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Abstract

Black Phosphorus (bP) is the most stable allotrope of phosphorus, first synthesized in

1914 by Bridgman. It was investigated along with other layered materials like GaS, GaSe,

GaTe, graphite, boron nitride and transition metal dichalcogenides for nearly a century.

One important characteristic of these layered materials is that they are composed of two-

dimensional (2D) sheets of covalently bonded atoms that are kept together by van der

Waals forces. Therefore, they were perceived as interesting materials with an ambition

to achieve thinner and thinner materials, up to a single monolayer, called 2D materials.

In 2004, Andre Geim and Konstantin Novoselov demonstrated the first successful prepa-

ration of one-atomic-thin carbon films, called graphene. They used the technique of

scotch tape exfoliation and studied the marvelous properties of graphene, which got

them the Nobel Prize in physics in 2010. With the discovery of interesting properties of

graphene, a search for other 2D materials started. A range of such materials have been

realized since then, like hexagonal boron nitride (h-BN), silicene, germanene, stanene,

and transition metal dichalcogenides (TMDCs). Black Phosphorus (bP) is an important

part of this class of 2D materials, from which phosphorene is exfoliated.

Phosphorene, first exfoliated in 2014, has emerged as an important material. With its

band gap tunable with thickness (from 2.0 eV for the single layer to 0.3 eV for the

bulk), it occupies a special position between zero band gap graphene and high band

gap TMDCs. Anisotropy is another important aspect discovered in its properties like

effective mass, mobility, thermal conductivity, and plasmon resonance. This opens a

gate for potential applications in electronics, photonics, thermoelectrics, and for gas

sensing devices.

Surface studies of bP are quite limited so far. There have been some works reported

showing bP atomic resolution and tunneling spectra on bP surfaces. However, most of

them have been performed on cleaved bulk bP crystals. From a 2D application point of

view, however, it is important to study thin exfoliated bP flakes. The majority of work

reported until now on thin bP flakes concerns electrical transport or optical experiments,

performed on flakes encapsulated in a protective layer. The reason for this is to protect

the material from oxidation upon exposure to air, since bP is known to be highly reactive.

One STM study on a few nanometer-thin bP flake shows surface atomic resolution, but

mainly focuses on the spectroscopic properties of bP. Since surface plays an important

role in nanomaterials due to the high surface-to-volume ratio, it is very important to

understand the surface behavior of such materials.

Here, we have prepared samples on which surface studies on exfoliated bP flakes could be

done. We have prepared samples by exfoliating bP in a glove bag continuously flushed
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with nitrogen, which provides an inert atmosphere and protects the reactive bP surface

from oxidation. We have used graphene on silicon carbide (SiC) as a substrate, which

provides large atomically flat terraces of SiC and a conducting graphene sheet on top

– fulfilling major requirements for scanning tunneling microscopy (STM) experiments.

We mount the sample inside the glove bag and transfer it under inert atmosphere, which

helps in preserving the highly reactive bP surface from oxidation. This is confirmed by

flat, clean, and oxide-free bP surfaces as seen in STM.

We initially started with the investigation of surface behavior with temperature. We

found that 200 ◦C to 300 ◦C is a proper temperature range for cleaning the surface. We

saw defects on the clean bP surface, reported earlier to be the reason for the intrinsic

p-type doping of bP. At 375 ◦C to 400 ◦C, eye-shaped craters started to develop on the

surface due to phosphorus desorption. Meanwhile, we solved an existing debate in the

literature regarding the orientation of the long axis of these elongated craters: along

the crystallographic armchair direction due to an atomic phosphorus desorption mech-

anism, or along the crystallographic zigzag direction due to a molecular P2 desorption

mechanism, both investigated by electron microscopy and diffraction studies. Armed

with the power of atomic resolution imaging enabled by the STM technique, we were

able to resolve smaller craters, which are the seeds of the larger craters reported in

previous studies. With a statistical analysis, we confirmed the specific directionality of

the orientation of these anisotropic craters. Furthermore, with the help of atomic reso-

lution provided by STM, we could directly compare the crater alignment with respect

to atomic arrangement, and found that the long axis of the craters is aligned with the

zigzag direction – thus solving the existing debate in the literature.

bP is intrinsically p-doped. Some works were performed to obtain an n-type behavior

by doping, as it would allow p-type and n-type behavior in the same material, very

useful for basic diode applications. In one paper focusing on devices, copper adatom

doping has been shown to yield n-type behavior, using transport measurements. Here,

we study copper growth morphology on bP. We observed the preference of copper atoms

to occupy atomic vacancies of the bP surface. We also observed an alignment of copper

islands along the crystallographic armchair direction of bP, and a step decoration of

copper islands at bP step edges. With scanning tunneling spectroscopy, we studied the

transfer doping of bP by copper at the local atomic level and found a shift of the Fermi

level in bP from p-type behavior to n-type behavior. We also observed an increase in

the band gap value measured on doped bP, consistent with DFT calculations.
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Chapter 1

Introduction

The field of van der Waals materials has been pursued as a field of interest in material

science research for nearly a century. These materials consist of atomic planes, held

together by van der Waals forces. Layered materials like GaS, GaSe, GaTe and InSe

were investigated. Bassani et al. [1] published a theoretical study of band structure and

optical properties of layer compounds, which were also explored experimentally [2–4].

Detailed reviews of transition metal layer compounds have been presented by Yoffe et

al. [5, 6]. Graphite was recognized as an interesting layered material which attracted ex-

tensive interests to obtain nanometer thin films. 50 nm thin films of graphite were grown

by pyrolysis of methane on single crystalline nickel in 1966 [7]. One to two monolayer

graphite films were grown on LaB6 in 1977 [8]. Monolayer graphite films were reported

by carbon segregation on Ni(111) [9], Pd(100), Pd(111) and Co(0001) [10] and by chemi-

cal vapor deposition technique on metal carbides like TaC(111), HfC(111), TiC(111) and

WC(0001) [11]. Several interesting experimental works were published by Oshima et al.

investigating physical properties like phononic behavior [11, 12], electronic band struc-

ture [1, 13, 14], plasmonic behavior [15], and thickness dependent electronic states [16]

of monolayer graphite. Surface investigation of monolayer graphite on TiC(111) was

performed using scanning tunneling microscopy which showed a moire pattern formed

by the superposition of the 2D atomic structure of graphite and the Ti-layer [17]. Thin

films of hexagonal boron nitride (h-BN) were prepared [18] in which electronic dispersion

on metals were studied [19, 20]. Black phosphorus is another layered material, which was

intensively investigated. It was first prepared by Bridgman in 1914 [21]. Electronic in-

vestigations demonstrated that it is an intrinsically p-type semiconductor with a direct

band gap of ∼0.3 eV. A hole mobility of ∼200 cm2/V·s was reported at room tem-

perature [22]. Other investigations were also reported studying its structural [23, 24],

optical [25–27], electronic [22, 28, 29] and superconducting [30, 31] properties.

1
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One reason for the interest in van der Waals materials was the aim to prepare single

atomic layer-thin materials. Van der Waals materials were perceived as potential can-

didates in which it could be realized since these materials are essentially composed of

layers of single atomic planes bound by van der Waals forces only. The task to exfoliate

these materials was challenging and remained difficult for a long time. However, the

field of 2D materials attracted significant attention after the first successful realization

of graphene by Geim and Novoselov at the University of Manchester in 2004. They

developed the method of scotch tape exfoliation of graphite [32–34], for which they were

awarded the Nobel Prize in 2010 to honour their ”groundbreaking experiments regarding

the two-dimensional material graphene” [35]. With the expansion of the 2D material

family, different materials with a wide range of properties have been realized, from

conducting semi-metal graphene to semiconducting direct-band gap transition-metal

dichalcogenides (TMDCs) [36], and to insulating hexagonal Boron Nitride (h-BN) [37].

2D-Xenes [38], monolayer sheets of group IV-A elements like Silicon, Germanium, and

Tin, called Silicene [39], Germanene [40], and Stanene [41], respectively, have been re-

alized experimentally, and found to have interesting properties like large, tunable band

gap and robust quantum spin Hall states, suitable for applications in the field of room

temperature 2D topological insulators [42], anomalous Seebeck effect devices [43], and

other spintronic applications [44]. Borophene, a monolayer sheet of Boron, has been

synthesized and reported to have a highly anisotropic metallic character [45, 46].

The realization of these members of the 2D family with a wide range of properties paves

the way for the realization of 2D heterostructures [47], in which different 2D crystals

can be stacked on top of each other to make artificial heterostructured materials with

desired properties. In this way, if one member of the 2D family does not fulfill the

requirements, another member can be called upon to complement it and provide the

desired performance. Black phosphorus (bP), which is the second elemental material to

be exfoliated [48, 49], serves an important role in this regard. Bulk bP has a direct band

gap of ∼0.3 eV, which can be tuned to ∼2.0 eV by decreasing the number of layers to a

single monolayer of bP [50, 51]. With this range of values of band gap, it fills the void

between zero band gap graphene and high band gap TMDCs [52]. Anisotropic crystallog-

raphy imparts anisotropy to its optical [53], electronic [54] and thermal properties [55],

which further adds to its virtuosity. Even when used independently, many practical

applications have been realized for bP in electronics [48, 53, 56, 57], photonics [58–60],

thermoelectric [61, 62] and gas sensing [63] devices.

I have focused my thesis on the surface properties of few atomic layer thin exfoliated

bP flakes. This is interesting from a 2D materials application point of view, since a 2D

material is essentially just a surface. However, the high reactivity of bP makes such an

investigation challenging, which can be understood from the fact that surface studies on
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bP till now are severely limited. The main challenge in carrying out such investigations is

the preparation of thin bP samples whose surface remains preserved. We have developed

a strategy to solve this problem in a quite easy and inexpensive way, by using a glove

bag which provides an inert atmosphere. The effectiveness of our sample preparation

protocol is reflected by the high quality of STM images of the bP surface achieved in

our experiments. Any such study that deals with surface studies of exfoliated bP flakes

is interesting and important because it provides a simple and smart way to cope with

the difficulty currently experienced by the community.

Since most synthesis methods and conventional device processing techniques require a

high temperature treatment, it is essential to understand temperature dependent surface

morphological changes of bP. Being able to prepare high quality surfaces of exfoliated

thin bP samples suitable for surface investigations, we have carried out such experiments.

Meanwhile, we found an existing debate in the literature regarding anisotropic craters

on the bP surface and their elongation direction with respect to the crystallographic

directions of bP, which we have solved taking advantage of the power of atomic resolu-

tion provided by STM. This gives interesting insights into the underlying phosphorus

desorption mechanism resulting in anisotropic crater formation due to annealing.

bP is intrinsically p-type doped due to atomic vacancies [64]. Koenig et al. [65] has shown

by transport measurements n-type doping in thin flakes of bP due to copper deposition.

This n-type doping is important for applications of bP as a semiconductor. However, the

physical morphology of copper deposited on bP in the study is not reported. We have

performed such an investigation to shed light on changes in the morphology of copper

on bP as well as on the electronic band structure of bP. We observe a shift of the Fermi

level from p-type to n-type due to copper deposition and an increase in the band gap

value measured on copper doped bP. Our study also provides an investigation at the

nanometer level of doping caused by copper.

