des(t) + 𝑗ads(t) + 𝑗PR 𝑡 < 𝑡0

          (10)j(t) = 𝑗ads(t) + 𝑗PR ∙ [1 ― θ(t)] + 𝑗3D(t) 𝑡 > 𝑡0

In order to obtain accurate and reliable results, the experimental current density transients 

shown in Figure 2a have been fitted to eq. 9 and 10 computing the value, the standard error, 

and the lower (LCL) and upper (UCL) 95% confidence limits of the parameters QScEI, ScEI, 

Qdes, des, t0, Qads, ads, kPR, D, A, and N0. Table 1 contains the best-fit parameters with their 

respective errors obtained on basis of the 95% confidence limits being achieved fittings with 

relative errors below 3 %. In order to extract reliable conclusions, additional transients have 

been fitted. The average values obtained in each case (dark and LP) exhibit a similar 
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behaviour than the transients presented in Figure 2a. Deviations up to the 37 % were obtained 

for some of the parameters due to the sensitivity of this analysis since inhomogeneities of the 

substrate surface and of the electrodeposited Bi limit the validity of the expressions shown in 

eq. 1-5, which are derived for ideal both substrates and layers [36].

ScEI (V) Dark LP

des (ms) (7.12 ± 0.10) (6.57 ± 0.15)

Qdes (C·cm-2) (3.579 ± 0.062) (1.570 ± 0.044)

t0 (ms) (315.5 ± 1.8) (388.4 ± 1.4)

ads (ms) (60.98 ± 0.52) (58.71 ± 0.58)

Qads (C·cm-2) (27.09 ± 0.12) (15.606 ± 0.081)

kPR (·10-10 mol·cm-2·s-1) (19.066 ± 0.025) (14.338 ± 0.014)

D (·10-8 cm2·s-1) (1205.22 ± 0.41) (1320.79 ± 0.29)

A (s-1) (2.226 ± 0.015) (1.6127 ± 0.0075)

No (·105 cm-2) (5.722 ± 0.016) (4.5930 ± 0.0087)
Table 1. Best-Fit Parameters and Their Errors Obtained from the Analysis of the 

Experimental Current Density Transients Shown in Figure 2a.

Figure 2.b and c show that the nucleation model accurately describes the experimental 

transients, similarly to our previous work. [8, 12] In both cases the charging of the ScEI (jScEI, 

red dashed line) is undetectable for the growth potential and time step used. [8, 12] The anion 

desorption (jdes, blue dashed line) has a similar time constant (des) in both cases, i.e., the 

kinetics of this process is not altered by the LP. However, the charge involved in the process 

(Qdes) is smaller in the LP case because some of the anions have already been desorbed during 

the illumination of the ScEI, when the OCP moves from OCPdark ≈ 70 mV to OCPlight ≈ -280 

mV. The time constant of the H+ adsorption process (ads) is also similar in both cases, and 

higher than des as expected from previous works. [8, 12] In addition, ads < t0, in agreement 

with previous results obtained for low growth potentials. [12] In the dark case, Qads is lower 

than the charge associated with the formation of one monolayer of Hads, qm = 232 C cm−2, 
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indicating that the n-GaAs surface is covered by Hads before the electrodeposition [8], in 

agreement with the value of OCPdark (Figure 1a). Therefore, the small H+ adsorption that takes 

place is at the sites that become free after anion desorption (jdes). [12] In the LP case, Qads is 

also lower than qm, indicating that the surface is still covered by Hads, in agreement with the 

conclusions extracted for the values of the OCP (Figure 1a) and Eonset(Bi) (Figure 1b). In fact, 

Qads is smaller in the LP case than in the dark case, i.e., there are less free surface sites 

available for the adsorption of H+ in the LP case. Since H+ gets adsorbed on surface As atoms, 

[15] this could indicate that some of them have been removed or chemically altered during the 

illumination, leaving Ga atoms or other intermediates at the surface where H+ do not get 

adsorbed. This further supports the idea of surface degradation during n-GaAs illumination. 

