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Abstract: 

the formation and dissociation of bromine phases provides 

 

I. INTRODUCTION

Halogens have been widely investigated for their physical and 
chemical interactions on metal surfaces. Halogen etching has 
played an important role in the fabrication of interconnects in 
the electronic devices [1, 2]. It has been known that halogens 
like chlorine (Cl), iodine (I) and bromine (Br) are strongly 
adsorbed on metal surfaces like platinum (Pt), gold (Au), 

in electrochemical reactions [3-9]. To understand fundamental 
concepts of adsorption of these halogens, many studies have 
also been published on silicon (Si) and gallium arsenide (GaAs) 
surfaces [10]. These low-dimension systems have the capability 
to switch between different phases based on their microscopic 
interactions with the substrate [11-13]. This review article 

Cu(100), Ni(110) and Ge(001). A report on Br adsorption on 
Pt(110) shows the formation of c(2x2) phase at Br coverage 
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of 0.5 monolayer (ML) [9]. At a coverage of 0.58 ML, another 

diffraction (LEED) and scanning tunneling microscopy (STM) 
images. The paper examines the phase transition from the 
c(2x2) to the (3x1) phase [9]. Their DFT results show relatively 
higher energy for (3x1) phase indicating a less favourable 
state, however their experimental results indicate the phase 
transition could be due to a charge density wave (CDW) phase 
[9]. Studies have been performed by Altnam et al., stating that 

This could be due to the tip induced motion of halogen atoms 
inhibiting motion of adsorbate atoms [14-16]. A halogen 
overlayer with c(2x2) halogen reconstruction has been reported 
along with CuCl and CuBr at high coverages on Cu(100) [14-
16]. In one of the reports, authors have studied the molecular 
Br interaction on Ni(110) [17]. This study has been performed 
using scanning tunneling microscopy at room temperature. 
At low coverages, Br forms a basic structure where two pairs 
of Br atoms are aligned parallel to each other [17]. At higher 
coverages, it forms p(3x2) reconstruction upon annealing [17]. 
Some other studies of halogen deposition have been performed 
on Si(001) and Ge(001) substrates [18]. It has been found that 
the halide molecules dissociate into atoms and get adsorbed on 
the substrate without breaking the substrate’s dimer bond [18]. 
At 0.5 ML of iodine, Si(001) forms c(2x2) reconstruction and at 
1 ML of iodine, it forms p(2x1) reconstruction [19]. On Ge(001) 
substrate, the initial reconstruction was p(1x2), it changes to 
mixed p(2×2)/c(2×4) upon adsorption of iodine [20]. In another 

of Br upto 1 ML deposited on p(1x2) reconstructed Ge (001) 
surface [18]. The paper by J. Inukai reports deposition of 
bromine on Cu(100) which results in the c

II. EXPERIMENTAL DETAILS

A. Br/Pt (110) Deposition

The experiments were performed in UHV (ultra high vacuum) 
STM with the base pressure less than 8x10-11 mbar [22]. Br was 
deposited from a solid-state electrolysis cell. Two phases were 
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plane-wave (FLAPW) Method [25] and the Vienna ab initio 
simulation Package ~VASP [26]. A detailed description of 
these calculation has been reported in the study performed by 
C. Deisl et al. [9].

B. Br/Ni (110) Deposition

Ni (110) substrate was mechanically polished and ultrasonically 
rinsed in double distilled water [17]. All experiments were 
performed in commercial Omicron UHV-STM at room 
temperature [17]. Tungsten tips were used in experiments. For 
the pressure, ion and turbo pumps were used to create a pressure 
of 4x10-11 mbar [17]. XPS (X-ray Photoelectron Spectroscopy) 
and LEED have been attached to the UHV chambers. Ni 
substrate was cleaned using Ar ions repeated cycles at 1.4 kV 
ad 10 µA for 30 minutes [17]. The sample was annealed at 
700 

and STM imaging [17]. For Br sources, an electrochemical Ag/
AgBr–CdBr2/Pt cell was used. Before deposition, the sources 
were outgassed so that oxygen or hydrogen bromide was not 
present in the incident Br beam [27].

C. Br/Ge (001) Deposition

For STM imaging, a tungsten tip formed by 5-atom pyramid 
with (001) orientation has been used [18]. For the interactions 

between the tip and the substrate calculations based on Fireball 

simulated in constant-height mode. The sample bias was -1eV 
and tip-sample distance was 8 Å [18]. For DFT calculations 
two methods have been deployed. A plane-wave-basis (pw) 
technique and a local-orbital minimal-basis (lo) technique [29, 
30]. For local orbital technique, the Fireball2007 code has been 
used [31, 32]. For Fireball calculations, VASP package has been 

applied. Different schemes including Troullier and Martins 
[38] and Hamann [39] have been used for determining Ge and 
Br pseudopotential. Exchange-correlations with local-density 
approximation were used [40-42]. 