This thesis is organized in six chapters. This Chapter 1 presents an introduction to

the work on surface investigations of exfoliated pristine and doped bP conducted by

STM in an UHV environment presented in this thesis. Chapter 2 gives an overview

of the reported results in literature, to understand the current state of the art of bP

surface and doping studies. Chapter 3 explains the details of the various techniques

used to perform experiments, like the basics of scanning tunneling microscopy, sample

fabrication, and sample characterization techniques. Chapter 4 discusses the results

obtained investigating the thermal properties of pristine bP surfaces. Chapter 5 discusses

the morphological aspects of the growth of copper on bP as well as the electronic effect

of copper on bP at the atomic level. Finally, Chapter 6 wraps up the thesis by providing

a summary of all experiments and discusses future directions from this work.
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Chapter 2

State of the Art

2.1 Recent advances in black phosphorus (bP)

Black Phosphorus (bP) is the most stable allotrope of phosphorus. The crystallographic

structure of bP is very similar to graphite. Each phosphorus atom is strongly bonded

to three other phosphorus atoms lying in the same layer, and each layer is only weakly

bonded to the other layers through van der Waals forces. But a phosphorus atom has

five electrons in its valence band. With three of them bonded to three other phosphorus

atoms, the remaining two electrons form a lone pair, making each phosphorus atom in

bP sp3 hybridized, in contrast to graphite where each carbon atom is sp2 hybridized.

Also, because of the presence of a lone pair on each phosphorus atom, these three bonds

do not lie in the same plane. Because of the repulsion of the three bonds by the lone

Figure 2.1 Schematics showing bP crystallography. (a) Side view of bP crytal lattice.
Two different bond lengths are shown. (b) Orthorhombic unit cell of bP. Unit cell
parameters are shown. (c) Top view of bP in which single layer of bP is shown. The
zigzag and armchair directions are indicated. (a) and (c) are adapted from ref. [52].
(b) is reproduced from ref. [66].

6
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Figure 2.2 Number of academic papers published in more than two decades in which
the term ’black phosphorus’ or ’phosphorene’ is mentioned in the title, abstract or
keyword. The graph is plotted using data extracted from Scopus.

pair, a single layer of phosphorus in bP is not flat as graphene, but instead it is buckled,

such that a single layer of bP has phosphorus atoms in two planes [52, 66], as shown

in Fig. 2.1(a), which shows a schematics of a bP crystal. Each layer can be seen to

have phosphorus atoms in two different planes, which illustrates that each layer of bP

is buckled. A crystal of bP has an orthorhombic unit cell, as shown in Fig. 2.1(b), with

unit cell parameters a = 3.313 Å, b = 10.473 Å, and c = 4.374 Å [66]. Fig. 2.1(c) shows

the top view of a single layer of bP. The crystallographic armchair and zigzag directions

are indicated, with reference to the unit cell directions.

Black Phosphorus was first prepared by Bridgman in 1914 [21], by applying a pressure of

∼ 12000 bar to white phosphorus at 200 ◦C. Subsequent experiments demonstrated that

bP is thermodynamically more stable than other allotropes of phosphorus [67, 68]. Elec-

trically, bulk bP is an intrinsically p-type doped semiconductor with a high hole mobility

of ∼200 cm2/V·s at room temperature [22]. Research on bulk bP remained steady in fol-

lowing decades, unraveling its structural [23, 24], optical [21, 25–27], phonon [29, 69, 70],

superconducting [30, 31] and electrical [22, 25, 28, 29, 71] properties. However, these

early works on bP did not attracted much attention probably due to the dominant role

of silicon.
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Figure 2.3 Marvelous bP properties. (a) Band gap of bP is shown, lying between
zero band gap graphene and high band gap TMDCs. (b) Polarization-resolved infrared
relative extinction spectra of bP thin film. The directions of light polarization are
indicated in inset, which shows an optical micrograph of around 30 nm thick bP flake
(scale bar: 20 µm). (c) Anisotropy in hall mobility measurement. µx is 1.8 times larger
than µy. (a) is reproduced from ref. [52]. (b) and (c) are adapted from ref. [53].

With the realization of graphene in 2004 by Novosolov and Geim [32], for which they

were awarded the Nobel prize in 2010, a new field of research started in materials sci-

ence: the field of van der Waals materials. In an attempt to discover other such materials

similar to graphene, bP got a renewed interest because of its layered crystal structure,

where layers are weakly bonded by van der Waals forces, similar to graphite. Real-

ization of phosphorene, a single layer of black phosphorus, by exfoliating bP crystals

marked its entry into the family of van der Waals materials in 2014 [48, 49]. Since

then, many research efforts have been focussed to explore band structure [51, 72, 73],

strain [55, 74–79], defects [80], and intercalation [81] in bP. New studies probing novel

physical properties [82] and characterization methods [83–85] as well as applications

related to electronic [48, 50, 53, 56, 57, 86–88], photonic [58–60, 89–92], thermoelec-

tric [61, 62], and anisotropic [93–95] properties of bP have been reported. Different

structural varieties of bP like blue phosphorus [96], phosphorus nanotubes [97], phos-

phorus nanoribbons [98–102], stacked bilayer phosphorus [103], and hybrid structures of
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Figure 2.4 Optical microscopy images showing bP degradation on exposure to air. (a)
Exposed for 30 min, 1 hour and 24 hours. Droplet-like structure become visible just
after 1 hour of exposure. (b) Freshly prepared sample, and (c) exposed for 2 weeks –
flake almost disappeared [49].

bP and other 2D materials [89, 100] have also been investigated. The recent boom in bP

research can be seen in the graph shown in Fig. 2.2, which shows the sudden increase

after 2014 in the number of publications which mentioned the words ’black phosphorus’

or ’phosphorene’.

As a result of renewed interest in this material, many interesting properties have been

discovered in bP. bP is intrinsically p-doped [22]. Kiraly et al. [64] have performed

an STM investigation of bP and related its intrinsic p-type doped to atomic vacancies.

In the bulk, it has a direct band gap of ∼0.3 eV, which can be tuned to ∼2.0 eV by

decreasing the number of layers to single monolayer bP [50, 51]. With this value of

band gap, it occupies a very important position among the 2D materials, filling the void

between zero band gap graphene and high band gap transition metal dichalcogenides

(TMDCs) [52], as shown in Fig. 2.3(a). The crystallographic anisotropy of bP also results

in many interesting properties, imparting anisotropy to optical properties and carrier

mobility, as shown in Fig. 2.3(b) and (c), respectively [53]. A theoretical simulation has

predicted bP to have the direction of maximum thermal conductivity orthogonal to the

direction of maximum electrical conductivity [55]. This orthogonality in the prominent

electronic transport direction (armchair) and the prominent heat transport direction

(zigzag) could significantly improve the efficiency of thermoelectric devices and give an

interesting turn in the field.

However, even being the most stable allotrope of phosphorus, bP is a very reactive

material. It shows thickness dependent surface instability in air because of the combined

effect of water, oxygen, and light [104–106]. A study by Castellanos-Gomez et al. [49]

shows the degradation of a bP flake over time on exposure to ambient atmosphere, as

shown in Fig. 2.4. This constitutes a major challenge for the use of bP in practical device

application. So, an investigation of bP surfaces to thoroughly understand its properties
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Figure 2.5 First STM on bP. (a) First atomic resolution of bP surface. The zigzag
rows corresponding to phosphorus atoms in the upper plane can be recognized along
[100] direction. Scanning parameters: (0.02 V, 5 nA). (b) 80 nm × 80 nm STM images
of bP showing a 20 nm × 20 nm pit formed on bP by scanning for 2 min at (0.2 V, 1 nA)
while bP was exposed to air. The height profile across the pit shown at the top of the
image shows that the pit is 1 nm deep. Adapted from ref [107].

is very important. Also, if seen from a 2D material application point of view, a 2D

materials is essentially just a surface. And so it is extremely important to study bP

surfaces well, to make way for future developments for practical applications of single

layers of bP.

2.2 bP surface characterization by STM

The first scanning tunneling microscopy investigation of the bP surface was performed in

1992 by the group of Yau et al. [107]. They studied a bP crystal exposed to ambient air

while scanning, and measured atomic resolution on bP for the first time. Figure 2.5(a)

shows the zigzag rows of phosphorus atoms lying in the upper plane of the top layer of

bP. However, due to bP degradation in ambient air, the bP surface was getting oxidized

very quickly. The presence of oxygen and water also induced a chemical reaction with

the tip, causing an etching of the bP surface while being scanned. This is shown in

Fig. 2.5(b) where a pit can be seen produced by scanning for 2 minutes.

Realizing the need of clean environment to preserve bP surfaces, later experiments to

investigate bP were carried out in ultrahigh vacuum (UHV). A study by Zhang et al. [108]

shows a more stable and clear STM image of the bP surface obtained by cleaving a bulk

crystal measured and at 4.3 K, as shown in Fig. 2.6(a). Individual atoms lying in the

upper plane of the bP surface can be clearly identified. Zhang et al. [108] also performed
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Figure 2.6 STM inside UHV. (a) Atomic resoltion of bP surface achieved in UHV at
4.3 K. A schematics of bP crystal structure is also shown. Only the phosphorus atoms
lying in the upper plane of top layer of bP, indicated in white in the schematics, are
visible in a STM image. These atoms form rows of zigzag chains, as seen in the measured
image. A blue dashed rectangle indicating unit cell and a white dashed circle indicating
a phosphorus vacancy are also shown. Scanning parameters: (-1.3 V, 0.157 nA). (b)
Differential conductance measurement showing a band gap of ∼0.4 eV and a surface
state at -0.17 eV. Adapted from ref. [108].

spectroscopic measurements showing a band gap of 0.3 eV, as shown in Fig. 2.6(b).

Several other works have also reported STM investigations of high quality, with measured

unit cell parameters and band gap values consistent with previously reported values [64,

109]. Other aspects important for the bP surface like single atomic vacancies, impurities,

and hydrogenation and phosphorization of oxygenated bP have also been explored using

STM [64, 110–112]. A recent work has investigated exfoliated thin flakes of bP using

STM [113]. Liu et al. have shown an atomic resolution image of the surface of a thin bP

flake, but the main part of the report focussed on spectroscopic and transport properties

of these thin bP flakes for giant Stark effect investigations.

2.3 bP surface desorption

Even though there are no reports of STM investigations of the temperature-dependent

surface behavior of bP, two experiments have been reported which evaluate this behavior

using other characterization techniques. A work by Liu et al. [114] from 2015 studied

exfoliated bP surface degradation with temperature using scanning and transmission

electron microscopy measurements. They observed that thin bP flakes start desorbing

in vacuum at ∼400 ◦C, in contrast to the 550 ◦C reported earlier for bulk bP. The

decomposition initiates via anisotropic eye-shaped craters and proceeds by enlargement
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Figure 2.7 Craters aligned along the armchair direction. Eye shaped crater forma-
tion and growth on annealing at 400 ◦C for 5, 8, and 12 minutes shown in (a), (b), and
(c) respectively. (d) Selective area diffraction (SAD) pattern showing the alignment of
eye-shaped craters along the armchair direction. (e)-(j) Model illustrating crack prop-
agation by sublimation of unsaturated P atoms, leading to anisotropic crater aligned
along the armchair direction. Adapted from ref. [114].

of these craters. Figures 2.7(a), (b), and (c) shows such a process measured on a flake

heated at 400 ◦C for 5, 8, and 12 minutes, respectively. The smallest crater shown in

Fig. 2.7(a) has a dimension of about 650 nm × 400 nm, measured using the scale in

the image. A selective area diffraction (SAD) measurement, as shown in Fig. 2.7(d),

was performed to determine the direction of the long axis of these craters relative to the

crystallographic directions of bP. Liu et al. [114] report that the long axis of anisotropic

craters aligns along the armchair direction.