Although des and ads are similar in both cases, i.e., the rearrangement of the ScEI takes a 

similar time in both cases, t0 is higher in the LP case indicating an inhibition on the start of 

Bi(III) ion reduction. Finally, kPR, A and No are smaller in the LP case, although D is similar 

in both cases. This indicates that both H+ and Bi(III) ion reduction are inhibited in the LP 

case. The values obtained for kPR are similar to our previous work [12], and similar to those 

obtained by Palomar-Pardavé et al. [30] for H+ reduction on the surface of cobalt nuclei at 

low overpotentials.

Once the transients have been deconvoluted, it is possible to represent the j3D 

contribution in a dimensionless plot according to the theoretical model derived by Scharifker 

and Hills [37] (Figure 2d). The nucleation of the Bi films is clearly mixed in darkness and 

after illumination. This results from the low values of both N0 and A (Table 1). The small N0 

is a consequence of the n-GaAs surface blockade by Hads since it restricts the reduction of 

Bi(III) ions to those surface sites that become free of Hads after H+ have been reduced on 

them. The low A responds to the low Bi growth overpotential (Bi = E - Eonset(Bi)) [19]. 
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Therefore, despite N0 being small, the low A factor makes not possible to achieve N0 quickly 

enough, and a mixed nucleation is reached. [38]

To sum up, on the basis of the OCP values, the CV curves and the analysis of the 

current density transients, we can conclude that illuminating the n-GaAs surface for a few 

seconds under open-circuit conditions does not remove the Hads layer. On the contrary, it 

produces a modification of the n-GaAs surface that has an inhibitory effect on the reduction of 

Bi(III) ions and H+, as well as on H+ adsorption, but it does not affect the type of nucleation 

(mixed). 

3.2. From light pulse to continuous illumination. n-GaAs surface degradation

To confirm that the n-GaAs surface is degraded by light-induced oxidation reactions 

[18, 39, 14, 16, 17], we have analyzed by AFM the n-GaAs surface as a function of the time 

of light exposure while immersed in the Bi(III) solution (Figure 3.a-e). The depth profiles 

show a progressive degradation of the substrate surface with the time of light exposure, 

confirmed by the continuous increase of the root mean square (rms) roughness and the peak-

to-peak (PP) values (Figure 3f). According to Li and Peter [17], the surface degradation is a 

result of lattice decomposition due to the following photo-oxidation reactions involving 

photogenerated holes:

(E0 = 0.256 V vs Ag/AgCl)                 (11)𝐺𝑎𝐴𝑠 +3𝐻2𝑂 +3ℎ + →𝐺𝑎𝑂3 ―
3 + 𝐴𝑠 +6𝐻 +

  (E0 = 0.180 V vs Ag/AgCl)               (12)𝐺𝑎𝐴𝑠 +5𝐻2𝑂 +6ℎ + →𝐺𝑎𝑂3 ―
3 + 𝐴𝑠𝑂 ―

2 +10𝐻 +

The photogenerated holes are deviated to the n-GaAs surface where they break surface 

As-Ga bonds, altering the surface chemical composition and leading to lattice decomposition. 

In order to maintain the electrical neutrality of the cell under OCP (zero-current) conditions, 

reactions involving electrons must be established. In n-GaAs photo-corrosion, this reaction is 

usually H+ reduction [17, 16]. However, taking into account the experimental value of 



ACCEPTED MANUSCRIPT

14

OCPlight obtained in this work, we can expect that Bi(III) ions reduction is also involved in the 

electrons reaction, leading to electroless deposition of Bi. In fact, Vereecken and Searson 

have already observed the electroless deposition of Bi on n-GaAs(100) substrates under 

illumination [34].

3.3. Continuous illumination. Electroless deposition of Bi flakes

The illumination of the n-GaAs substrate immersed into the Bi(III) solution produces 

the degradation of its surface but also the electroless deposition of Bi, as abovementioned. 

