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Abstract

We have investigated how the presence of an adsorbed hydrogen layer affects the
nucleation and properties of Bi layers grown by dc electrodeposition at different
overpotentials on n-GaAs(111)B substrates with a carrier concentration of 1.3 -10'” cm™ in
darkness and at 300 K. The kinetics of Bi(lll) ions reduction is controlled by the overpotential
but also negatively affected by the adsorbed hydrogen layer, as deduced from the
deconvolution of the current density transients recorded during the nucleation of the films.
The surface morphology and the structural properties of the Bi films are correlated with the
nucleation process and therefore, influenced by both the overpotential and the adsorbed
hydrogen layer. At low overpotentials, porous and rough Bi films with a low crystal quality
are obtained due to the low rate of proton and Bi(lll) ion reduction. As the overpotentials
raises, the rate of these reactions increase leading to flatter and more compact Bi films with a
higher crystal quality. The electrical properties of the Bi/n-GaAs interface depend on the
interfacial states whose origin is again the combined effect of the adsorbed hydrogen layer

and growth overpotential.
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1. Introduction

Bismuth (Bi) is a semimetal with interesting electronic properties at the nanoscale [1, 2,
3, 4, 5]. In a thin film configuration, Bi can be used in the development of new spintronic
devices that take advantage of its surface states which are strongly spin-polarized via Rashba

effect [6, 7]. In fact, a large spin to charge conversion induced by spin—orbit coupling in a

Bi/Ag Rashba interface has been very recently observed [8]. Consequently, in order to
investigate the possibility of implementing Bi in new applications, it is compulsory to deeply
investigate the growth of Bi thin films.

Among the different growth techniques, electrodeposition appears as the most suitable
to grow Bi since it is a fast procedure to obtain high quality layers on different substrates ( [9]
and references therein). Also important to remark, it is a cost-effective growth method
compatible with patterning and transferable to industry. In order to implement Bi in electronic
devices, semiconductors like GaAs can be very versatile for several reasons. Tunnel [10, 11]
or rectifying [12] Schottky barriers can be obtained by varying the substrate doping level,
leading to different mechanisms for electron transport through the interface, thermionic-field
emission or thermionic emission, respectively. Moreover, modifying the substrate surface
orientation it is possible to synthesize Bi thin films with different crystalline textures and
interfacial electrical properties [10]. Therefore, a wide range of devices could be fabricated
starting from just one material and growth technique. However, one of the main drawbacks of
the electrodeposition of Bi onto n-GaAs is the presence of a blocking layer of adsorbed
hydrogen (Hags) at the substrate surface. This blocking layer results from the interaction
between the n-GaAs surface states and the protons (H*) of the electrolyte. Although it might
protect the n-GaAs surface from oxidation, it will hinder the nucleation of Bi(lll) ions
avoiding the growth of compact and high quality Bi thin films [13]. To solve this problem, we

designed a procedure that desorbs the Hags layer before performing the growth of the Bi layer,



so high-quality films can be obtained [14, 10, 11]. Nevertheless, this protocol involves the
dissolution of an initial Bi deposit and, therefore, it can only be used with highly-doped
semiconducting substrates with a carrier concentration higher than 2-10%" cm=. For n-GaAs
substrates with a lower carrier concentration, that we will call from now on “lower-doped n-
GaAs”, we investigated other protocols based on the electrodeposition of Bi under
illumination conditions [14] since photogenerated holes remove the Hags layer [15]. However,
this cannot be used because illumination also produces the photocorrosion of the n-GaAs
surface [16, 17, 18]. Considering the experimental results reported so far, we can only
conclude that the electrodeposition of Bi thin films on lower-doped n-GaAs substrates has to
be performed in the presence of the Hags layer and therefore, it is necessary to explore the
optimum growth conditions to achieve high quality Bi thin films.

We showed the strong impact that the growth overpotential has on the properties of Bi
layers electrodeposited at constant potential on Hags-free highly doped n-GaAs(111)B
substrates [11, 9]. We reported that the morphological, structural and interfacial electrical
properties are clearly correlated with the nucleation process which is in turn correlated with
the energy band diagram of the semiconductor-electrolyte interface (SEI). Here, it is not
possible to remove the Hags layer, so the effect of the growth overpotential on the nucleation
of the Bi films is affected by the presence of this layer. Consequently, the goal of the present
work is double: i) to study in detail the combined effect of the growth overpotential and the
Hags layer on the nucleation and properties of Bi films electrodeposited at dc potentials on
Hads-covered lower-doped n-GaAs(111)B substrates, and ii) to find the optimal conditions to
achieve high quality Bi thin films on these substrates. We have also analyzed the effect of the

growth mode (static or dynamic) on the properties of the Bi layer.