To understand the mechanism underlying the formation of these anisotropic craters,

Liu et al. [114] performed a simplistic modeling, as shown in Figs. 2.7(e)-(j). They
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Figure 2.8 Craters aligned along the zigzag direction. (a)-(h) Bright-field LEEM
snapshots showing anisotropic hole expansion recorded at an interval of 2 seconds at
486 ◦C, 488 ◦C, 490 ◦C, 491 ◦C, 493 ◦C, 495 ◦C, 497 ◦C, and 499 ◦C, respectively.
(i) LEED pattern identifying the crystallographic direction of bP, and indicating an
alignment of elongated craters along the zigzag direction. Schematics showing different
configurations of (j) atomic P desorption, and (k) molecular P2 desorption for which ac-
tivation energies are calculated using DFT. The calculated values are shown in Table 1.
Results obtained from KMC simulations for the removal of 106 atoms to form craters
by (l) atomic P desorption mechanism, and (m) molecular P2 desorption mechanism,
compared with the experimental result shown in (n). Adapted from ref. [115].
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started from a single phosphorus vacancy shown in Fig. 2.7(e). Due to this vacancy,

three P atoms which were bonded directly to the atom at the vacancy site, have become

unsaturated1. Regular P atoms are indicated in blue in Fig. 2.7, and unsaturated P

atoms are indicated in colors other than blue. There are three kinds of unsaturated P

atoms that can be formed on a bP surface: (a) P atoms with only one bond, bonded

with only one other P atom (green), (b) P atoms with two bonds, bonded with two other

P atoms, both lying in the same plane (orange and yellow), and (c) P atoms with two

bonds, bonded with two other P atoms, lying in different planes (red). Liu et al. [114]

assume the order of removal of these unsaturated P atoms as: (a) desorb first, then

(b), and finally (c). This leads to the formation of an anisotropic crater starting from a

single atomic vacancy, with the crater aligned along the armchair direction.

A second study investigating the desorption of phosphorus from the surface of bP has

been reported by Fortin-Deschenes et al. [115] in 2016. They have observed the formation

of similar elongated craters on exfoliated thin bP flakes above (375 ± 20) ◦C using low

energy electron microscopy (LEEM). The desorption initiates via anisotropic eye-shaped

craters and proceeds by enlargement of these craters. Figures 2.8(a)-(h) show such a

process. The crater marked in Fig. 2.8(d) has a dimension of about 400 nm × 200 nm,

measured using the scale in the image, which is of same order as compared to the craters

reported by Liu et al. [114]. A low energy electron diffraction (LEED) measurement was

performed by Fortin-Deschenes et al. [115] to determine the long axis of these craters

relative to the crystallographic directions of bP, which revealed that the long axis of

these anisotropic craters aligns along the zigzag direction, as shown in Fig. 2.8(i). This

result is inconsistent with the result of Liu et al. [114].

To understand the mechanism underlying the formation of these anisotropic craters,

Fortin-Deschenes et al. [115] calculated the activation energies for the removal of P

and P2 in different configurations from bP nanoribbons using density functional the-

ory (DFT) calculations. Figures. 2.8(j)-(k) show different configurations of P and P2

removal, and Table 1 in Fig. 2.8 shows the computed values of activation energies for

these processes. These computed activation energies were used in a kinetic Monte Carlo

(KMC) simulation of crater formation by removal of 106 atoms. The results obtained

from kinetic Monte-Carlo (KMC) simulations is shown in Fig. 2.8(l) for atomic P des-

orption and in Fig. 2.8(m) for molecular P2 desorption. Fig. 2.8(n) shows an enlarged

image of a measured crater for comparison to the results obtained from simulations.

The simulated result for P2 desorption gives craters with sharp tips, more similar to the

ones measured. Also, the activation energies calculated using DFT for P desorption are

1A regular P atom on the bP surface forms three bonds, one each with three other P atoms. An
unsaturated P atom is one which is bonded to less than three other P atoms, forming less than three
usual bonds, which leaves one or more bond of this P atom unsaturated.



State of the Art 15

significantly higher than those for P2 desorption. Thus, Fortin-Deschenes et al. [115]

conclude that the preferred mechanism for crater formation is P2 desorption. The re-

sults reported by Liu et al. [114] and by Fortin-Deschenes et al. [115] do not agree with

each other and leave the debate of the layer-by-layer desorption of bP as an open field.

2.4 bP doping studies

Doping is an important technique in standard semiconductor industries used to tailor

the electronic properties of intrinsic semiconductors. Some impurities are intentionally

added to the crystal lattice sites of bulk semiconductors which modulates its electrical,

optical and structural properties. This is called substitutional doping. In 2D materials,

doping can be achieved by several other means also, like gating, in which an applied

bias to the gate modulates the charge carrier density in the material. Transfer doping is

another way to dope a 2D semiconductor, in which the impurities are introduced through

physical or chemical adsorption on the surface of the 2D semiconductor, resulting in a

transfer of electrons at the surface. A material with relatively higher tendency to accept

electrons causes p-type doping, while those with relatively higher tendency to donate

electrons cause n-type doping to the 2D semiconductor.

With high mobility and favorable band gap, bP is seen as a promising candidate for

future electronic devices. Therefore, several theoretical works have been reported focus-

ing on doping of bP. A detailed theoretical DFT calculation has predicted the behavior

of a range of elements substitutionally doped in phosphorene [116]. First studying the

role of a single atomic vacancy, their calculation indicates that a missing P atom causes

p-type doping. On substitution, Au, Pt, C, O, S, F, and I cause p-type doping, while Li,

Na, Ag, Pd, Fe, Co, Ni, Pb, Al, and Bi cause n-type doping. Out of these, C causes the

strongest p-type doping, and Bi the strongest n-type doping. Another theoretical study

has investigated using DFT calculations the effective doping of monolayer phosphorene

by surface adsorption of 27 different adatom species and predicted the following materi-

als to cause p-type doping: Pd, Ga, Al, In, Si, Cu, Pt, F, Br, Ge, O, Cl, S, Sn, Au, Ag,

and As; and the following materials to cause n-type doping: K, Na, Mg, Ca, Ti, Ni, N,

Li, Fe, and C, in decreasing order of effective charge transfer [117].

Experimental investigations of substitutionally doped bP using several materials have

been reported. Akahama et al. [22] in 1983 reported an investigation of bulk bP substi-

tutionally doped with Te. They reported p-type conduction in pristine undoped bP with

effective acceptor concentration of 2− 5× 1015 cm−3, and n-type behavior in tellurium-

doped bP, with effective donor concentration of 2− 3× 1016 cm−3. A recent experiment

by Yang et al. [118] investigating 7 nm and 9 nm thin flakes of substitutionally doped
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Figure 2.9 ARPES study of potassium doping on bP. (a) A Schematics of bP crystal.
Band structure of (b) pristine bP, (c) bP in initial stages of potassium doping and (d) bP
with higher potassium doping. Experimentally measured band structure using ARPES
at 15 K of bP with increasing amount of potassium. Band gap increases initially for
lower amount of potassium while at higher amount of potassium, it becomes a zero-
gap semimetal. It also shows an n-type doping caused by potassium. Adapted from
ref. [120].

bP with tellurium, has observed p-type behavior even in tellurium-doped bP, in contrast

to the reported transformation of bP from p-type to n-type by doping with tellurium

reported in the former work. Xu et al. [119] studied substitutional doping of bP by sele-

nium. They have grown centimeter-scale selenium doped bP crystals with controllable

doping contents using a mineralizer-assisted gas-phase transformation method and pre-

pared field effect transistors (FETs) after exfoliating these bP crystals for their electrical

characterization. They found that selenium-doped bP devices exhibit p-type behavior.

Recently some works have focused on surface transfer doping of bP. Sanna et al. [121]

investigated transfer doping on bP by lithium. They have evaporated ∼1/8 ML of

lithium on bulk bP cleaved in-situ and studied its influence on the band gap of bP by

angle-resolved photoemission spectroscopy (ARPES) measurements. They found that

lithium causes a strong n-type doping of the surface of bulk bP. It moves the Fermi level

into the conduction band and causes the metallization of the bP surface.

Kim et al. [120] investigated transfer doping of bP by potassium. They have evaporated

potassium on bulk bP cleaved in-situ in increasing amounts and observed its effect on the

bP band gap using ARPES measurements at 15 K. For low potassium deposition of 0.06
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Figure 2.10 STM study of potassium doping on bP. (a) Pristine bP surface with
atomic resolution shown in inset. Scanning parameters: (-0.4 V, 0.02 nA), scale bar:
10nm. (b)STM image of bP measured at 4.4 K with potassium deposited at 4.4 K.
STM images of bP measured at 4.4 K with potassium deposited at 4.4 K and annealed
at (c) 5.6 K, and (d) 8.0 K. Scanning parameters: (-1.0 V, 0.003 nA), scale bar: 20nm.
The potassium atoms align along armchair direction on annealing to 5.6 K. STS mea-
surement showing (e) p-type doping in pristine bP, and (f) n-type doping in potassium
doped bP. Adapted from ref. [122].

ML, they observed a slight n-type doping and band gap broadening, resulting in a band

gap of ∼0.6 eV. However, with increasing potassium amount, they observed a band gap

closing, such that at 0.36 ML of potassium, the conduction band and the valence band

crossed, causing a semiconductor-semimetal transition, as shown in Figs. 2.9. Apart

from a trivial shift in the Fermi level, they also observed a significant band structure

modification caused by doping.

Kiraly et al. [122] recently reported an STM investigation of transfer doping of potassium

on bP at 4.4 K, as shown in Fig. 2.10. They deposited potassium using a SAES getter

source on bulk bP cleaved in-situ. For an amount of potassium deposition thousand

times lower than in the former study by Kim et al. [120], they reported an n-type

doping of bP, based on scanning tunneling spectroscopy measurements and ARPES.

They have also studied the morphology of potassium on the bP surface and found that
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Figure 2.11 Transport study of copper doping on bP. (a) Optical image of FET
device with 10 nm bP flake on hBN. Scale bar: 10 µm. (b) Four-point conductance
versus gate voltage at room temperature before (red) and after (blue) copper doping.
The inset shows the same data on a logarithmic scale. Copper causes an n-type doping.
(c) Electron and hole mobilities before and after copper doping. Presence of copper
does not degrades the transport properties. Adapted from ref. [65].

potassium adatoms have a lower diffusion barrier along the zigzag direction than along

armchair direction. Kiraly et al. also found that the potassium atoms tend to align

along the armchair direction.

Koenig et al. [65] investigated transfer doping on bP by copper. They deposited copper

in a DC sputtering system on exfoliated bP flakes. They fabricated field effect transistors

(FETs) from these flakes and studied the influence of the copper deposition on the band

structure of bP using transport measurements at room temperature and low temperature

(5 K), as shown in Fig. 2.11. They observed that copper causes n-type doping to bP

and also noticed that doping by copper does not degrade the transport properties of the

bP devices.

2.5 Discussion

bP has been revived as a material of significant importance after the emergence of

the field of 2D materials due to its direct band gap, its layer dependent band gap

tunability, and its anisotropic properties. The high surface reactivity of bP poses a

major drawback for research and practical applications of bP, but on the other hand

it encourages surface investigations to obtain a proper understanding of the surface

properties of bP. Several studies have reported surface investigations of bP using STM,

showing atomic resolution on the bP surface. Some other aspects of bP surfaces has also

been explored in these studies, like defects, vacancies, hydrogenation, phosphorization,

and spectroscopy on surfaces of bP. However, most of these studies used surfaces of bulk

bP cleaved in-situ to conduct such investigations, rather than few layer thin bP flakes.

The prime reason behind this is the high reactivity of the bP surface, which makes it

very difficult to prepare exfoliated bP flakes with a clean surface. The thinner flakes are

more reactive and degrade very quickly, because of which works on thin flakes of bP are
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mostly investigated by transport or optical measurements, after capping the bP surface

by PMMA or other materials to protect the bP surface. But 2D applications require

more surface investigations of thin bP flake samples. A recent study reported STM on

exfoliated thin bP flakes, but their investigation focused on transport and spectroscopic

aspects, not on surface morphology.

The evolution in surface morphology with temperature is another important aspect that

needs to be understood, since device processing requires high temperature treatments.

Two experiments have been reported which studied such a behavior of thin bP flakes by

electron microscopy. Both have observed initiation of phosphorus desorption at ∼400 ◦C

leading to anisotropic craters on the bP surface. These craters have been observed to

be aligned along the crystallographic armchair direction by one group and along the

crystallographic zigzag direction by the other group, both based on diffraction data.