Considering that these two phenomena occur simultaneously, we have explored the possibility 

of combining them to electrochemically produce Bi flakes. For that, we have continuously 

illuminated the n-GaAs substrate after being immersed in the electrolyte. In figure 4 we 

present the OCP evolution with time during the electroless growth of Bi flakes. The curve is 

spiky and the average value slightly increases during the illumination. After 30 s, Bi islands 

can be seen naked-eye, and after 5 minutes the n-GaAs surface is covered by unconnected Bi 

flakes (Figure 5a and b). The electroless process is similar to an electrodeposition growth, 

with three simultaneous crystal-building mechanisms: nucleation, growth and coalescence of 

the nuclei to form a thin film. [19] However, some regions of the n-GaAs surface remain free 

of any deposit independently of the duration of the illumination, corroborating the inhibitory 

effect of light on the Bi(III) ions reduction deduced from the current density transients (Table 

1). The discontinuity of the electroless deposited Bi film has also been observed by Vereecken 

and Searson. [34] The thickness of the Bi flakes after 5 minutes of illumination as measured 

by AFM is around 100 nm (Figure 5c). 

The simultaneity of Bi electroless deposition and n-GaAs degradation can be explained 

on basis of the modifications experimented by the energy band diagram of the ScEI when 

applying light (Figure 6). The n-GaAs/Bi(III) electrolyte junction can be treated as a Schottky 

barrier where Bi(III) solution plays the role of the metal and the surface states of the n-GaAs 
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behave like the interfacial states of the Schottky barrier. [8, 12] In darkness, the position of 

the conduction band (CB) and the valence band (VB) edges at the surface can be extracted 

from literature [12]: EC,s = -3.74 eV, and EV,s = -5.16 eV (Figure 6a). The position of the 

Fermi level (EF) at the ScEI in equilibrium is given by OCPdark ≈ 70 mV, which is -4.77 eV 

translated to the energy scale. [39] This position approximately coincides with that obtained 

by photocapacitance spectroscopy for the highest occupied level of surface states associated 

with surface unsaturated bonds (E1 = EC,s − 0.98 eV). [40] This indicates that surface dangling 

bonds (SSint) are filled, i.e., saturated by adsorbed species, being the reason for the absence of 

surface reconstructions in liquid media [41]. Depending on the type of ion adsorbed at the 

surface, the OCP can slightly vary from 70 mV (adsorbed protons) to 100 mV (adsorbed 

anions) due to the different effect that each type of ion produces on the surface dipole. [10] 

From the carrier concentration in the bulk (n0), we can extract the position of EF with respect 

to the edge of the CB in the bulk (EC) according to Maxwell-Boltzmann statistics: [42]

        (13)𝐸𝐶 ― 𝐸𝐹 =  ― 𝑘𝐵𝑇·𝑙𝑛(𝑛0

𝑁𝐶) = 58 𝑚𝑒𝑉

where Nc (= 4.7·1017 cm-3) is the effective density of states for electrons in the 

conduction band in GaAs [42]. 

When the ScEI is illuminated, photons () create electron-hole pairs that are separated 

by the potential gradient in the ScEI related to the band bending. The photogenerated 

electrons (n) move towards the bulk whereas photogenerated holes (p) move towards the 

surface. [43] This charge migration is equivalent to a forward bias called photopotential (Vph) 

that moves EF upwards (Figure 6b). Consequently, the OCP (equivalent to EF) moves from a 

positive value (OCPdark ≈ 70 mV, i.e., -4.77 eV) to a negative value (OCPlight ≈ -280 mV, i.e., -

4.42 eV). The photogenerated carriers increase the electrons and holes densities to above their 

equilibrium populations (n0 and p0). [43, 39] and the Fermi level splits into two quasi Fermi 

levels, one for electrons (FN) and one for holes (FP), where qVph = FN - FP. [43] The splitting 
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of the Fermi level allows simultaneous cathodic and anodic reactions. These reactions involve 

electrons with redox potentials under FN, whereas anodic reactions involve holes with redox 

potentials above FP. For an n-type semiconductor at low injection conditions as in this work, 

the photogenerated carriers have little influence on the equilibrium population of the majority 

carriers (n << n0), but significantly modify the minority carrier density (p >> p0). 