2. Experimental

Electrochemical experiments have been carried out using a stable water-based
electrolyte containing 1 mM Bi>O3 (bismuth oxide) as the Bi(lll) cation source and 1 M
HCIO4 (perchloric acid) as supporting electrolyte. Solutions were prepared with analytical
grade chemicals and deionized water in order to avoid free ions. Bismuth oxide was first
added to perchloric acid in a volumetric flask, and then, the solution was made to the mark
with deionized water. 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 n = 1.3 x 101’ cm™. 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 °C in forming gas for 90 s. The total surface
area exposed to the electrolyte was 0.15 cm? 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 HCI (10% vol.) for 2 min to remove arsenic and
gallium oxides [19]. Then, substrates are rinsed in deionized water for 2 min to remove Ga-
Clx species since they are soluble in water [20]. Finally, substrates are immersed in 1 M
HCIO4 (supporting electrolyte) for 2 min to remove possible CI™ions remaining in the solution
or adsorbed at the substrate surface. Then, the substrate surface is protected from air with a
drop of 1M HCIO4 (supporting electrolyte) when transferred to the Bi(lll) 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 that
interacts with the protons in the solution (As-H) [21], 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/AgCI (3 M NacCl) reference electrode supplied by BASi (Eeq = 0.196 V vs. SHE). In this



study, all potentials are referred to this electrode. All electrochemical experiments were
performed without agitation, at 300 K and in darkness. After deposition, films were rinsed in
deionized water and dried with No.

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. The surface roughness has
been characterized by the root mean square (rms) obtained from the images analyzed with
WSxM 5.0 software and Nanoscope 5.31rl 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 (1x« = 1.54 nm) and a four-circle goniometer. All films were measured in a
symmetric Bragg-Brentano configuration (6—26 scan) to determine the preferred orientation
of the films. To avoid substrate reflections, an offset of 0.5° was introduced between the
incidence and the diffracted direction (w= @ — 6Gosiset). The crystallographic uniformity of the
Bi layers has been analyzed by means of w-rocking curves and ¢-scans (azimuthal scans). The
full width at half maximum (FWHM) of these curves is twice the average tilt and twist of Bi
grains with respect the GaAs substrate, 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
density-voltage (j-V) curves. Several diodes with 230 um and 250 um 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 measurements were carried out at 290 K in a Janis probe

station (model CCR10-1) with a Hewlett Packard 4145 semiconductor parameter analyzer.



All diodes show a good reproducibility for the measured curves. At least 10 diodes have been
measured in each sample, giving standard errors below 6%.
3. Results
4.1. Electrochemical characterization

Figure 1 shows a cyclic voltammetry (CV) performed at 10 mV/s on an n-GaAs
substrate immersed in the Bi(lll) solution. The CV comprises two scans and starts at the OCP
~ 70 mV, goes first toward the cathodic, then to the anodic stage and finishes at the initial
OCP. In the first scan we can observe a cathodic peak with an onset potential (defined as the
intersection of the rising current of the cathodic peak with respect to its baseline) around -200
mV, whereas the second scan presents a reduction peak with a different shape and a more
positive onset potential (= -100 mV). Taking into account our previous work, these two peaks
consist of the superposition of those assigned to Bi(lll) ion and H* reduction on the n-GaAs
surface [13, 10, 9]. Despite the reduction peaks, no anodic peak is observed in the CV, i.e., the
metallic Bi cannot be oxidized into Bi(lll) ions during the anodic stage (inset Figure 1).

Continuing with the electrochemical characterization, we have studied the effect of the
growth potential on the nucleation of 40 nm thick Bi layers. The analysis of the current
density transients obtained at different overpotentials has proven to be a powerful tool for
visualizing all the processes that occur during the nucleation of the Bi films and the
competition between them. Therefore, current density transients have been recorded during
the nucleation of the films at four different cathodic potentials: -0.25 V, -0.3 V, -0.45 V and -
0.7 V (Figure 2a). Due to the similarities between the SEI and a Schottky barrier [22, 23, 24],
it is useful to define the overpotential of the SEI (7sei1) as the bias voltage applied to it, i.e.,
the potential applied to the n-GaAs substrate (E) measured with respect to its equilibrium
potential (OCP): nser =E — OCP. Thus, in our analysis we will use the overpotentials

equivalent to the applied cathodic potentials: -0.32 V, -0.37 V, -0.52 V and -0.77 V. We have



analyzed the current density transients by a procedure developed by Palomar-Pardavé et al.
[25] that allows the deconvolution of the current density, j(t), into its individual contributions,
Ji (with i = SEI, 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 reactions, where the current density

IS negative, the absolute value of j(t) should be used. We have elaborated a theoretical
nucleation model based on several processes that occur in the SEI when it is biased, and that
accurately describes the experimental nucleation curves for the electrodeposition of Bi on n-
GaAs substrates [9]:

[a] Charging of the SEI capacitance considering it as a series RC circuit [24]:

Jser(t) = dst exp (_ L) (1)

TSEI

[b] Desorption of OH" and CIO4™ anions:

aos (8) = 422 exp (- =) )
[c] Adsorption of H* via surface states on available surface sites present at the GaAs
p

electrode [14]:

Jaas(®) = Qads , exp (_ : ) (3)

Tads Tads

The parameters Qsei, Qdes and Qags represent the electrical charge involved in each
process, and g1, wes and zads represent their time constants [26].
[d] Reduction of H* on the GaAs surface:

Jpr = zpr " F " kpg 4)
where zpr is the number of electrons involved in the reduction reaction; F is Faraday’s
constant; and ker is the rate constant of the reaction [27]. This expression takes into
account the two steps involved in the hydrogen evolution reaction, which follows the

Volmer-Heyrovsky route on GaAs surfaces in acidic aqueous solutions [28].