Also, the mechanism behind the formation of these craters as presented by the two groups

is contradictory to each other. The former group reports atomic phosphorus desorption

while the latter group reports molecular P2 desorption. So, there exists a debate in

literature regarding the understanding of crater formation. An STM investigation of such

craters with atomic resolution could resolve this debate. Also the surface morphology

behavior presented in both studies lacks the high resolution provided by STM.

Substitutional and transfer doping of bP has attracted a huge interest. These topics were

investigated especially in transport and ARPES measurements. Substitutional doping

of bulk bP and exfoliated bP with tellurium has resulted in n-type and p-type doping,

respectively, which indicates that bulk and exfoliated bP behave differently to doping.

Transfer doping of exfoliated bP by potassium has shown that the presence of doping

does not only cause a Fermi level shift, but also significant changes in band structure of

bP, like band gap opening and closing with increasing amount of potassium. Another

work on transfer doping by potassium of bulk bP cleaved in-situ has studied surface

morphology of potassium adatoms on the bP surface and observed that the preferential

direction for diffusion of potassium atoms on bP is along the zigzag direction, while they

tend to align along the armchair direction. A recent work studying transfer doping of

exfoliated bP by copper using transport measurements has found that copper causes an

n-type doping of bP. They have also observed that doping by copper does not degrade

the electronic properties of bP. But an understanding of the morphology of copper on bP

surfaces is still missing. An STM study, like the one performed for potassium deposited

on bP, can provide the morphology study of copper deposited on bP and complement

the transport studies. Furthermore, scanning tunneling spectroscopy can provide an

understanding of the doping induced by copper at the atomic level.





Chapter 3

Methods

Thorough understanding and reproducibility are the keys to progress in science. Keeping

these aspects in mind, in this chapter we discuss the details of the processes performed

during the experiments, in order to make the reader understand each aspect of the

experiment more clearly, and also to facilitate reproducing the work if necessary.

3.1 Scanning Tunneling Microscopy (STM)

3.1.1 STM basics

The technique of scanning tunneling microscopy was invented by Gerd Binning and

Heinrich Rohrer in 1981 at IBM Zurich, for which they were awarded the Nobel prize

in 1986. As the name indicates, a scanning tunneling microscope uses the principle of

quantum tunneling [123], in which a tunneling current flows between tip and sample

when they are brought to close proximity. A metallic tip is gradually brought very

close to the sample surface, with a potential difference applied between the tip and the

sample. The movement of the tip is driven by a piezoelectric motor and controlled by

a feedback loop which depends on the current between tip and sample. When the tip

is far away from the sample surface, no current is detected, since the circuit is open,

and so the tip keeps moving towards the sample in nanometer steps. Once it reaches

within Angstrom distance to the surface, a current is detected. This current is due to

the electrons tunneling across the vacuum potential barrier, thus completing the circuit

which causes the feedback loop to stop any further tip advancement. Then the tip

is scanned over the sample parallel to the surface. In constant height mode of STM

scanning, the tunneling current collected at different points during scanning gives the

information regarding the surface. On the other hand, in constant height mode of STM

21
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Figure 3.1 Schematics showing different STM scanning modes. (a) Constant height
mode – tip moves horizontally at constant height from the sample, as indicated by the
tip path. (b) Constant current mode – the feedback loop maintains a constant current
so that the tip follows the surface morphology.

scanning, the tip is scanned with a particular voltage and current setpoint. The feedback

loop monitors and adjusts the height of the tip from the surface to maintain the current

constant. The resulting variation in height at different points on the surface gives the

morphology information. The schematics in Fig. 3.1 illustrates the two modes of STM

scanning.

With a lateral resolution of 0.1 nm and a depth resolution of 0.01 nm, individual atoms

within a material can be imaged and manipulated using STM. This high resolution in

STM is facilitated because of the exponential dependence of tunneling current I on the

distance d between tip and sample [123]:

I ∝ e−2κd, (3.1)

where κ is a decay constant, which is ≈11.4 nm−1 for work function of 5 eV. The

schematics shown in Fig. 3.2 illustrates the high resolution of STM. Figure 3.2(a) shows

the exponential decay of tunneling current with increasing distance. Figure 3.2(b) il-

lustrates that when the tip is positioned over an atom on the surface of the sample

while scanning, the distance of the tip from that atom is slightly smaller than the dis-

tance of the tip from neighboring atoms. Due to this, the contribution to the tunneling

current is almost entirely due to the closest atom and negligible from the neighboring

atoms, which means that we collect signals from individual atoms at a time. Plotting

the tunneling current against scanning coordinate enables visualization of the surface

with atomic resolution, as shown in Fig. 3.2(c).
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Figure 3.2 Schematics illustrating high resolution in STM due to tunneling. (a)
Exponentially decreasing tunneling current with increasing distance between the tip
and the sample. (b) Distance of the tip from the atom directly below it is only slightly
smaller compared to the neighboring atoms. But because of exponential dependence,
the tunneling current from the atom directly below it is much more than that from
the neighboring atoms. (c) The red line shows the current collected by a tip moving in
constant height mode. Plotting this current enables to differentiate between individual
atoms and gives atomic resolution. In case of constant current mode, the red line
would be the trajectory of tip in z-direction. Then plotting z would give the same
atomic resolution.

Figure 3.3 Schematics illustrating Scanning Tunneling Spectroscopy. Energy band
diagram for the tip and the sample when: (a) the tip is far away from the sample and
they are not intercating, (b) the tip is at small distance from the sample and they are
at equilibrium, (c) a positive bias is applied to the sample, such that the electrons flow
from the filled states of the tip to the empty states of the sample, and (d) a negative
bias is applied to the sample, such that the electrons flow from the filled states of the
sample to the empty states of the tip. The direction of flow of electron is also indicated
by an arrow in (c) and (d). (e) A STS measurement in which voltage applied between
the tip and the sample is swept. The density of states of a metallic tip is constant.
So, the differential conductance represents the density of states of the sample. (a)-(d)
adapted from ref. [124].
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3.1.2 Fundamentals of Scanning Tunneling Spectroscopy

Scanning tunneling spectroscopy is another important measurement that can be carried

out with the help of a STM. It is useful to understand the electronic structure of the

sample. During this measurement, the scanning is stopped and the feedback is paused,

such that the tip stays at a fixed distance from the sample, and then the voltage applied

to the tip is swept. The changing current as a result of sweeping the voltage is recorded.

Figure 3.3 shows a schematics of one such measurement. According to Bardeen’s for-

malism, the tunneling current between tip and sample is given by [125, 126]:

I =
2πe

~
∑
t,s

f(Et)[1− f(Es + eV )] |Mt,s |2 δ(Et − Es), (3.2)

where f(E) is the Fermi function, | Ms,t | is the tunneling matrix element between

the states of the tip and the sample, and V is the applied bias voltage between tip

and sample. Equation (3.2) essentially means that the tunneling current is the sum of

individual tunneling events between the filled states, f(Et), of the tip and empty states

of the sample in the energy range between Es and Es + eV , when a positive bias V is

applied to the sample, and opposite for negative bias. Assuming small bias voltage and

replacing the Fermi functions with step functions (for sharp cutoff at EF between the

filled and empty states) assuming low temperature, the equation is simplified to [123]:

I =
4πe

~

∫ eV

0
|Mt,s |2 ρt(Ef (t)− eV + ε)ρs(Ef (s) + ε)δε, (3.3)

where ρ is the density of states. Assuming constant matrix elements in the range of

values measured, it can be further simplified to [125]

I ∝
∫ eV

0
ρt(Ef (t)− eV + ε)ρs(Ef (s) + ε)δε, (3.4)

which shows that the tunneling current is proportional to the density of states of the

sample and the tip. Thus, the differential conductance reads [123]:

dI

dV
∝ ρt(Ef (t)− eV + ε)ρs(Ef (s) + ε)δε. (3.5)

Assuming a constant density of states for the tip as shown in Fig. 3.3(e), which is true for

the metals used to make tips, Equation (3.5) implies that the differential conductance

is proportional to density of states of the sample, as illustrated in the schematics in

Fig. 3.3(e).
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Experimentally, this is measured directly using a lock-in amplifier. A small high fre-

quency sinusoidal signal, Vmod, is superimposed to the DC voltage being swept while

acquiring tunneling spectra. The modulation in sweeping voltage causes a sinusoidal

response in the tunneling current being recorded. The lock-in then uses the modulation

frequency to remove the noise from the signal. Dividing the output signal dI from lock-in

by Vmod gives the differential conductance, dI/dV.

Figures 3.3(c) and (d) demonstrate that a positive bias applied to the sample (or a

negative bias applied to the tip) corresponds to a signal due to empty states of the

sample, while a negative bias applied to the sample (or a positive bias applied to the

tip) corresponds to a signal due to filled states of the sample. In our system, the bias

is applied to the tip. This means that a positive bias corresponds to filled states of the

sample and a negative bias to empty states of the sample. So, when we investigate the

differential conductance of bP, the signal at negative bias of the sweep corresponds to

the conduction band of bP, and the signal at positive bias of the sweep corresponds to

the valence band of bP.

3.1.3 The Omicron STM system

In our lab, we use an Omicron low temperature scanning tunneling microscope (LT-

STM), as shown in Fig. 3.4. All our measurements have been performed using this system

at room temperature. The STM head is placed in an ultra high vacuum (UHV) environ-

ment with pressure ∼ 10−10 mbar. An UHV environment is an integral part of surface

science investigations. UHV is a vacuum regime with pressure lower than∼10−9 mbar. A

pressure of 10−9 mbar corresponds to a molecular density of ∼10−7 cm−3, which requires

∼1 hour to form a monolayer of adsorbed gases on a clean surface with sticking coeffi-

cient of one at room temperature [127]. In our system with base pressure in 10−11 mbar

range, it corresponds to a few days for which our sample surface remains clean. Such a

condition is very important to keep the sample surface clean during studies. To achieve

such a low pressure, the whole system is baked for 48 hours at 150 ◦C, being pumped

simultaneously by continuously running scroll and turbo molecular pumps. This process

is called bake-out. It helps with out-gassing of water vapor and other gases adsorbed on

the surface of the chamber. After bake-out is over and the system is cooling down, ion

pumps are started which helps in reaching the desired pressure of low ∼10−10 mbar.

As shown in Fig. 3.4, the system is equipped with a loadlock chamber, a preparation

chamber, and an analysis chamber. The loadlock chamber is used to exchange samples

and tips without breaking the vacuum in the main chambers. To insert a sample, it is

first put into the loadlock chamber, which is then pumped with a turbo pump supported



Methods 26

Figure 3.4 All STM measurements were performed on Omicron LT-STM system at
room temperature. It has three chambers: loadlock chamber, preparation chamber and
analysis chamber, indicated in the image. Loadlock chamber is used for inserting or
taking out the sample or the tip. Preparation chamber is maintained at ∼ 10−10 mbar
and is equipped with various tools like a metal evaporator, a sputter gun, a low energy
electron diffraction (LEED) system, a residual gas analyzer, and an annealing stage,
which is useful for in-situ processes on sample surfaces. Analysis chamber is maintained
at ∼ 10−11 mbar and it hosts the STM head. All STM measurements are performed in
this chamber.

by a scroll pump, until the pressure in the loadlock reaches below ∼ 10−7 mbar. Once

it has reached the desired pressure, the sample is transferred onto the manipulator in-

side the preparation chamber. The preparation chamber and the analysis chamber are

always maintained in UHV conditions using noise-free ion pumps and titanium subli-

mation pumps (TSPs). The preparation chamber is equipped with various tools like a

metal evaporator, a sputter gun, a low energy electron diffraction (LEED) system, a

residual gas analyzer, and an annealing stage, which is useful for in-situ processes on

sample surfaces. The great advantage is that all these processes can be carried out on

samples without breaking the vacuum, thus preventing the sample surface from getting

exposed to air. This is even more important for investigating samples with highly re-

active surfaces like bP. The annealing of bP samples was done in this chamber. One

of the stages on the manipulator is equipped with a heating coil. It is also equipped

with a thermocouple for temperature measurement. The current applied to the heater is
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controlled by a proportional integral derivative (PID) controller, using the temperature

reading from the thermocouple to achieve and maintain the stage at a desired tempera-

ture. Copper evaporation is also performed in the same chamber, as discussed in detail

in section 3.3.