Therefore, FN remains close to the bulk EF whereas FP moves toward the VB. It has been 

observed by several authors that illumination shifts anodically the flat band potential of n-

GaAs electrodes between (0.15 – 0.37) V [17, 35, 15, 39], making EC,S and EV,s more negative 

(unpinning of the band edges). [39] This shift is a consequence of surface degradation 

produced by the photogenerated holes [44, 17, 15] which occurs only if FP lies under the 

energy levels assigned to the anodic reactions shown in eq. 11 and 12, i.e., under -4.96 eV, 

(Figure 6b). Moreover, electrons must be transferred to the electrolyte to maintain the 

electrical neutrality of the cell under the open-circuit conditions. Therefore, since FN lies 

above the energy level of Bi(III) ion and H+ reduction (Figure 6b), the electrons transferred to 

the electrolyte promote these two reactions without applying any growth potential, i.e., Bi can 

be grown by electroless deposition. 

To sum up, the photo-oxidation of the n-GaAs surface (anodic reaction) and the 

electroless deposition of Bi together with H+ reduction (cathodic reactions) can take place 

simultaneously under illumination at open-circuit conditions due to the splitting of the Fermi 

level produced by the photogenerated carriers.

3.4. Morphological and structural characterization 

Figures 7a - c show AFM images measured on the Bi grown in darkness, in darkness 

after applying a LP, and by electroless deposition under continuous illumination during 5 

minutes, respectively. The characterization of the surface morphology was performed just 

after the Bi synthesis. In addition, we have observed that ambient oxidation does not 
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significantly modify the Bi layers surface morphology in several weeks. The film grown 

completely in darkness is taken as the reference as it represents the state of the art for Bi thin 

films on lower-doped GaAs substrates. It exhibits a surface with small rounded islands and a 

rms of (7.3 ± 0.7) nm (Figure 7a), in agreement with our previous work [12]. Some areas have 

a high depth as a consequence of the Hads layer, which leads to a slightly porous film. [13, 12] 

The morphology of the layer deposited after the LP is applied is pretty similar (Figure 7b), 

and the rms is nearly the same, (8.2 ± 1.2) nm. Therefore, the inhibitory effect of the LP on 

the nucleation process observed in the current density transients only slightly increases the 

rms. On the contrary, the morphology observed in the Bi flakes obtained by electroless 

deposition presents more elongated islands and a higher rms, (15.8 ± 0.6) nm (Figure 7c), 

resembling what is obtained when electrodepositing under a low overpotential, SEI. [8] This 

can be explained taking into account that OCPlight ≈ -0.28 V is more positive than the potential 

applied in the dark and LP case (E = -0.3 V). The Bi flakes also present areas with a higher 

depth than the film thickness. 

The XRD patterns exhibit in Figure 8 show that in the three cases it is obtained a (012) 

texture assigned to the rhombohedral structure of metallic Bi ( , 166) with no traces of mR3

oxides or secondary compounds. This shows that the substrate orientation has a stronger 

effect than the growth conditions on the crystal orientation of the electrochemically deposited 

Bi. [10, 11, 12] The absence of peaks related to other phases in the electroless case in spite of 

the degradation observed by AFM (Figure 3.a-e) indicates that the subproducts of the n-GaAs 

surface photo-oxidation (eq. 11 and 12) might be amorphous or rather soluble in the 

electrolyte. The crystallographic uniformity was study by performing -rocking scans around 

the Bi(024) Bragg reflection instead of the Bi(012) because the GaAs(111) reflection 

interferes with the latter, whereas the GaAs(222) reflection does not interfere with the 

Bi(024). In addition, ϕ-scans were performed around the Bi(110) reflection which is the 
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strongest asymmetric-Bragg reflection, i.e., reflection that is not related to the layer texture. 