[e] Reduction of Bi(lll) ions into metallic Bi following a 3D nucleation controlled by
diffusion, and delayed by an induction time, to, associated with the initial current decay
[29]. This process can be described by the following expression:

Jap(8) = Py (t —to) ™2 6(t — t) (5)

where A(t) is the n-GaAs surface area covered by the diffusion zones of Bi nuclei [30].

6(t) = 1— exp{—P, - (¢ — t,) - E===tll] 6)

and
P,=Ny-m-D- (@)UZ @)
P = (5 ®

where A, D and ¢, are the nucleation frequency per active site, the diffusion coefficient,
and the concentration in the bulk of the electrolyte of Bi(lll) ions, respectively; M and
p are the molar mass and the density of metallic Bi; and No is the saturation density of
nucleation active sites on the GaAs surface. To fulfill the requirement of dimensional
homogeneity, ¢, should be introduced in mol-cm ™ and pin g-cm™.
The nucleation process is divided into two regimes delimited by the induction time, to
[9]. During the first regime the SEI is rearranged due to the modification of the potential from
the OCP to the growth potential. When the second regime starts, the Bi(ll1) ion reduction (jap)
begins and the GaAs surface is progressively covered by metallic Bi. This new process alters
H* reduction (jer) since the two reactions occur via conduction band electrons [31, 28].
However, H* adsorption (jags) can run in parallel to Bi(lll) ion reduction because they take
place at different surface sites and through different electronic states [26, 32]. Therefore, our
nucleation model is described by the following equations:
J@) = Jsgi(®) + jaes(®) + jaas(t) + jpr t <t )

J(@) = jaas(®) +jpr - [1 = 0()] + j3p (1) t >t (10)



The details of this model are fully reported in reference [9]. In order to obtain accurate
and reliable results, the experimental 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 Qsei, 7se1, Qdes, Zes, to, Qads, 7ads, Kpr, D, A, and No. Table
1 contains the best-fit parameters with their respective errors obtained on basis of the 95%

confidence limits. All fittings can be considered accurate since relative errors are below 7 %.

Table 1. Best-Fit Parameters and Their Errors Obtained from the Analysis of the

Experimental Current Density Transients Shown in Figure 2a.

nser (V) -0.32 -0.37 -0.52 -0.77
761 (MS) (7.49 % 0.38) - - -
Qsei (1C-cm?) (0.302 + 0.023) - - -
Zies (MS) (44.0 + 2.0) (5.66 £0.14) | (0.785 + 0.016) -
Ques (1C-Cc?) (1.825+0.071) | (2103+0.055) | (3.13%0.10) -
to (Ms) (2951.6 + 1.3) (628.9%3.2) (5.13+0.18) (2.491 £ 0.021)
Zags (MS) (208.8 + 2.4) (65.81£0.63) | (5.265+0.088) |  (3.969 + 0.020)
Qags (1C-cm?) (9.867+0.073) | (2250+0.12) | (20.33%0.18) (101.10 £ 0.52)
ker (-10 mol-cm?Z-sT) | (5.1600  0.0011) | (12.946 + 0.016) | (140.27 + 0.54) (4101 £ 1.8)
D (-10° cm?-sT) (1146.24 £ 0.49) | (1261.77 £0.55) | (966.65+0.46) | (1110.79 % 0.35)
A (sT (0.5589 + 0.0011) | (12.80 + 0.41) (173%11) (739 % 21)
No (-10° cm?) (1.0423 £ 0.0014) | (1.1753 £ 0.0023) | (209.3 £ 6.7) (761.7 £ 5.0)

Figure 2b-e shows the deconvolution of the experimental transients plotted in Figure 2a into
their individual contributions according to the best-fit parameters listed in Table 1. It can be
noticed that our theoretical model accurately describes all the transients except the minima of
those obtained at lower 7sei (-0.32 V and -0.37 V). This is a consequence of considering the

SEIl as a RC series circuit (eg. 1) when it is actually more complex.
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4.2. Morphological and structural characterization