After preparing the sample surface, the sample is transferred to the analysis chamber

which hosts the STM head. The STM stage is then brought into a free position, sus-

pended by a set of springs. This helps in minimizing the effect of mechanical noise of

the surroundings on the tunneling signal. This is extremely necessary since the tip is

within Angstrom range to the sample, and the tunneling current depends exponentially

on the distance, and so even minute vibrations from the surrounding can cause huge

alterations of the signal, or worse, a tip crash onto the sample surface.

3.2 Sample fabrication

The STM technique has certain requirements for the samples to be measured. It needs

the substrate to be conductive so that the electrons tunneling between tip and sample

can be drained. Since we will study exfoliated flakes, the substrate should be conductive,

so that the electron tunneling to/from the tip does not charge up the flake. Furthermore,

it helps if the substrate is flat, so that its roughness does not affect the surface of the

flakes we are about to measure. In this section, we are going to discuss our approach

towards fabricating samples which allow us to study the surface of exfoliated bP flakes

by STM.

Silicon is a widely preferred choice worldwide as a substrate for fabricating devices made

from exfoliated 2D materials. This is because of several factors. It has good mechanical

and thermal stability even at high temperatures. Silicon wafers are cheap and readily

available because of established large scale industrial production. The oxide of silicon,

SiO2, is a good insulator, which provides electric isolation to the devices. Finally, the

processing methods like etching, sputtering, metal evaporation, and lithography are well

developed for silicon.

However, in our case, the characterization technique to study the surface is STM. If

the flakes of interest are put on an insulating surface, there would be no electrical

channel for collecting the tunneling electrons, and the sample would charge up. That

is why SiO2, being an insulator, does not fulfill our requirements. A possible solution

would be to fabricate a metallic contact to the flake to be scanned, which can collect

the tunneling electrons. But this will require fabrication steps after bP exfoliation,

like spin coating resists, such as poly(methyl methacrylate) (PMMA) and lithography,
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Figure 3.5 Schematics of a sample. First, epitaxial monolayer graphene is grown on
silicon carbide. Then it is used as a substrate on which bP is exfoliated.

which would contaminate the surface of the sample. We preferred to work on flakes as

clean as possible, which excluded processing steps involving resist. Furthermore, these

fabrication steps would cause a lot of exposure of the sample to air. Since bP is very

reactive, we aimed to reduce exposure of bP flakes to ambient air as much as possible.

For reasons that will be explained in the following, we have therefore decided to exfoliate

bP on graphene on silicon carbide (SiC) as the substrate. A schematics of the sample is

shown in Fig. 3.5.

3.2.1 Epitaxial monolayer graphene on silicon carbide

We used epitaxial monolayer graphene grown on the Si-face of 6H N-doped semicon-

ducting SiC(0001) as a substrate on which we exfoliated bP flakes. Being conductive,

graphene provides the required channel for the tunneling electrons to flow without the

need of any fabrications steps. The flat graphene on ∼ 700-800 nm wide flat terraces of

SiC provides a flat surface for bP flakes. And well established STM studies on graphene

help to use the graphene substrate as a test sample. For example, if scanning on bP

seems unreliable, we can scan the graphene next to the flake to check the tip quality.

Epitaxially grown monolayer graphene on SiC was provided by the group of Dr. C. Co-

letti at NEST, Pisa. The epitaxial monolayer graphene was obtained by annealing

6H-SiC(0001) samples in a high-temperature BM reactor (Aixtron) under argon atmo-

sphere at about 1400 ◦C and 780 mbar. The epitaxial monolayer graphene on SiC thus

prepared was annealed in the preparation chamber of the STM system in UHV overnight

at 600 ◦C to clean the surface from oxides, water and residues from growth. Figure 3.6

shows a 10 µm × 10 µm image of monolayer graphene on SiC before and after annealing

overnight at 600 ◦C. The clean surface thus obtained was used as the substrate for bP

exfoliation.
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Figure 3.6 Substrate cleaning. 10 µm × 10 µm AFM images of monolayer graphene
on SiC is shown (a) before annealing, and (b) after annealing overnight at 600 ◦C
in UHV environment. The substrate looks much cleaner after annealing, suitable for
bP exfoliation. Annealing is always performed just one night before new sample is
prepared, which allows maximal clean substrate for bP exfoliation.

3.2.2 bP crystal growth

The crystals of bP used for exfoliation were grown by Dr. Manuel Serrano-Ruiz from Dr.

Maurizio Peruzzini’s group at CNR-ICCOM, Florence. The bP crystals were prepared

by heating commercially-available red phosphorus (> 99.99%) in a muffle oven, together

with Sn (> 99.999%), Au (> 99.99%), and a catalytic amount of SnI4, following a

published procedure [128]: these solids were loaded into a quartz tube, which was then

evacuated by a pumping procedure: the vacuum was backfilled by N2 gas several times,

and then the tube was sealed under vacuum. Then it was heated up to 406 ◦C (at

a rate of 4.2 ◦C/min), kept for 2 hours at this temperature, and then heated up to

650 ◦C (2.2 ◦C/min). The sample was kept for three days at this temperature in the

oven. Afterwards, a slow cooling rate was chosen (0.1 ◦C/min) to afford the formation

of crystals of bP (typical size: 2 mm × 3 mm).

3.2.3 bP exfoliation

Even as the most stable allotrope of Phosphorus, bP is well known to be a very reactive

material. A study by Castellanos-Gomez et al. [49] has shown that the exposure to

atmosphere and light for less than an hour starts degrading the bP surface, as shown

in Fig. 2.4. This makes it very difficult to prepare thin bP samples with clean surface,

which has restricted surface investigations of thin bP samples.

To tackle this problem, we used a glove bag for bP exfoliation. A glove bag is simply a

bag of plastic whose openings can be sealed. It has gloves attached to the bag, which
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Figure 3.7 bP exfoliation inside glove bag. (a) Sample preparation inside a glove
bag filled with N2 which provides inert atmosphere for sample preparation. After
bP exfoliation and transfer on a graphene substrate, sample mounting on the STM
sample holder is also performed inside the glove bag. (b) Image of a sample after bP
exfoliation and mounting on a STM sample holder, as seen on a monitor from a low
magnification camera. Some larger bP flakes, which are visible by naked eye, appear
like stars distributed on the sample.

allows the handling of the sample inside the bag. Meanwhile N2 gas is flushed inside the

bag, which provides an inert atmosphere for the sample. One such glove bag is shown in

Fig. 3.7(a). We inserted a clean graphene substrate, a bP crystal, scotch tape, tools like

tweezers, and a STM sample holder inside the glove bag before sealing it. We exfoliated

bP using scotch tape inside the glove bag. The exfoliated bP flakes were then transferred

from the scotch tape to the graphene substrate. Finally, the sample was mounted on the

STM sample holder inside the glove bag. Fig. 3.7(b) shows a sample after bP exfoliation

and mounting on the STM sample holder. Shiny star-like features, seen using a low

magnification video camera placed inside the glove bag after completing the exfoliation

procedure, are larger bP flakes, which indicates that flakes are evenly distributed and

exfoliation is successful.

We also had inserted a small plastic bag and a sealing machine inside the glove bag.

The prepared and mounted sample was sealed inside this small plastic bag with inert N2

gas, suitable for taking it from the sample preparation site to the STM chamber without

exposing the sample to ambient air. At the STM, the loadlock chamber was also flushed

with N2 and kept ready to be pumped. Once the prepared sample was removed from

the sealed plastic bag, it was right away transferred to the loadlock chamber, and the

pumping was started immediately, limiting the sample exposure to air to less than a

minute.

Figure 3.8 shows characterization of the exfoliated bP flakes on graphene after finishing

STM measurements. We did optical microscopy, as shown in Fig. 3.8(a), which shows

the distribution of larger flakes of bP. Some of them are visible by naked eye and appear

like stars on the substrate, as shown in Fig. 3.7(b). Optical microscopy also shows a
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Figure 3.8 The bP samples were further characterized after the STM measurements
were completed. (a) An optical image of the sample shows bP flakes of different sizes.
The larger flakes might be the ones that appear like star with naked eye, as shown
in Fig. 3.7(b). the smaller flakes are the ones typically measured by STM. Scale bar:
5.0 µm. (b) SEM image of the sample. Both large and small flakes can be seen. It
also shows a contrast on the substrate. This is because of the presence of some bilayer
graphene. Scale bar: 2 µm. (c) Raman characterization showing the A1

g, B2g and
A2

g Raman modes of bP at 361 cm−1, 438 cm−1, and 468 cm−1. This confirms the
presence of bP on the sample even after the STM measurements has completed, which
demonstrates that the bP flakes are well preserved during all STM measurements. Some
peaks are also present at 766 cm−1, 789 cm−1 and 964 cm−1, which are due to 6H SiC
from the substrate. (d) Raman characterization in different energy range showing the
G and 2D peaks of graphene, which is present below and next to bP flakes. These
measurements were performed by Dr. F. Telesio at CNR-NEST, Pisa.

large number of tiny flakes distributed around the larger ones, which are not visible

at low magnification, but typically it is these flakes which are measured by STM. So,

when we see evenly distributed larger flakes with the low magnification video camera (of

Fig. 3.7(b)), we can also be sure that there are a lot of tiny flakes around them, suitable

for STM investigation. We also did scanning electron microscopy (SEM) imaging, which

further helps in understanding the flake density on the graphene substrate. In Fig. 3.8(b),

tiny flakes can be seen, with steps in the SiC substrates in the background. The contrast

in the graphene substrate is due to the presence of some bilayer graphene inclusions.

Understanding the distribution of these flakes by optical microscopy and SEM has helped

to optimize various parameters of the exfoliation process like the amount of bP crystal

to be taken for exfoliation, the number of times the scotch tape is stuck and separated

to have thin flakes (∼70 times), and the number of times the substrate is tapped on
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the scotch tape (7 times) to transfer the exfoliated bP flakes onto the substrate. The

fact that we are able to observe these tiny flakes after completing the STM investigation

indicates that the bP flakes on the sample are well preserved in the UHV environment.

Raman spectroscopy is used to determine the vibrational modes of molecular bonds,

which helps in identifying the chemical identity of bonds present in the sample. Figs. 3.8(c)

and (d) show Raman spectroscopic measurements of the sample at λ = 532 nm, taken

on different locations of the sample. The inset in (c) shows an optical image of one

of the locations, named ’m006’. bP flakes are clearly visible. The three peaks in the

Raman spectra in Fig. 3.8(c) at 361 cm−1, 438 cm−1, and 468 cm−1 correspond to the

A1
g, B2g, and A2

g Raman modes of bP [104], respectively. The extra peaks at 766 cm−1,

789 cm−1 and 964 cm−1 are due to 6H SiC [129], from the substrate below or next

to exfoliated bP flakes. The G and 2D peaks marked in Fig. 3.8(d) correspond to the

graphene substrate [130]. The fact that we see such clear Raman fingerprints of bP even

after the STM studies is further evidence that the bP flakes are well preserved during

all our experiments.

3.3 Copper evaporation

Copper evaporation was performed inside the preparation chamber of the Omicron LT-

STM system with a base pressure of ∼ 10−10 mbar, using a Focus GmBH EFM-3s

UHV electron beam evaporator. A schematics of the evaporator is shown in Fig. 3.9. It

consists of a filament which acts as an electron source when current is flowing through it.