Although it has a 3-fold symmetry, the azimuthal scans show 12 reflections, which indicates 

that Bi grains are distributed in four possible orientations with respect to GaAs(111)B planes, 

as we already reported in previous studies. [11, 10] Table 2 shows the average tilt and twist of 

the Bi grains with respect to the GaAs substrate, obtained as half the FWHM of the peaks 

observed in the -rocking curves and the ϕ -scans, respectively. We can infer that the Bi 

grains of the films grown in darkness and after applying a LP have a similar average tilt and 

average twist with respect to the GaAs surface, i.e., the LP does not produce an appreciable 

effect in the out-of plane nor in the in-plane crystal quality. The electroless deposited Bi 

flakes also present a similar in-plane quality, but the average tilt is approximately double of 

that of the dark and the LP case. Although the out-of-plane crystal quality is enhanced with 

the growth potential [12, 11], the difference between OCPlight  -0.28 V (electroless case) and ≈

E= -0.3 V (dark and LP case) seems too small to produce such variations of the average tilt. 

Therefore, we can conclude that the degradation of the n-GaAs surface occurred during the 

electroless deposition significantly affects the out-of-plane but does not the in-plane crystal 

quality.

Dark LP Electroless 
deposition

Average tilt (o) (0.1684 ± 0.0019) (0.1588 ± 0.0020) (0.3226 ± 0.0053)

Average twist (o) (6.35 ± 0.58) (6.10 ± 0.31) (6.26 ± 0.52)
Table 2. Average tilt and twist obtained from the -rocking and -scans, respectively, 

measured in the three studied cases. 

3.5. Electrical characterization of the interface 

Figure 9a shows the experimental j-V curves measured in the three samples of 

electrodeposited Bi. In all cases, the reverse current density is 7 orders of magnitude lower 

than the forward current density, indicating a good rectifying behaviour, i.e., there is no 
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significant electron tunneling through the barrier. Consequently, the j-V curves should be 

analyzed on the basis of Thermionic Emission (TE) theory. [45] The current density that 

flows through the Schottky barrier is described by:

       (14)𝑗 = 𝐴 ∗∗ 𝑇2 ∙ 𝑒𝑥𝑝( ―
𝑞𝜙𝐵

𝑘𝐵𝑇) ∙ [ ―1 + 𝑒𝑥𝑝(𝑞𝑉𝐷

𝑘𝐵𝑇)]
where T is the temperature, kB is Boltzmann constant, q is the elementary charge and VD 

is the potential across the Schottky barrier. The Richardson constant A* is modified into A**= 

fp · fq · A* to take into account the probability for an electron reaching the metal without being 

scattered back (fp) and the quantum-mechanical transmission (fq). [45] The agreement 

between the values of the barrier height obtained from the j-V and the C-V curves depends on 

the value adopted for A**. The agreement is excellent if we take the value of 3 · 104 A m-2 K-2, 

which has been experimentally evidenced. [46] It should be noticed that this value is only 

slightly smaller than the theoretical value of 4.4 ·104 A m-2 K-2 calculated by Crowley and 

Sze. [47] The potential across the Schottky barrier, VD, can be extracted from the applied bias, 

V, by modeling the system like a Schottky diode in series with a resistor of resistance R. This 

R represents the effect of the bulk of the semiconductor, the electrical contacts, and the probes 

used to perform the measurements. Consequently:

                         (15)𝑉𝐷 = (𝑉 ― 𝑗 ∙ 𝑆 ∙ 𝑅)

where S is the area of the diode. In order to obtain a good fit it is necessary to suppose 

the existence of interfacial states at the Bi/n-GaAs interface. [45] It is usually considered that 

these states, with a density DSS, are located at an interfacial layer of thickness d. Since the 

XRD measurements do not show traces of oxides or other compounds, these interfacial states 

must be related to metal-induced gap states (MIGS) or to interfacial defects that act as charge 

traps. These can be AsGa antisites [48] or other defects produced by the mismatch between the 

Bi layer and the GaAs surface (Table 2). Due to the presence of the interfacial states, the 

barrier height presents a dependence on the applied field, i.e., on the applied bias:
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        (16)𝜙𝑏 = 𝜙0
𝑏 +