D. Br/Cu (111) Deposition

Single crystal Cu(111) substrate with 5 mm diameter was 
used for Br deposition [21]. Acetone, methanol, and pure 
water were used to clean and sonicate the substrate [21]. The 
surface was further cleaned by phosphoric and sulphuric acid 
[21]. KBr solution was used to study Br structures. For STM 
imaging, tungsten tip was used. In order to reduce residual 
currents, the tip was polished [43]. Analysis, preparation and 
electrochemical chambers were present in the UHV system. It 
also consisted of in-situ LEED as reported in various studies 
[43-46].  KBr solution was prepared from KANTO CHEMICAL 

reference electrode was a saturated calomel electrode (SCE) 
[21].

observed. At 0.5 ML coverage, c(2x2)  phase was obtained 
[23]. At 0.58 ML coverage, (3x1) phase was formed [9]. These 

calculations (density functional theory). STM images have 
been taken at constant current mode and the bias voltage in all 

camera was used to record LEED images using AIDA-PC 

spectra was recorded at 130 K and in steps of 0.5  eV from 40 to 

achieve both c(2x3) phase and (3x1) phase. Fig. 1 shows the 
STM images and corresponding LEED patterns for 0.5 ML and 
0.58 ML Br coverage on Pt(110) [10].

Fig. 1: (a) An STM Image of 50x50 Å
2
 Taken at (~0.82 V, 1.14 nA) Along with a LEED Pattern (E=147 eV) of the c(2x2) Phase 

with a Br Coverage of 0.5 ML (b) An STM Image of 70x70 Å
2 

Taken at (~12 mV, 0.63 nA) and LEED Pattern (E=147 eV) of a 
(3x1) Phase with a Br Coverage of 0.58 ML [9]
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Fig. 2: (a) An STM Image of Br Coverage of 0.51 ML Where c(2x2) Phase is Seen at the Steps and (3x1) Phase on Terraces 
Surrounded by (1x1) Phase (b) At 0.54 ML Coverage, Three (3x1) Antiphase have been Shown (c) 0.54 ML Coverage Prepared 
by Desorption from Higher Coverage, (3x1) Phase with the Continuous Change in Modulation Strength has been Shown. The 

III. RESULTS AND DISCUSSION

A. Br/Pt (110) Structure

Deposition of Br on pt(110) has been studied by the authors 
using STM [13]. At 1/2 ML coverage, Br forms c(2x2) phase 

where every second short bridge site has been occupied by Br 
atoms on Pt(110) surface [9]. An image of this c(2x2) phase [9] 
has been shown by Fig. 1 (a). At a coverage of 2/3 ML(~0.6 
ML), Br transits from c(2x2) phase to (3x1) phase where Br is 
present on every third short-bridge and long-bridge sites [9] as 
shown by an STM image in Fig. 1 (b).

At a coverage between 1/2 ML and 0.58 ML, STM images 
show the nucleation of (3x1) islands along with 1/2 ML 
coverage areas. With Br addition of 0.01 ML  to 1/2 ML (total 
0.51 ML), c(2x2) phase is mostly seen at the steps or around 
the defects [9]. On the terraces, (3x1) phase surrounded by 
(1x1) disordered areas [9] can be seen in Fig. 2 (a). At 0.54 
ML coverage of Br, their (3x1) antiphase domains can be 
observed by Fig. 2 (b). If 0.54 ML of Br is prepared by thermal 
desorption from a higher coverage, again a (3x1) phase can be 

seen with the continuous change in modulation strength. Fig. 
2 (c) shows an STM image for this case [9].

B.  Br/Ni (110) Structure

i) Low Br Coverage

Fig. 3 (a) shows an STM image of Ni(110) surface where the 
surface forms close packed rows with an atomic spacing of 

vacancies [17]. 

Direction (e) Aggregation of the Units in [001] 

are Ni [17] 



4 

At a Br coverage of 2.3 x 1013 Br atoms/cm2, Ni(110) surface 
marks the formation of two discrete pairs of maxima as shown 

shape. The authors have presented a model where the greyscale 
maxima correspond to Ni adatoms in two-fold hollow sites 
adjacent to a dissociated Br atom [17]. Each pair is bound with 
a single Br atom. The corresponding model has been shown in 
Fig. 3 (f). Annealing of the surface at 100 

also forms adsorption islands of between two and eight units 
as shown in Fig. 3 (e). The mechanism explored by the authors 
contains the diffusion of BrNi2
troughs between the close packed rows. Fig. 3 (g) supports the 
diffusion theory of BrNi2

place.  The corresponding model has been shown in Fig. 3 (h). 