The material to be evaporated, copper in our case, is kept in a crucible with high voltage

applied to it. This high voltage accelerates the electrons from the filament towards the

crucible, which heats the crucible and melts the material in it, leading to the deposition

of the evaporant on the sample placed in front of the evaporator. The amount of copper

being deposited is measured by an in-built flux monitor. A fraction of the copper atoms

being deposited is naturally ionized in the process. An ion collector placed at the beam

exit column measures the ion current which is proportional to the total flux of copper

atoms deposited.

The table in Fig. 3.10(a) gives the deposition fluxes and times for three different samples

used to investigate the morphological and electronic properties of copper on bP. Always

the same parameters were used during all copper depositions: 800 V applied to the

crucible and 1.95 A applied as filament current. Figure 3.10(b) shows copper fluxes for

successive depositions and demonstrates the stability of flux output from the evaporator

during our experiments. The average flux of 18 depositions is (9.62 ± 0.61) nA.
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Figure 3.9 A schematics of EFM 3s UHV evaporator used to deposit copper on
bP. [131]

Figure 3.10 Three different samples were deposited with copper for total of 18 times
to obtain bP surfaces with different amounts of copper. (a) Table showing the deposi-
tion times for individual copper depositions. Same parameters of filament current and
crucible voltage are used to have same flux during all depositions. Flux values measured
during individual depositions are shown in (b). The average flux of 18 depositions is
(9.62 ± 0.61) nA.
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A sample with copper deposited on it was characterized with energy dispersive X-Ray

spectroscopy (EDS), to confirm the identity of the material deposited. Figure 3.11

shows such a measurement performed on a bP exfoliated sample after copper deposi-

tion. Figure 3.11(a) shows an SEM image of the sample marked with two points where

EDS spectra were recorded: ’Objects 97’ on the substrate and ’Objects 98’ on a flake.

Figure 3.11(b) shows EDS spectra from different regions of the sample, showing peaks

at 1.739 keV and 0.277 keV, corresponding to silicon and carbon, respectively, present

in the substrate of the sample. A peak at 2.013 keV corresponding to phosphorus, is

present only in the spectrum corresponding to ’Objects 98’, which identifies the bP flake

on the substrate. A zoom-in around the energy of 0.93 keV, which corresponds to cop-

per, is shown in Fig. 3.11(c) for enhanced visibility. Peaks in all spectra indicate the

presence of copper all over the surface uniformly. The amplitude of the peaks is low due

to the presence of very few layers of copper on the surface. Due to a slight oxidation

after taking out the sample from the STM chamber, a small peak of oxygen can also be

seen in both spectra at the energy of 0.525 keV.

3.4 DFT calculations

The PBE generalized gradient approximation for the exchange-correlation functional

was used [132], and van der Waals interactions were included within the semi-empirical

method developed by S. Grimme (DFT-D2) [133]. Ultrasoft pseudopotentials were em-

ployed as available in the PS Library by A. Dal Corso [134]. The kinetic energy cutoff

for the wave functions (charge density) was set to 50 (600) Ry. The few-layer bP with

copper impurities was modeled by employing a 4 × 3 supercell for single-layer (1L) and

bilayer (2L) bP, with the in-plane lattice parameters set according to the optimized pa-

rameters of the 1L and 2L primitive cell. A vacuum region of 30 a.u. in the non-periodic

directions was introduced to prevent interaction between periodic images; the Brillouin

zone was sampled by using a 4 × 4 × 1 k-points grid, according to Monkhorst-Pack

algorithm. The atomic positions within the cell were fully relaxed until forces were less

than 5 × 10−4 a.u. The binding energies of the copper impurities were computed as

total energy differences according to:

Eb (CuX) = Etot (CuX : bP ) –NcellEtot (nL− bP ) –NCuEtot (Cu) , (3.6)

where Etot(CuX:bP) is the total energy of the copper-doped bP slab, Etot(nL-bP) is

the total energy of n-layer bP (calculated in the primitive cell and multiplied by the

number of primitive cells Ncell), and Etot(Cu) is the total energy of atomic copper.
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Figure 3.11 EDS measurements were performed after copper deposition. (a) SEM
image of sample is shown were flakes can be identified on the substrate. EDS spectra
on substrate (Object 97) and on flake (Object 98) are measured. (b) EDS spectra are
plotted, showing substrate spectra (Object 97) in green and flake spectra (Object 98)
in blue. EDS peaks are marked by the corresponding elements. Phosphorus peak is
only seen in blue, which identifies bP flake on the substrate. Carbon and silicon peak
are present in all spectra since they are in substrate, present everywhere. Copper peak
is also present in all spectra. A zoom-in of curves near the energy corresponding to
copper is shown in (c) for better visualization. A clear peak can be seen in all spectra
at 0.93 keV. However, the amplitude of peak is small due to the presence of very few
layers of copper on the surface. A small peak of oxygen can also be seen in all spectra,
due to a slight oxidation after taking out the sample from UHV. These measurements
were performed by Dr. F Telesio and Dr. V Zannier at CNR-NEST, Pisa.





Chapter 4

bP Surface Study

For studying the surface of any material, the prime necessity is to have a clean surface.

This is ensured by the sample preparation methods described in Chapter 3. Having pre-

pared a clean surface is however not enough, because the surface needs to be maintained

clean during the experiment. This is taken care of by the UHV chamber inside which

the samples are stored and the surface is studied. The surface probing technique used

in our study is scanning tunneling microscopy, which requires a conducting substrate.

And this is ensured by using graphene on SiC as the substrate.

Here, the first challenge was to identify the bP flakes on the graphene substrate. A

priori, the position of the bP flakes is not known. The exfoliated bP flakes are randomly

distributed over the substrate. We started our research by approaching the tip in random

positions close to the center of the sample to search for bP flakes.

4.1 STM characterization of the pristine bP surface

The primary criterion to identify flakes is the height and size of the entity relative to the

substrate. The bP flakes appear as plateau-like structures – several nm high, and flat.

Some examples can be seen in Fig. 4.1(a)-(c), with the height profile of the flakes in the

inset. The dimensions of the individual flakes are: (a) average height (22.3 ± 0.4) nm,

flake size 1.0 µm2, (b) average height (69.8±0.1) nm for the higher part, (40.7±0.2) nm

for the lower part, flake size 2.5 µm2, (c) average height (15.2 ± 0.2) nm, flake size

0.3 µm2.

We performed a statistical measurement of flake sizes to have an estimate of the flake size

distribution. The height of 42 flakes and the area of 36 flakes were measured, resulting

in an average height of (37.5 ± 22.4) nm and an average area of (2.7 ± 3.2) µm2. The

37
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Figure 4.1 STM images of some flakes, indicating typical flake sizes of our samples.
Scanning parameters and maximum annealing conditions: (a) (1.5 V, 100 pA), annealed
at 400 ◦C for 5 min; (b) (1.0 V, 200 pA), annealed at 300 ◦C for 120 min; (c) (1.8 V,
100 pA), annealed at 350 ◦C for 120 min. Histogram plot of bP flakes’ (d) height and
(e) area - both fitted with a Lorentzian distribution.

area of some flakes is not measured because full images of the entire flakes were not

obtained. Moreover, only flakes measured at T ≤ 400 ◦C are taken into account, to

avoid significant thinning effects related to sublimation (as will be discussed later).

The average values of the height and the area of the flakes are slightly overestimated,

because they are affected by few larger flakes measured. This can be appreciated in the

histogram plots of Fig. 4.1(d) which shows flake height and Fig. 4.1(e) which shows flake

area. The Lorentzian fits of the histograms give the values of the flake size distributions:

a height of (29.1± 1.6) nm with FWHM (25.8± 4.9) nm, and an area of (1.0± 0.1) µm2

with FWHM of (1.7±0.3) µm2. We take these as the typical sizes of our flakes, ∼30 nm

high and ∼1 µm2 in area.

After identifying a bP flake by its dimensions, we zoomed in on its surface to confirm

its identity by measuring atomic-resolution images. An example is shown in Fig. 4.2. In

Fig. 4.2(a), graphene can be seen on the left and a ∼25 nm high flake can be seen on the

right. Fig. 4.2(b) shows atomic resolution on bP. The zigzag pattern corresponding to

the phosphorus atoms in the upper plane of the bP surface is well visible. The measured

unit cell parameters are a = (3.45± 0.43) Å and c = (4.40± 0.12) Å, close to literature

values [66]. Figure 4.2(d) shows a bP surface with step and terraces. A line profile

across several steps is shown in the inset, indicating the height of steps to be 0.5 nm or



bP Surface Study 39

7.2 Å

6.0 Å 76 nm

0.3 um

(a) (b)

(c) (d)

a

c

a

Figure 4.2 STM images identifying bP flakes and graphene substrate. (a) STM image
showing on the right a bP flake ∼ 25 nm high above the graphene substrate on the left.
The inset shows the height profile across the line shown in the STM image. Scan size:
2 µm × 2 µm, imaging parameters: (0.7 V, 300 pA). Annealing conditions: 200 ◦C, 2 h.
(b) Atomic resolution image obtained on bP at room temperature showing the zigzag
pattern with unit cell parameters a = (3.45±0.43) Å and c = (4.40±0.12) Å. Scan size:
3.6 nm × 3.6 nm, imaging parameters: (0.7 V, 25 pA). Anealing conditions: 400 ◦C,
10 min. (c) Atomic resolution image on graphene. Unit cell indicated. Scan size: 3 nm
× 3 nm, imaging parameters: (0.1 V, 157 pA). Annealing conditions: 450 ◦C, 2 h. (d)
Steps measured on a bP flake. The height profile in the inset, taken along the line in
the STM image, shows a step height of 0.5 nm, consistent with monolayer bP steps.
Scan size: 380 nm × 380 nm, imaging parameters: (2 V, 100 pA). Annealing conditions:
400 ◦C, 10 min.

multiples of this value, consistent with the reported interlayer distance value for bP [66].

Figure 4.2(c) shows atomic resolution on graphene. The typical hexagonal pattern can be

seen. The measured unit cell parameter, a = (2.46± 0.22) Å, is also consistent with the

value reported in literature [135, 136]. This proves that we are reliably able to identify

the bP flakes and the graphene substrate. This also indicates that we have achieved

high quality bP surfaces, coping with the commonly experienced problem of bP surface

degradation, and that these samples are ideal for high quality surface investigations.



bP Surface Study 40

4.2 Annealing experiments

Temperature is a very important parameter for material processing. Many such processes

require the materials to go through high temperatures. Therefore, it is important to

study the behavior of the surface of bP with increasing temperature. We carried out

annealing experiments to investigate the morphological changes of the surface of bP.

The prepared sample was annealed in UHV in steps of 50 ◦C, and the surface was

observed after each annealing step. Figure 4.3 shows a panel of 100 nm × 100 nm

images scanned after annealing at temperatures starting from 200 ◦C to 500 ◦C. No

atomic resolution was achieved for samples annealed below 300 ◦C, perhaps because the

temperature was not high enough to suitably clean the surface from oxides or adsorbates.

Figure 4.3(a) shows the STM image of a bP surface scanned after annealing at 200 ◦C

for two hours, which looks quite noisy. Figure 4.3(b) shows the STM image of a bP

surface scanned after annealing at 250 ◦C for 2 hours, which is slightly less noisy such

that some features on the surface can be recognized. An inset shows a zoom-in of these

features, which are defects on the bP surface. 300 ◦C and 350 ◦C annealing gives a

clean and oxide-free surface where atomic resolution was measured. Figures 4.3(c) and

(d) show bP surfaces scanned after annealing at 300 ◦C and 350 ◦C for two hours,

respectively. The surfaces look smoother, and some defects can be clearly seen. The

inset to Fig. 4.3(c) shows a zoom-in on the defects, better resolved than the one seen

after 250 ◦C annealing in Fig. 4.3(b). Similar defects have been reported in other works,

related to vacancies [64, 110], oxygen trapped in bP lattice [112], or to bP crystal

growth related Sn impurities [111]. We measured the size of these defects to be 5-8 nm,

in agreement with the reported values [64, 110–112].