Figures 3a-e show AFM images obtained in each Bi film whereas Figure 3.f exhibits the
evolution of the films rms with the overpotential. In all cases, the rms of the films is higher
than that obtained for Bi films grown on Hags-free highly doped n-GaAs substrates [11], and
decreases with 7sei. At low overpotentials (7ser = -0.32 V and -0.37 V), porous Bi layers with
rounded islands and a rms of around 9-10 nm are obtained (Figure 3a-b and f). For 7sgl = -
0.52 V and -0.77 V, the Bi films are more compact and present a higher coalescence and a
lower rms (Figure 3c-d and f). At nse1 = -0.77 V there is also a change of surface morphology,
with the appearance of bigger round-shaped isolated islands. Since it is not possible to avoid
the effect of the Hags layer on the dc electrodeposition (static growth) on lower-doped n-GaAs
substrates, we have explored the possibility of growing a Bi film in a dynamic mode, by
performing consecutive CV scans. In order to obtain a 40 nm-Bi thick film, it is necessary to
carry out 5 scans similar to those shown in Figure 1b. The Bi film grown in the dynamic mode
(Figure 3e) presents a morphology similar to the film grown at 7ser = -0.52 V (Figure 3c),
although the latter is more compact and has a slightly lower rms (Figure 3f).

Figure 4 show the XRD diffraction patterns obtained in each Bi film. All the layers

exhibit a (012) texture assigned to the rhombohedral structure of metallic Bi (Rém, 166). This
crystal texture is correlated with the substrate surface orientation and is independent of the
growth overpotential, in agreement with previous work [10, 11]We have not found traces of
oxides or secondary compounds.

Figure 5 show the FWHM obtained from the @-rocking curves and the ¢-scans. The «-
rocking curves give information about the out-of-plane crystal uniformity, and their FWHM is
considered twice the average tilt of the Bi grains with respect to the GaAs surface. These
scans have been performed 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
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does not interfere with the Bi(024). The ¢-scans give information about the in-plane crystal
uniformity, and their FWHM is considered twice the average twist of the Bi grains with
respect to the GaAs surface. These scans are performed around the strongest asymmetric-
Bragg reflections, i.e., reflections that are not related to the layer texture. In this case of
Bi(012) films grown on GaAs(111)B, we have chosen the Bi(110) reflection, which has a 3-
fold symmetry. However, the azimuthal scans show 12 reflections, which indicates that Bi
grains are distributed in four possible orientations with respect to GaAs(111)B planes. From
the data in Figure 5 we can infer that all the Bi layers show a lower crystal quality than those
grown on Hags-free highly doped n-GaAs substrates [11]. The out-of plane crystal quality is
enhanced with 7ser whereas the in-plane crystal quality is less sensitive to the growth
overpotential taking into account the error bars. Similarly to the morphology, the film grown
in the dynamic mode exhibits an out-of-plane quality between that of the films grown at 7sgi
=-0.37 Vand -0.52 V.
4.3. Electrical characterization of the interface

Figure 6a shows j-V curves measured in each Bi film. In all cases, the reverse current
density is 6 orders of magnitude lower than the forward current density, indicating a good
rectifying behaviour, i.e., there is no significant electron tunneling through the barrier.
Consequently, the j-V curves should be analyzed on the basis of Thermionic Emission (TE)

theory [33]. Then, the current that flows through the Schottky barrier is described by:

e () ()]

where A™ is the modified Richardson constant, T is the temperature, q is the
elementary charge, ¢ is the potential barrier height, ks is Boltzmann constant and Vp is the
potential across the Schottky barrier. The modification of Richardson constant, A*, into A=
fo - fg- A" takes into account the probability of an electron reaching the metal without being

backscattered (f,) and the quantum-mechanical transmission (fq) [33]. The optimal value for
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GaAs substrates is A™ = 3 - 10* A m? K2, which has been experimentally evidenced [34]. Vb
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:
Vp=(U—-j:SR) (12)
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 [33]. 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. Although the principal native defect that exerts a strong influence on the electrical
properties of GaAs Schottky barriers is the Asga antisite [35], additional interfacial defects
could be introduced by the mismatch between the Bi layer and the GaAs surface (Figure 5).
Due to the presence of these interfacial states, the barrier height presents a dependence on the

applied field, i.e., on the applied bias:

dp = 0p + 2 — [y (95 + & —vp -2 22T)) (13)

where ¢ is the zero-bias barrier height, ¢ is a parameter related to the characteristics of

the interfacial states layer, Ec is the energy of the bottom of the conduction band (CB) and Er
is the Fermi energy level. Considering the bulk carrier concentration of our substrates (n = 1.3

x 10*” cm®) and using the Nilsson approximation [36]:

2
3~ \3
EC — EF - _kBT . {ln(u) + (Z\/ﬁu) > zl (14)
1+[0.24+1.08-(%\/E-u)§] }

where the parameter u is defined as:

13



(15)
Taking into account N¢ (= 4.7-10% cm) the effective density of states for electrons in

the CB in GaAs at 290 K [37] and Fy2(7) the Fermi-Dirac integral [36], we obtain a value of

Ec - EF = 26 meV. The parameter ¢ is:

_2a%gn
&

] (16)

s

where & is the semiconductor dynamic electrical permittivity, which is 10.89-& for
GaAs [38], being & the vacuum permittivity. The parameter « is related to the characteristics
of the layer containing the interfacial states:

a=—Y95% 17
& +qdDg

Since this layer is not related to the formation of a new phase, we have considered its
electrical permittivity as & = &. The zero-bias barrier height is also related to the interfacial
states through the Bardeen model [33]:

ady = v q(dpm —2) + (1 =y) - (Eg — ¢o) (18)

where ¢n is the metal work function (4.35 V for Bi) [37], x is the semiconductor

electron affinity (4.07 V for GaAs) [37], Eg is the semiconductor band gap (1.42 eV for GaAs)

[37] and ¢vis the neutral energy level for the interfacial states (0.5 eV for GaAs) [39, 33, 40].