𝜙1

2 ― {𝜙1 ∙ (𝜙0
𝑏 +

𝜙1

4 ― 𝑉𝐷 ―
𝐸𝐶 ― 𝐸𝐹

𝑞 ―
𝑘𝐵𝑇

𝑞 )}
where Ec -EF is obtained with eq. 13. The parameter 1 is related to the characteristics of 

the interfacial layer:

        (17)
s

qn



2

1
2



where s is the semiconductor dynamic permittivity, which is 10.89·0 for GaAs [49], 

being 0 the vacuum permittivity. The parameter  is

        (18)
ssi

s

qdD
d







where i is the permittivity of the interfacial layer. Since this layer seems to be related to 

the mismatch between the Bi grains and the GaAs substrate, and not to the formation of a new 

phase, we have considered i  0. The parameter is the zero-bias barrier height, which is 0
b

also related to the interfacial layer through the Bardeen model: [45]

            (19)𝑞𝜙0
𝑏 = 𝜅 ∙ 𝑞(𝜙𝑚 ― 𝜒) + (1 ― 𝜅) ∙ (𝐸𝑔 ― 𝜙0)

where m is the metal work function (4.35 V for Bi) [42], χ is the semiconductor 

electron affinity (4.07 V for GaAs) [42], Eg is the semiconductor band gap (1.42 eV for GaAs) 

[42] and 0 is the neutral energy level for the semiconductor metal-induced gap states (0.5 eV 

for GaAs). [50, 45, 51] The parameter  is also related to the characteristics of the interfacial 

layer: [45]

               (20)𝜅 =
𝜀𝑖

𝜀𝑖 + 𝑞𝑑𝐷𝑠𝑠

All j-V curves have been analyzed by a nonlinear fit of the experimental data to eq. 14 

using the Marquardt–Levenberg algorithm, with R, d and DSS as free parameters. The fitting 

provides the uncertainty of these parameters on basis of the 95% confidence limits. The fitting 

has been limited from 0.45 V to -0.3 V because at higher bias there are additional effects such 

as local heating. [52] Table 3 lists the weighted average values of R, d, and DSS with their 
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respective errors for each type of deposited Bi. The errors have been calculated taking into 

account the errors provided by the weighted average and the standard deviation. From d and 

DSS, the zero-bias barrier height, , has been obtained according to eq. 19 and eq. 20 and its 0
b

error has been calculated by propagation of uncertainties. [53] The values collected in Table 3 

are accurate, with relative errors lower than 7%, except for R, which has a relative error 

around 15%. We can observed that the films grown in darkness and after applying a LP 

present the same value of , in spite of slightly differences in the values of d and Dss.  𝜙0
𝑏(𝑗 ― 𝑉)

However, the electroless deposited Bi flakes exhibit a lower value of .𝜙0
𝑏(𝑗 ― 𝑉)

Dark LP
Electroless 
deposition

(A** = 3·104 A m-2 K-2)

Electroless 
deposition

(A** = 5·104 A m-2 K-2)

R (Ω) 4.24 ± 0.66 5.47 ± 0.63 6.92 ± 0.91 6.6 ± 1.0

d (nm) 4.28 ± 0.18 4.55 ± 0.15 4.15 ± 0.15 5.03 ± 0.13
DSS (·1016 
eV-1 m-2) 6.24 ± 0.20 5.835± 0.092 5.82 ± 0.14 5.72 ± 0.13

 𝜙0
𝑏(𝑗 ― 𝑉)

(V) 0.8103 ± 0.0055 0.8096 ± 0.0040 0.8009 ± 0.0049 0.8168 ± 0.0034

 𝜙0
𝑏(𝐶 ― 𝑉)

(V) 0.8095 ± 0.0028 0.8053 ± 0.0033 0.8189 ± 0.0013 0.8189 ± 0.0013

Table 3. Weighted Average Values for Resistance (R), Interfacial Layer Width (d), Density of 

Interfacial States (DSS), and Zero-Bias Barrier Height obtained by j-V Curves ( ) and 𝜙0
𝑏(𝑗 ― 𝑉)