Phosphorus starts desorbing from the surface upon annealing the sample to 375 ◦C -

400 ◦C. Figure 4.3(e) shows an example of such a bP surface with craters formed due

to desorption, scanned after annealing at 400 ◦C for ten minutes. These craters appear

elongated, and there seems to be some preferential alignment of these craters. A detailed

analysis of these craters is performed and discussed in the next section. On further

annealing at higher temperatures, large scale desorption of phosphorus starts due to the

onset of sublimation. Figure 4.3(f) and (g) show the bP surface scanned after annealing

for two hours at 450 ◦C and 500 ◦C, respectively. The bP surfaces can be seen to be

quite rough. The RMS roughness is shown in the plot in Fig. 4.3(h) and has increased

from 0.3 Å to 6 Å. Upon annealing to even higher temperatures, 550 ◦C - 600 ◦C, we

observed that flake density, which was ∼ 1 flake in 100 µm2, decreased by more than

one order of magnitude.
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Figure 4.3 Surface morphology with temperature. 100 nm × 100 nm images of the
bP surface taken after annealing at different temperatures, starting from 200 ◦C and
increasing in steps of 50 ◦C, are shown, indicating the surface modification with tem-
perature. Annealing temperature and scanning setpoints for individual images : (a)
200 ◦C, (2.5 V, 100 pA); (b) 250 ◦C, (1.3 V, 157 pA); (c) 300 ◦C, (1.2 V, 100 pA);
(d) 350 ◦C, (1.8 V, 100 pA); (e) 400 ◦C, (2.0 V, 100 pA); (f) 450 ◦C, (1.2 V, 100 pA);
(g) 500 ◦C, (1.2 V, 100 pA). All samples were annealed for 2 h, except (e) which was
annealed for 10 min. The image after 200 ◦C annealing seems noisy, probably affected
by oxides or adsorbates on the surface. After 250 ◦C annealing, we start seeing some
features which could be defects (inset of (b)). These defects can be seen better resolved
after 300 ◦C annealing (inset of (c)). After 400 ◦C annealing, craters start appearing on
the surface, as seen in (e). Going to higher temperatures, a large amount of phosphorus
desorbs, making the surface rough, as seen in (f) and (g) after annealing to 450 ◦C and
500 ◦C, respectively. The plot in (h) shows the trend of surface RMS roughness with
temperature. The surface roughness at 400 ◦C is caused by the monolayer-deep large
craters, although the individual terraces are flat enough to achieve atomic resolution.
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4.3 Phosphorus desorption and crater formation

We observed elengated crates on the surface due to phosphorus desorption after anneal-

ing the samples at 375 ◦C - 400 ◦C. To eliminate the possibility that the craters might

be forming as a result of scanning with the tip, we scanned one spot multiple times while

changing tip scanning direction. Figure 4.4 shows a panel of scans corresponding to this

measurement. The blue arrow in each image represents the direction of movement of the

tip while scanning. First multiple images were taken with the tip scanning horizontally.

Then the tip scanning direction was changed orthogonally, and multiple images were

recorded. Finally, the tip scanning direction was again changed to the initial horizontal

direction, to compare with the initial images. The craters remain unaffected by such a

change of tip scanning direction which confirms that the observed craters are not caused

by the tip.

Next we performed a statistical analysis of the orientation of these craters on the surface

of three different flakes, shown in Fig. 4.5. We fitted an ellipse across each crater and

noted the angle of the long axis of the ellipse with respect to the horizontal. We name

this angle crater angle, θ. The average values for the crater angle, < θ > with respect

to the horizontal for each image is: (1.6 ± 37.0) ◦ for (a), (3.5 ± 19.0) ◦ for (b), and

(−3.2 ± 19.4) ◦ for (c). The value of the standard deviation is particularly high in (a)

because of the presence of comparatively fewer craters on the surface of bP which gives

mediocre statistics.

For a better visualization of relative orientation of the craters, we subtracted the average

value of crater angle obtained for each image from the crater angle of individual craters

of the image (performing θ - < θ >). This operation just rotates each crater by the

average angle of the image, such that the average crater angle becomes zero for each

image. Since it rotates every crater of the image by the same angle, this operation does

not affect the relative orientation of the craters. However, now with the help of this

operation, we have craters of all images with the same average angle of 0 ◦. This helps

to compare the orientation of craters measured on different flakes of bP.

The set of the rotated crater angles were plotted in histograms to evaluate the relative

orientation of craters. Figures 4.5(d)-(f) show the data plotted with the same binning

for three different flakes’ images shown in Fig. 4.5(a)-(c), respectively, to compare the

statistics of these three separate flakes. Each of these histograms was fitted with a

Lorenzian curve which gives central angle as the position of the peak and spread of the

angles as FWHM (full width at half maximum). Then the same dataset were plotted

with a dynamical binning, as shown in Fig. 4.5(g)-(i), which represents the data better,

reflected in reduced values of FWHM of individual data sets. The position of the peak
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Figure 4.4 Craters were scanned with the tip moving along different directions with
respect to the crater orientation, to check if the motion of the tip is causing crater
formation or any surface modification that could produce scanning-related elongation
of the craters on the surface. The same area is scanned with the tip moving almost
parallel to the crater orientation: (a)-(c), then almost perpendicular: (d)-(f) and then
again almost parallel: (g)-(i). The blue arrows indicate the direction of motion of the
STM tip while scanning. Several images were measured but only the 1st, 3rd, and 5th are
shown in each of the three categories, which is sufficient to demonstrate the consistency
of the experiment. All images are scanned with the same scanning parameters (1.2 V,
25 pA) after annealing the sample at 375 ◦C for 10 min. The flake is 101.7 nm high
and 4.6 µm2 in area.

of the Lorenzian curves for histograms corresponding to craters in all three images is

around 0 ◦. The reduced FWHM demonstrates the preferential orientation of the craters.

Moreover, absence of even a single data point at 90 ◦ rules out the presence of any crater

in the perpendicular direction.

As discussed in detail in Sectio2.3, the presence of these elongated craters with pref-

erential orientation on the surface of bP was recently reported in two different studies

investigated by electron microscopy [114, 115]. Because of comparatively higher resolu-

tion provided by a STM, we were able to resolve craters that are one order of magnitude

smaller in size than the craters reported in literature. The larger craters reported in
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Figure 4.5 STM images of craters as observed on three different flakes. Scanning
parameters, maximum annealing temperature, and flake sizes for each image: (a) (1.5
V, 100 pA), annealed at 400 ◦C for 5 min, flake 22.3 nm high and 0.96 µm2 in area;
(b) (2.0 V, 100 pA), annealed at 400 ◦C for 10 min, flake 58.8 nm high and 1.18 µm2

in area; (c) (1.2 V, 25 pA), annealed at 375 ◦C for 10 min, flake 101.7 nm high and
4.6 µm2 in area. The average angle of the long axis obtained for the craters on each
image is indicated. The individual angles for each craters in the figures (a), (b) and
(c) are represented in histogram plots: first with same binning of 20 ◦ with the peak
and the FWHM of the Lorentzian fit in figures (d) peak at (10.0± 8.3) ◦ and FWHM
of (71.0 ± 26.0) ◦, (e) peak at (6.0 ± 0.7) ◦ and FWHM of (19.5 ± 2.6) ◦ and (f) peak
at (0.0 ± 1.95) ◦ and FWHM of (25.2 ± 2.5) ◦, respectively, and then with dynamical
binning of 30 ◦, 20 ◦, and 10 ◦ with the peak and FWHM of the Lorentzian fit in figures
(g) peak at (−7.0± 3.3) ◦ and FWHM of (62.8± 9.5) ◦, (h) peak at (6.0± 0.7) ◦ and
FWHM of (19.5± 2.6) ◦, and (i) peak at (−0.4± 1.1) ◦ and FWHM of (14.7± 1.7) ◦,
respectively.

literature were most likely formed by the coalescence of the smaller craters that we

observed. So, we were able to observe the initial stages of crater formation at 375 ◦C-

400 ◦C, and show that even these craters are elongated and have a preferential direction

of orientation.

However, the reported studies contradict each other in their results obtained regarding

the direction of the orientation of these craters and the mechanism behind the formation

of these craters. First study published by Liu et al. [114] in 2015 reported that atomic P

desorption leads to the formation of elongated craters aligned along the crystallographic

armchair direction of bP. A second study published by Fortin-Deschenes et al. [115] in
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Figure 4.6 Crystallographic direction of crater alignment. (a) STM image of a 130 nm
× 130 nm scan area, showing aligned craters on bP after annealing at 400 ◦C for 2
h; scanning parameters: (1.2 V, 100 pA). (b) Atomic resolution image obtained after
zooming into the region marked in (a), providing information of the crystallographic di-
rections of the bP flake; scanning parameters: (1.2 V, 100 pA). (c) Height profile across
the crater along the dashed line in (a), showing ∼ 0.5 nm step height, compatible with
monolayer desorption. (d) Schematics showing crater formation due to bP desorption -
bottom layer (green) visible under desorbing top layer (red). Crystallographic direction
is denoted by black zigzag drawn along [100] direction.

2016 reported that molecular P2 desorption leads to the formation of elongated craters

aligned along the crystallographic zigzag direction of bP. These two crystallographic di-

rections are orthogonal to each other, while we observed in our experiment that there was

not a single crater oriented orthogonally, which suggests that there is some inconsistency

in the present literature regarding the crater orientation direction. We decided that an

STM investigation of craters along with atomic resolution on bP surface could resolve

the debate and help to understand the underlying mechanism behind the formation of

these craters.

Figure 4.6 shows an investigation done to relate the direction of crater orientation to

the bP crystallographic directions. Figure 4.6(a) shows an image of the surface of a

bP flake. Elongated craters can be seen with their long axes aligned. Figure 4.6(c)

shows the height profile across a crater along the black dashed line in Fig. 4.6(a). Crater

depth of ∼0.5 nm indicates monolayer desorption. To determine the crystallographic

direction of bP, we zoomed in for atomic resolution. Figure 4.6(b) shows an image

acquired by zooming-in on the region indicated by the black rectangle in Fig. 4.6(a).

Crystallographic armchair and zigzag direction can be clearly identified in the image,

which is then marked in Fig. 4.6(a) to compare with craters’ alignment. Thus, the long

axis of the craters can be attributed to align along the zigzag direction. Together with

the observation regarding the preferential direction of the alignment of these craters, we

can conclude that asymmetric craters form during annealing which tend to align along

zigzag direction, in agreement with the study reported by Fortin-Deschenes et al. [115].
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4.3.1 Discussion

Two competing underlying mechanisms have been presented in literature leading to

anisotropic crater formation: (i) atomic P desorption leading to crater formation along

armchair direction [114], and (ii) molecular P2 desorption leading to crater formation

along zigzag direction [115].

A simplistic model has been proposed to explain the anisotropic crater formation by

atomic P desorption using the propagation of cracks, starting from a single vacancy

site [114], as shown in Figs. 2.7(e)-(j). The order of removal of unsaturated P atoms

considered for the propagation of a crack is: (a) P atoms with only one bond, bonded

with only one other P atom, desorbs first, then (b) P atoms with two bonds, bonded

with two other P atoms, both lying in the same plane, and finally (c) P atoms with

two bonds, bonded with two other P atoms, lying in different planes. This leads to the

formation of an anisotropic crater starting from a single atomic vacancy, aligned along

armchair direction.