The parameter y is also related to the characteristics of the layer containing the interfacial
states [33]:

E.
e 19
& +0qdDg (19)

4
All j-V curves have been analyzed by a nonlinear fit of the experimental data to eq. 11
using the Marquardt-Levenberg algorithm, with R, Dss and d as free parameters. Their

uncertainties have been provided by the fitting on basis of the 95% confidence limits. The
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fitting has been limited from 0.45 V to -0.3 V because at higher bias there are additional
effects such as local heating [41]. Figure 6b shows two experimental j-V curves with their
respective fittings. Table 2 lists the weighted average values of R, d and Dss obtained for each

Bi film. 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. 18 and 19 and its error has been calculated by propagation
of uncertainties [42]. All these values can be considered accurate since their relative errors are

lower than 6%, except for R which has relative errors up to 30%.

Table 2. Resistance (R), Interfacial Layer Width (d), Density of Interfacial States (Dss) and
Zero-Bias Barrier Height (g¢p) Values with their Respective Uncertainties obtained by j-V

Curves Performed in the Bi Films.

nser (V) R(Q) d (nm) Dss (-10'6 eVt m?) q¢; (eV)
-0.32 475+ 0.68 4.06+0.12 8.410 + 0.098 0.8307 + 0.0027
-0.37 52+15 4.06 £0.25 7.01£0.25 0.8158 £ 0.0071
-0.52 48+0.8 3.79+£0.11 8.51+0.23 0.8263 £ 0.0034
-0.77 9.25+0.91 3.802 + 0.050 9.406 + 0.047 0.8343 + 0.0012
Cv 21.3+47 3.85+0.14 9.32+0.11 0.8346 + 0.0033

4. Discussion
4.1. Energy band diagram of the SEI

As we already reported, the electrochemical properties of a SEI are closely related to its
energy band diagram [9]. Therefore, it is useful to show briefly the principal characteristics of
this diagram. Although a SEI can be a complex structure, it is possible to establish some
analogies with a Schottky barrier where the metal role is played by the Bi(lll) electrolyte and

the interfacial states are the surface states at the n-GaAs electrode (Figure 7) [22, 23, 24]. The
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position of the CB edge at the SEI can be derived from the experimental flat band potential
[9]. Taking into account the flat band potentials of n-GaAs electrodes reported in several
articles [43, 44, 32, 21, 45, 18], we have calculated the average value of the CB edge:
Ecs = (-3.737 £ 0.020) eV (20)
The uncertainty has been considered as the standard deviation of the average due to the
different reported values. In the same way we have calculated the valence band (VB) edge:
Evs = Ecs - Eg = (-5.157 + 0.020) eV (21)
The surface states of the GaAs are formed by a surface band of intrinsic states (SSint)
located near the VB and related to surface dangling bonds [46], and some discrete extrinsic
states (SSext) associated to surface defects. [40] According to the Advanced Unified Defect
Model (AUDM) the most relevant SSex: in GaAs are antisites [35]. The Asga antisite (an As
atom surrounded by four As atoms) is a double donor whose energy levels are located at both
0.5+ Evs, and 0.75 eV + Evs. The Gaas antisite (a Ga atom surrounded by four Ga atoms) is a
double acceptor that provides two energy levels between the lower level of the Asga antisite
and Evs. These native defects have a great importance in GaAs Schottky barriers since they
are related to the pinning of the Fermi level (Er). [40] The position of the Er at the SEI in
equilibrium conditions can be obtained from the OCP. In our case, OCP = 0.07 V vs
Ag/AgCl, which is equivalent to -4.77 eV with respect to the vacuum level [22]. The position
of the Er approximately coincides with the energy of the highest occupied level of SSin,

measured by photocapacitance spectroscopy (Ex1 = Ecs — 0.98 eV) [47]. This indicates that

surface dangling bonds are filled, i.e., saturated by adsorbed species, which is the reason for
the absence of surface reconstructions in liquid media [46]. Depending on the type of
adsorbed ion 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
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dipole [10]. At OCP conditions, i.e., in equilibrium, the energy bands of the n-GaAs electrode
bend upwards, leading to a contact potential (Vbi):

qQVyi = Ecs — Ec = (Ecs — Ep) + (Ep — E¢) ~ 0.94 eV (22)

where and Ec - Er is obtained from eq. 14. Associated to Vi, a space charge region