ii) High Br Coverage

At a higher coverage of 0.51 x 1015 Br atoms/cm2, BrNi2 units 
have formed clusters as shown by Fig. 4 (a). Annealing at 200 

by Fig. 4 (b). Fig. 4 (c) shows a high resolution image of the 
p(3 x 2) 

reconstruction [49]. At this point, Br coverage is 0.6×1015 Br 
atoms/cm2. LEED pattern shown in Fig. 4 (d) aligns with (3 x 
2) pattern on Ni(110). Authors have provided a model [17] for 
this superstructure as shown in Fig. 4 (e). It involves alternating 
atomic sequences of Ni-Br-Br-Ni-Br-Br-Ni and Br-Ni-Ni-Br-
Ni-Ni-Br. All these images have been obtained from reference 
[17].

 

iii) Br/Ge (001) Structure

0.25 ML of Br has been deposited on p(1x2) reconstructed 

observed, i.e., hexagonal, p(1×4), p(2×2) and p(2×4) [18].
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Fig. 5: For 0.25 ML Br on Ge (001), Four Atomic Models 

B) p(1×4), C) p(2×2), and D) p(2×
is the Top View and (b) is the Side View of Each Surface 

with Br Adatoms and Ge Surface Dimer Atoms are Marked by 

All these four reconstructions with models and simulated images 
have been shown in Fig. 5. The adsorbate atoms interacted 

However, in p(2x4) reconstruction, Br atoms interacted with 

the both sides of the same Ge dimer, which resulted in the most 
energetically favoured reconstruction [18]. This case is similar 
to studies presented for other halides adsorption on Ge and 
Si substrates [10, 19, 47]. Table I sums up different methods 

Br bond length, adsorption energy per molecule and average 
height of Br adatoms and Ge atoms [18].

Fig. 6: For 0.5 ML Br on Ge (001), Six Atomic Models 

Simulated STM Images with Br Adatoms and Ge Surface 

Bias Voltage is -0.1 V. Table II Shows Data Associated with 

At 0.5 ML of Br, six reconstructions in a p(2×4) surface cell 
have been observed.  These reconstructions have been shown in 
Fig. 6 along with Table II. As previously stated by the authors, 

adatoms were bound to both ends of the same Ge(001) dimers. 
At 0.75 ML of Br, two stable reconstructions were observed. 
At 1 ML, one reconstruction was found [18]. Fig. 7 along with 

them.
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Fig. 7: A) and B) For 0.75 ML and C) for 1ML Br on Ge 

with Darker and Brighter Balls Denoting Br and Ge Atoms, 

Adatoms and Ge Surface Dimer Atoms are Marked by Stars 

iv) Br/Cu(111) Structure

Before Br deposition on Cu(111) substrate, bare Cu(111) has 
been imaged by in-situ STM in 0.1 M HClO4 at -0.6 V [21]. 

resolution image shows that Cu (111) has hexagonal lattice with 

atomic rows [21]. LEED pattern for Br is similar to that of Cl 

high 

Fig. 8: (a) An STM Image of Br Adlayer on Cu(111) at -0.05 
V and 5 nA Tunneling Current, in 0.01 M HClO4 + 0.1 mM 
KBr. Tunneling Current was 5 nA. (b) Corresponding LEED 
Pattern (c) c(p  x3R

LEED Pattern for (c). The Images have been Taken from the 

R
structure as the longer side of the rectangular unit cell is shorter 
than 3 times the Cu-Cu distance [21]. The domain boundaries 
and rectangular cell has been shown in Fig. 8 (a).  The p value 
measured on STM image is ~2.6 [21]. Corresponding LEED 
pattern has been shown in Fig. 8 (b) and it looks similar to c(p 

R p value aligns with the STM 
image [21]. A model and corresponding LEED pattern has been 
shown in Fig. 8 (c) and (d).

IV. CONCLUSION

Many studies have been reported on Br deposition and 
formation of different phases on various substrates. In this 
paper, we have reviewed Br deposition on Pt (110), Ni (110), 
Ge (001) and Cu (111). Br deposition on Pt(110) resulted in 
transition of c(2x2) phase to (3x1) phase. Br on Ni (110) study 

and formation of (3x2) reconstruction on higher coverage. 
Deposition of Br on Ge (001) was performed at 0.25 ML, 
0.5 ML, 0.75 ML and 1 ML resulted in many reconstruction 
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the same Ge dimer has lowest energy system and hence most 

R
R30 Understanding of these Br 

phases would aid in making reliable and stable interconnects 
in electronic devices. Also, Br based inorganic perovskites 

these phases can assist in Br interaction within these solar 
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