C-V Curves ( ), with their Respective Uncertainties.𝜙0
𝑏(𝐶 ― 𝑉)

In order to verify the values of the barrier height obtained by the j-V curves, we have 

also performed C-V curves on each diode since this method gives essentially the value of . 0
b

[45] Figure 9b shows the plot of (A/C)2 vs. V derived from the experimental C-V curves 

measured on each case at 290 K and in darkness. The negative values of V indicate that the 

diodes are measured under reverse bias (Vr = -V). From the intercept of these curves with the 

x-axis (V0) we can extract the value of the flat band potential. [45]
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         (21)q
TkVV B

FB  0

 Then, can be derived as:0
b

              (22)𝑞𝜙0
𝑏 = 𝑞𝑉𝐹𝐵 + (𝐸𝐶 ― 𝐸𝐹)

The values of  were weighted averaged for each case to give the values listed in Table 3. 0
b

We can observe that for the dark and LP films, the interfaces have a similar . Moreover, 0
b

 is quite similar to , indicating that the model applied in the fitting of the  VCb 0  𝜙0
𝑏(𝑗 ― 𝑉)

j-V curves is adequate. However, for the electroless deposited Bi flakes the value of 

is higher than . As we abovementioned, the agreement between j-V and  VCb 0  𝜙0
𝑏(𝑗 ― 𝑉)

C-V curves strongly depends on the value of A**, which also depends on fp and fq. The 

quantum-mechanics transmission coefficient (fq) is closely related to the electrons tunneling 

mass, mt. In a previous work, we showed that mt strongly depends on to the out-of-plane 

crystal quality. [11] The lower the quality, the lower the mt, that in turn increases the 

quantum-mechanical transmission coefficient (fq), increasing A**. [47] Therefore, since the 

electroless Bi flakes present a lower out-of-plane structural quality, it is expected a lower mt, 

and higher A**. Actually, if we perform the fitting of the j-V curve in the electroless deposition 

case with an A** = 5·104 A m-2 K-2, we obtain the same value for  and  𝜙0
𝑏(𝑗 ― 𝑉) 𝜙0

𝑏(𝐶 ― 𝑉)

(Table 3). We can observe now that illuminating the substrate decreases the value of Dss, 

although the time of exposure seems to have little effect on it. This indicates that Dss is 

sensitive to the chemical composition of the n-GaAs surface beneath the Bi deposit, which is 

modified by the illumination (eq. 11 and 12) but not by the time of exposure. On the contrary, 

as the time of exposure to light increases, d increases as well (Table 3). This result can be 

related to the average tilt of the Bi deposits (Table 2). In the dark and LP case, the average tilt 

is similar as well as the values of d (considering the uncertainties). However, in the electroless 

case, the higher average tilt value is correlated to the higher value of d. Therefore, we can 
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conclude that the value of the Bi/n-GaAs Schottky barrier height is related to both the 

chemically altered n-GaAs surface and the out-of-plane crystal quality of the interface, in 

agreement with previous works [11, 12].

4.        Conclusions

In this work we have explored the use of light for the electrochemical deposition of Bi 

on lower-doped n-GaAs(111)B substrates. From the analysis of OCP values, CV curves, and 

nucleation current density transients, we conclude that a few seconds of illumination at open-

circuit conditions does not remove the Hads layer but has an inhibitory effect on the nucleation 

process due to the photo-oxidation of the n-GaAs surface. However, no significant 

modifications are detected in the morphological, structural or interfacial electrical properties 

of a Bi film grown in darkness after this LP. Therefore, the use of light is an unsuccessful 

approach for improving the quality of Bi films electrodeposited on n-GaAs substrates due to 

the following reasons: i) if the LP of 7 s does not remove the Hads layer (Qads < qm; 

Eonset(Bi,dark) ≈ Eonset(Bi,LP)), a shorter pulse would not remove it either; ii) the LP of 7 s 

produces degradation of the n-GaAs surface, which has a negative effect on the Bi(III) ion 

reduction; iii) a longer pulse might remove the Hads layer but will also further damage the n-

GaAs surface. 