(SCR) of width w is formed in the near-surface region of the n-GaAs electrode:

26, kpT
w= \/(q-;[;) : (Vbi + Nsgr — %) (23)

where Np™ is the concentration of the ionized donors (equal to the bulk electron

concentration, n). At OCP conditions (7ser = 0 V), w = 100 nm. This SCR contains a certain
positive charge assigned to the ionized donors that electrically interact with the electrolyte,
affecting the structure of the electrical double layer. As abovementioned, the Bi(lll)
electrolyte plays the role of the metal in a Schottky barrier although composed of several
energy levels instead of one. These energy levels, one per redox couple, present a Gaussian
distribution due to the effect of the water molecules surrounding the ions [22]. When Er lies
above one of these energy levels, electrons can be transferred from the substrate to the
electrolyte promoting the reduction reaction [22, 23].
4.2. Analysis of the CV and the current-density transients

When translated to the energy band diagram (Figure 7), the CVs shown in Figure 1
consist in moving Er upwards (cathodic stage or forward bias) and then, downwards (anodic
stage or reverse bias) with respect to its equilibrium position (OCP or zero bias). When the Er
surpasses the energy level of a redox couple a reduction peak is obtained. The reduction peak

of the first scan has an onset potential similar to H" reduction potential (Ey+,y, ~ —0.196 V)

although Bi(ll1) ions reduction is activated at more positive potentials [48]. This results from
the presence of the blocking Hags layer on the n-GaAs surface [13]. Due to the absence of free
surface sites, Bi(lll) ions cannot get reduced on the n-GaAs surface until H* reduction is

activated since this reaction frees surface sites [13, 10, 15]:
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H* + Hyqs + e~ = Hyg) (24)

Therefore, when using an Hags-covered n-GaAs electrode, the reduction of Bi(lll) ions
can only occur simultaneously with H* reduction, which is activated below = -200 mV, i.e., -
4.5 eV in the energy scale (Figure 7). The absence of anodic peaks in the CVs is a
consequence of the wide SCR provided by the low doping level of the n-GaAs substrate (eq.
23), which avoids the necessary electron tunneling from the electrolyte to the substrate for the
anodic reaction to occur. This has two consequences: i) in the second scan of the CV Bi(lll)
ions get reduced on an n-GaAs surface partially covered by metallic Bi, which gives a
reduction peak with a different shape and a different onset potential (= -100 mV), ii) it is not
possible to perform the scan route described in reference [14] to obtain an Hags-free n-GaAs
surface on lower-doped substrates. As a result of the second point, the electrodeposition of the
Bi layers is affected by the presence of the Hags layer regardless of the 7sei.

The analysis of the current-density transients obtained during the nucleation of the Bi
films (Figure 2) has proven to be a powerful tool to gain insight into this combined effect.
When a negative 7se is applied EF moves upwards (Figure 7), modifying w (eq. 23) and the
positive charge contained in the SCR. In order to maintain the electrical neutrality, the SEI is
reorganized during the first stage of the transients (eq. 9). The charging of the SEI (jsei, red
dashed line in Figure 2.b) is only detected at 7se1 = -0.32 V because of the used step time (tstep
= 1 ms). The time constant (zsei) and the charge (Qsei) involved in this process are similar to
those obtained for a low overpotential (77ser = -0.25 V) in our previous work [9]. Anion
desorption (jdes, blue dashed line in Figure 2.b-c) is significantly lower than that observed in
Hags-free n-GaAs substrates for similar 7ser [9] indicating that the Hags OCcupies an important
percentage of the electrode surface. The amount of desorbed anions (Ques) increases with 7sg
due to the decrease of w and, therefore, the decrease of the positive charge associated with it.

The time constant, zes, decreases with the overpotential up to 7ser = -0.52 V when the
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desorption process becomes undetectable. The time required for the reorganization of the SEI
Is given by to, which is always higher than zsg; and wes. As well as these time constants, to
rapidly decreases with 7sei as the SEI reorganization becomes faster (Table 1).

The dependence of H* adsorption (jass, green dashed line in Figure 2.b-e) with #7se is
different from what it is observed on a Hags-free n-GaAs surface [9] indicating that this
process is influenced by the presence of the Hags layer. Although Qads increases with 7sg
(Table 1), it is always lower than the charge associated with the formation of one monolayer
of Hags, qm = 232 uC-cm2, reflecting that the n-GaAs surface is already covered by Hags. In
addition, the relation between Qges and Qags indicates that H™ gets adsorbed on the surface
sites that become free after anions are desorbed. In fact, Qdes IS always lower than Qads
because of the bigger size of anions with respect to H*. At nsei = -0.37 V there is an abrupt
increase of Qags related to the coincidence of Er with the Asca antisite upper level, when new
SS become accessible (Figure 1.a). Although zags always decreases with 7sgl (Table 1), it is
lower than toat low overpotentials (7ser = -0.32 V and -0.37 V), but similar or higher at high
overpotentials (7ser = -0.52 V and -0.77 V). This is a consequence derived from the
progressively enhancement of Bi(lll) ion reduction (jap, orange line in Figure 2b-e), which
delays H * adsorption at high 7sgi.