The simultaneity of n-GaAs photo-oxidation and Bi electroless deposition at open-

circuit conditions allows the synthesis of Bi flakes by means of continuous illumination. 

When comparing the electroless deposited Bi flakes with Bi layers electrodeposited under 

dark conditions and after applying the LP, textured Bi(102) with no traces of oxides or alloys 

is obtained in all cases. The electroless deposition only has a small detrimental effect of the 

out of plane structural properties. In all cases the interfacial electrical properties are affected 

by the presence of interfacial states that could be related to the defects caused by the 

mismatch between the Bi grains and the n-GaAs substrate. The photo-oxidation of the n-GaAs 
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slightly increases the Schottky barrier height because it both decreases the out-of-plane crystal 

quality and chemically altered the n-GaAs surface.
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FIGURES CAPTIONS

Figure 1. (a) Evolution with time for darkness and illuminated conditions of the OCP 

measured on a n-GaAs substrate immersed in the Bi(III) solution. (b) Cyclic voltammetry 

scans performed on a lower-doped n-GaAs(111)B substrate into the Bi(III) solution in 

darkness (dark) and after applying a short light pulse (LP). Inset: Tafel plot of the cathodic 

stage

Figure 2. (a) Current density transients recorded during the nucleation of the Bi films grown 

at -0.3 V in the dark case and the LP case. Inset: enlargement of the initial decay of the 

current density. Deconvolution of the current density transient recorded during the nucleation 

of the Bi film grown (b) under darkness and (c) after applying a LP. Insets: enlargement of the 

initial current density decay. (d) Non-dimensional plot of the j3D contributions, and theoretical 

curves for instantaneous and progressive nucleation. 

Figure 3. AFM images with their respective depth profile below each image measured on n-

GaAs substrates (a) not illuminated, and illuminated for (b) 7 s, (c) 1 min, (d) 2 min and (e) 5 

min while being immersed in the Bi(III) solution. (e) Evolution of rms and PP values 

measured in the AFM images shown in Figure 3.

Figure 4. OCP evolution with time during the electroless growth of Bi flakes. 

Figure 5. Optical micrographs of an n-GaAs subtrate covered by electroless deposited Bi 

flakes obtained with magnification (a) x10 and (b) x100. (c) AFM image and representative 

depth profiles marked from (1) to (3) obtained in the area marked in (b) with a dark grey 

square. 

Figure 6. Energy band diagram at open-circuit conditions of a ScEI formed by the Bi(III) 

solution and the n-GaAs substrate (n0 = 4 × 1016 cm-3) (a) in darkness and (b) under 
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illumination. The energy scale is referred to the vacuum level, whereas the potential scale is 

referred to the Ag/AgCl reference electrode (EAg/AgCl = 0.196 V vs SHE).

Figure 7. AFM images and representative depth profiles shown below each image measured 

on the Bi electrochemically deposited on n-GaAs(111)B substrates at -0.3 V (a) in darkness 

and (b) after applying a LP, and (c) the Bi flakes grown by electroless deposition. 

Figure 8. Bragg−Brentano XRD patterns of the Bi layers deposited on n-GaAs(111)B 

substrates at -0.3 V in darkness (black line) and after applying a LP (orange line), and the Bi 

flakes grown by electroless deposition (blue line). The dashed lines indicate the position of Bi 

reflections (ICDD card 00-044-1246) that matches with an observed peak. Peaks marked with 

* correspond to GaAs(333) reflections.

Figure 9. (a) Experimental and fitted j-V curves. (b) (C/A)-V and (C/A)-2-V  curves. 
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Highlights:  

 Bi(III) ion reduction on n-GaAs is inhibited by an adsorbed hydrogen layer 

(Hads).

 The Hads layer is not removed upon illumination.

 Illumination causes simultaneous Bi(III) ion reduction and n-GaAs oxidation.

 Photo-oxidized n-GaAs hinders Bi(III) ion reduction but promotes Bi flakes.
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