Protons reduction (jer, light blue dashed line in Figure 2b-e) is present in all transients
and takes place even during the reorganization of the SEI due to the presence of Hags on the n-
GaAs surface. This process continues until all the n-GaAs surface is covered by metallic Bi,
because Bi does not favor protons reduction [49]. From the comparison of ker obtained in this
work with respect to a previous work where Hags-free highly doped n-GaAs substrates were
used [9], we can obtain two main conclusions. First, ker is lower in lower-doped substrates

because the lower surface electron concentration decreases the reaction rates [22]. Second, the
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increase of ker With 7sgi is more significant in Hags-covered substrates because the presence of
Hads favors this reaction [32].

After the SEI is reorganized, Bi(lll) ion reduction starts and the second range of the
transients begins (eg. 10). The diffusion coefficient of Bi(lll) ions, D, is not affected by the
Hads layer and has values between 1.6 to 2.6 - 10° cm?s?, which are in the same magnitude
of those found in the literature [50, 51, 52, 9]. Both the saturation density of nucleation sites,
No, and the nucleation rate, A, are enhanced with 7se but do not show a clear dependence
with it, i.e., the Hags layer affects the two parameters. At low overpotentials (7ser = -0.32 V
and -0.37 V), No is small due to the blockade of the surface sites produced by the Hags layer
and the slow rate of H* reduction (Table 1). No increases with #sgi in all the studied range due
to the enhancement of kpr. A also increases with 7ser but does not follow the exponential
tendency reported in other work [53, 54, 55] or the dependency described by Sebastian et al.
based on the classical theory of electrocrystallization [56]. At 7ser = -0.37 V the value of A is
higher than expected due to the coincidence of Er with the Asca antisite upper level which
raises Bi(lll) ion reduction. Taking into account the data obtained with the analysis of the
current density transients we can conclude that the principal SSext that influences on the
electrochemical properties of an n-GaAs electrode is the upper level of the Asca antisite defect
(0.75 eV + Evgs). This result is in agreement with the recent work of M. Enache et al. [57]
where they show that the principal group of electronic states at n-type GaAs electrodes is
located at 0.7 eV below the bottom of the CB.

4.3. Properties of the Bi layers

All the studied films have a surface morphology (Figure 3a-e) in agreement with a 3D
nucleation as expected from the analysis of the current density transients (Figure 2b-e). At
low overpotentials (7ser = -0.32 V and -0.37 V), the blocking effect of the Hags layer on Bi(l11)

ions reduction is significant due to the low ker and A (Table 1), leading to porous Bi layers
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with a high rms (Figure 3a-b and f). It should be noticed that a more regular surface, with
islands of similar sizes, is obtained at 7ser = -0.37 V as a result of the higher A (Table 1). For
nser = -0.52 V and -0.77 V, H* and Bi(lll) ions reduction are enhanced leading to more
compact Bi films with a higher coalescence and a lower rms (Figure 3c-d and f). The
appearance of bigger round-shaped isolated islands at 7ser = -0.77 V can be related to the
onset of water reduction (also considered as hydrogen evolution at high overpotentials) [9],
reaction that alters the hydrodynamic conditions [58, 59]. Other authors have observed that
this reaction has a clear impact on the surface morphology of electrodeposited films [60, 59].
Moreover, in the areas surrounding where the Hz bubbles were formed, the composition of
alloys [61] and the nanowires length [62] are altered. Due to the low overpotential of water
reduction at a potential of E = -0.7 V, this reaction is undetectable in the deconvolution of the
current-density transient shown in Figure 2e. In all cases the rms is higher than that obtained
for Bi films grown on Hags-free highly doped n-GaAs substrates [11], which is a result of the
lower ker and A produced by the combination of the lower surface electron concentration and
the presence of the Hags layer. The morphology of the Bi film grown in the dynamic mode
(Figure 3e) can be explained taking into account that the deposition rate in this growth is not
constant but increases with the overpotential. Therefore, the most part of the Bi film is
deposited at high 7ser and, consequently, the morphology is similar to that obtained for Bi
films grown at high dc potentials. However, since the CV starts at the OCP, the nucleation of
the film occurs at low nser which is responsible for the higher porosity of this film with
respect to the film grown at 7se1 = -0.52 V (Figure 3c).

From the data in Figure 5 we can infer that the out-of plane crystal quality is mainly
influenced by the overpotential and is enhanced progressively with 7sei. At low 7se the
presence of the Hags layer combined with a low ker and a low A inhibits a good match

between the Bi grains and the n-GaAs surface, leading to high crystal tilts (high FWHM/2).
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As nser increases, Bi(l1l) ion and H* reduction are enhanced leading to a better lattice match,
i.e., lower tilts (lower FWHM/2). Nevertheless, the in-plane crystal quality remains constant
through all the overpotentials, being only slightly enhanced at 7sei = -0.77 V. Therefore, the
in-plane crystal quality is mainly affected by the Hags layer. Similarly to the morphology, the
film grown in the dynamic mode exhibits both an out-of-plane and in-plane quality between
the films grown at 7se; = -0.37 V and -0.52 V because the nucleation takes place at low 7sgi
but the main part of the film is deposited at high 7sei. All the Bi layers show a lower crystal
quality than those grown on Hags-free highly doped n-GaAs substrates [11]. Similarly to the
morphology, this results from the lower values of ker and A produced by the Hags layer and
the lower surface electron concentration.

All Bi/n-GaAs interfaces behave like Schottky barriers with a good rectifying
behaviour. The values obtained for q¢p are in good agreement with those found in the
literature for n-GaAs Schottky barriers obtained by electrodeposition [31, 12, 63]. The
dependence of g9 with nsei is similar to that obtained for Bi films electrodeposited on Hags-
free highly doped n-GaAs substrates [11]. Therefore, a similar explanation can be given.
According to the MIGS model and the AUDM, the Fermi level at a Bi/n-GaAs Schottky
barrier should be pinned at 0.5 eV above the VB [33, 40], which gives a q¢) = 0.92 eV'.
However, when MIGS are inhibited or the Asca/Gaas antisites ratio is modified, Er can be
pinned at 0.75 eV above the VB, leading to a q¢) = 0.67 eV. This can happen when
additional defects are created, for example, by the mismatch between the Bi layer and the n-
GaAs surface or by the oxidation of the interface when the films are porous. Consequently,
when the crystal quality of the Bi films is enhanced with 7sel (Figure 5) the barrier height
tends toward gq¢p = 0.92 eV (Table 2). However, at nser = -0.32 V the barrier height

increases despite its lower crystal quality because the porosity of the film allows the oxidation
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of the interface when exposed to the air. Consequently, this interfacial oxide layer could

incorporate new interfacial states that can store additional charge at the interface.

5. Conclusions

The main goal of this work has been to clarify the effect of the Hags layer on the dc
electrodeposition of Bi films at different overpotentials on lower-doped n-GaAs electrodes.
We have also investigated its influence on the Bi properties. The effect of the Hags layer on the
nucleation of the Bi films can be elucidated from the deconvolution of the current density
transients, especially from the behaviour of H* adsorption, H" reduction and Bi (lIl) ion
reduction with 7sei. In Hadgs-covered n-GaAs substrates, Bi(lll) ion reduction is always
concurrent with H* reduction and consequently, the kinetics of the former is influenced by the
kinetics of the latter. Bi films surface morphology is correlated with the nucleation process,
principally through ker and A. As these two parameters are enhanced with #sgi, flatter and
more compact films are obtained when it increases. The in-plane crystal quality seems to
depend just on the Hags layer whereas the overpotential has an impact on the out-of-plane
crystal quality. The electrical properties of the Bi/n-GaAs interface depend on the density of
interfacial states, which are correlated with the crystal quality and the surface morphology of
the Bi films. Comparing to Bi films grown on Hags-free highly doped n-GaAs surface, we can
conclude that both the low carrier density of the substrate and the presence of the Hags layer
lead to Bi films more porous and rough, with a lower crystal quality and lower Schottky
barriers.
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FIGURES CAPTIONS

Figure 1. Cyclic voltammetry scans performed on a lower-doped n-GaAs(111)B substrate
into the Bi(lll) solution at 10 mV/s.

Figure 2. (a) Current density transients recorded during the nucleation of the Bi layers
electrodeposited on lower-doped n-GaAs(111)B substrates at different overpotentials.
Individual contributions obtained from the deconvolution of the transient recorded at a 7se of
(b) -0.32 V, (c) -0.37 V, (d) -0.52 V, and (e) -0.77 V. Insets: enlargement of the initial current
density decay.

Figure 3. AFM images and representative depth profiles shown below each image measured
on the Bi thin films (40 nm) grown on lower-doped n-GaAs(111)B substrates at a 7sgi of () -
0.32V, (b) -0.37 V, (c) -0.52 V, (d) -0.77 V, and (e) performing several CV scans.

Figure 4. Bragg—Brentano XRD patterns of the Bi films grown on lower-doped n-
GaAs(111)B substrates at different 7ser (static mode) and performing CV scans (dynamic
mode). 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 5. FWHM of w-rocking and ¢-scans measured in the Bi films.

Figure 6. (a) Experimental j-V curves measured in the Bi films. (b) Experimental j-V curves
measured in the films grown at 7ser = -0.37 V and -0.77 V with their corrresponding fittings.
Figure 7. Energy band diagram at OCP conditions of a SEI formed by an n-GaAs substrate (n

=1.3 - 10" cm®) immersed in the Bi(lll) solution.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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