However, if we take a look at the in-plane and the out-of plane bond lengths in bP, the

in-plane bond (2.22 Å) is shorter than the out-of plane bond (2.24 Å). A shorter bond

length implies a stronger bonding. This implies that on comparing the unsaturated

atoms having two bonds, P atoms bonded with two atoms in the same plane (P atoms

with two in-plane bonds), named earlier as (b), should be more strongly bound than

unsaturated atoms bonded with two atoms in different planes (P atoms with one in-

plane and one out-of plane bonds), named earlier as (c). This suggests that it should

be easier to remove (c) compared to (b). A density functional theory (DFT) calculation

reported in Ref. [115] which compares the activation energy required for removal of P

atoms from bP surface in different configurations, supports this idea by showing that

the activation energy required for removal of (b) [process # 3, 4.02 eV] is higher than

the activation energy required for removal of (c) [process # 3, 3.43 eV], as shown in

Fig. 2.8.

On analysing the activation energies for different atomic desorption processes, the proper

order of removal that should be used is: (a) should desorb first, then (c) and finally

(b). Therefore, the order of removal of unsaturated P atoms considered in the model

represented in Fig. 2.7 appears unfounded. We did the same modeling employing the

proper order of stability of unsaturated P atoms and obtained crater elongated in zigzag

direction, as shown in Fig. 4.7.

The mechanism of molecular P2 desorption leading to crater formation has been evalu-

ated in detail by Fortin-Deschenes et al. [115]. They have calculated activation energies

for removal of P and P2 in different configurations from bP nanoribbons using DFT
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Figure 4.7 Sublimation model for crater elongation by monoatomic P desorption.
(a) Monolayer bP lattice without defects, (b) monoatomic vacancy, (c) color coding the
different types of unsaturated P atoms – those with two bonds in the same plane (sky
blue) and those with the two bonds in different planes (light green), (d)-(f) removing
the atoms according to the bonding strength and further color coding the unsaturated
P atoms – thus leading to the evolution an elongated crater with the long axis aligned
along the zigzag direction.

calculations and used these energies in a kinetic Monte Carlo simulation of crater for-

mation by removal of 106 atoms. Their simulation gives anisotropic craters aligned

along the zigzag direction, in agreement with their LEED mesurements and our STM

measurements.

From the models presented in literature, it appeared that atomic P desorption should

lead to crater alignment along armchair direction and molecular P2 desorption to crater

alignment along zigzag direction. So, the underlying desorption mechanism seemed to

be identifiable using the simple criterion of crater orientation. However, from a careful

analysis of the activation energies for different configurations of atomic P desorption, we

found that even atomic P desorption should lead to crater alignment along the zigzag

direction. Thus, the measurement of crater orientation alone is not enough to distinguish

between atomic P and molecular P2 desorption mechanisms.

Nevertheless, Fortin-Deschenes et al. [115] obtained an experimental activation energy

of (1.64 ± 0.10) eV from an Arhenius plot for sublimation leading to crater formation,
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which is in good agreement with the activation energy predicted by DFT calculation for

molecular P2 desorption. Moreover, according to their DFT calculations, the formation

energy of divacancies is significantly lower than the one for monovacancies, which was

confirmed later independently by a different group [137].

In conclusion, our study provides information on suitable annealing conditions of bP

which yield stable and clean surfaces of bP flakes, which is 300 ◦C - 350 ◦C. We observed

the onset of sample modification by eye shaped crater formation due to phosphorus des-

orption at 375 ◦C - 400 ◦C, and further degradation of bP flakes at higher temperatures,

which is 450 ◦C - 500 ◦C. We also examined the preferential direction of craters’ long

axis alignment and could assign it to the crystallographic zigzag direction, and thus

solved an existing debate in literature. Since after careful analysis we found that both

atomic P and molecular P2 desorption mechanisms lead to crater elongation along the

zigzag direction, the determination of crater alignment direction with respect to bP

crystallographic direction alone is not sufficient to pinpoint the underlying desoption

mechanism. However, the discussion of energetics for various desorption configurations

gives further insight into this matter. This is the first surface morphological study of

exfoliated few layer thin bP flakes using STM conducted in UHV environment which

provides useful insight in surface behavior and its degradation with temperature, which

is very important in limiting thermal processing of bP for any practical applications.



Chapter 5

Copper on bP

Black phosphorus is intrinsically p-doped [66]. The p-type doping has been related to

atomic vacancies in a recent STM study carried out by Kiraly et al. [64]. However, a p-n

diode is a fundamental building block of electronic devices, which requires the realization

of n-type bP. Copper causes n-type doping of bP. A recent study has demonstrated this

through transport measurements [65]. But the details of growth and morphology of

copper on bP are completely unknown.

In this work we have therefore studied the morphological features of copper growth on bP

surfaces in detail. First, copper islands on a pristine bP surface are observed with atomic

resolution. Then increasing coverage of the bP surface with copper has been examined.

We encountered interesting behavior of copper islands on bP, like pinning of copper

islands by bP defects, decoration of copper islands at bP step edges, and alignment of

copper islands along the bP crystallographic armchair direction. We investigated the

n-type doping of bP with copper by studying the local charge transfer using scanning

tunneling spectroscopy. We observe a modulation in band gap and Fermi level position at

the nanoscale. All these aspects are discussed in detail in this chapter and complemented

by DFT calculations, which give us useful insights for the interpretation of experimental

observations, including modifications of the electronic structure of bP.

5.1 Copper growth dynamics on the bP surface

To study copper on bP, we deposited copper on bP/graphene samples inside the UHV

preparation chamber of an Omicron LT-STM (explained in detail in Chapter 3). In

Fig. 5.1(a), a typical flake after 1200 seconds of copper deposition is shown, with

graphene in the background overlaid on SiC steps. At this magnification, copper is-

lands cannot be resolved on the surface. The bP flake looks very similar to the flakes

49
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Figure 5.1 Atomic resolution - Cu on bP. (a) 11 µm × 11 µm STM image showing
two bP flakes on graphene substrate after 1200 seconds of copper deposition. Scanning
parameter: (-3.0 V, 0.33 nA). The smaller flake is ∼30 nm high, and the bigger flake
is ∼100 nm high. Copper on sample can not be resolved at this magnification. (b)
100 nm × 100 nm STM image obtained on zooming in on the larger flake, showing
copper islands on bP. Scanning parameter: (-1.0 V, 0.33 nA). (c) 15 nm × 6 nm
STM image obtained on further zooming in, showing zigzag pattern corresponding to
phosphorus atoms in the upper plane of bP surface measured at room temperature.
Copper islands can be seen on atomically resolved bP surface. Scanning parameter:
(-1.0 V, 0.33 nA).

shown in Chapter 4, which demonstrates the reproducibility of the bP sample prepara-

tion procedure. However, a big difference can be seen in Fig. 5.1(b), in which a zoom-in

on the surface of the bP flake is shown. Here, the surface is not flat as seen for pristine

bP in Chapter 4, but full of small white features. These are copper islands on the bP

surface. On looking carefully, one can see that a few copper islands are much bigger

(appear brighter) than other smaller copper islands which are however more numerous.

We measured the dimensions of these two differently sized copper islands and found:

an average diameter of (2.19 ± 0.34) nm and an average height of (0.47 ± 0.12) nm

for smaller islands, and an average diameter of (7.20 ± 0.98) nm and an average height

of (2.00 ± 0.25) nm for bigger islands. On further zoom-in, in Fig. 5.1(c) we see some

small copper islands with bP atomic resolution in the background. This confirms that

the high quality of the bP surface is maintained even after copper deposition on the

sample.

In Fig. 5.1(c), we see an atomic resolution on bare bP surface but we do not see atomic

resolution of bP crystal at the position of copper islands. This indicates that the copper

stays at the surface and is not intercalated. Also, the height of copper islands indicates

the presence of multilayers of copper which implies island growth on the surface instead

of intercalation.

We start with a morphological investigation of copper growth on the bP surface with an

increasing amount of copper. The sample was subjected to increasing copper deposition

times at the same flux of 10 nA to obtain bP surfaces with increasing copper coverage.

Each deposition episode needed the sample to be moved from the STM stage to the

preparation chamber, which requires tip retraction and reapproach after the deposition,
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Figure 5.2 80 nm × 80 nm STM images of bP surface with increasing amount
of copper deposited on sample. Total deposition time and scanning parameters for
individual images: (a) 0 seconds, (1.0 V, 0.83 nA); (b) 120 seconds, (-1.0 V, 0.83 nA);
(c) 300 seconds, (-1.0 V, 0.83 nA); (d) 480 seconds, (-1.0 V, 0.83 nA); (e) 750 seconds,
(-1.0 V, 0.83 nA); (f) 930 seconds, (-1.0 V, 0.83 nA). Flux of ∼10 nA was used for all
copper depositions. All images are shown with same color bar to compare increasing
amount of copper in successive images.

Figure 5.3 STM images of Fig. 5.2 shown with individual color bar, for better visu-
alization of copper morphology on bP.

which implies scanning different flakes after every deposition. However, after each de-

position, we measured several flakes, to obtain a statistical estimate of the bP surface

appearance. Overall, 3 different samples with a total of 18 distinct copper coverages

were measured to get a good overview of the copper coverage on the bP surface.

Figure 5.2 shows a series of 80 nm × 80 nm STM images of bP surfaces with increasing



Copper on bP 52

Figure 5.4 (a) Volume coverage, and (b) areal coverage of bP surface is plotted against
increasing time for which copper is deposited at a constant flux of (9.62±0.61) nA. The
data is obtained by performing STM measurements of three different samples (indicated
by blue, orange and grey data points in the plots) deposited with copper. In total, 18
depositions were performed. The dashed lines are a guide to the eye indicating the
expected behavior. The inset in (a) is a zoom-in to show that no copper was seen on
bP initially at lower deposition times.

copper coverage. The z-scale color bar is the same for all images, higher features appear

brighter, and features more than 1 nm high appear white. Successive images appear

brighter, which illustrates well the increasing amount of copper. Figure 5.3 shows the

same STM images in Fig. 5.2 as with individual color bars, at which the copper mor-

phology is better visible. In some of the images, we also see a particular arrangement

of copper islands which is clearly non-random: this is discussed in detail in Section 5.4

and Section 5.6 of this chapter.

After each deposition, 3-4 flakes have been analyzed for statistical merit by flattening

and flooding, using WsXM [138] software, and areal and volume coverage of the cop-

per islands has been calculated. The values for areal and volume coverage are plotted

against increasing deposition time in Fig. 5.4. We expect a linearly increasing volume

coverage with increasing deposition time. For areal coverage we also expect an increasing

behavior, but since areal coverage cannot exceed 100%, we expect it to saturate for the

data points corresponding to higher copper deposition times. Dashed lines, which are a

guide to the eye, are drawn in the plots in Fig. 5.4 indicating this expected behavior for

areal and volume coverages.

However, we observe some deviations in the data from the expected behavior. First of

all, we do not see any copper for the first 60 seconds of deposition, as shown in the inset of

Fig. 5.4(a). Probable reason for this behavior is discussed in section 5.2. Secondly, we see

a lower amount of copper than expected for deposition times beyond 700 seconds, which

starts rising again after 900 seconds of deposition time. The most likely explanation for

this behavior is intercalation. It is a common phenomenon observed in 2D materials,

reported in several studies [139, 140]. Since STM is a surface sensitive technique, at
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Figure 5.5 Defect quantification. 100 nm × 100 nm STM images of bP surface with
copper deposition times and scanning parameters of individual images: (a) 0 seconds,
(1.0 V, 0.20 nA); (b) 15 seconds, (1.0 V, 0.83 nA); and (c) 30 seconds, (1.0 V, 0.83 nA).
The images (d), (e), and (f) are identical to (a), (b), and (c), respectively, on which
counting of defects is done. Blue circles indicate individual defects in all three images.
The region marked by yellow boundary in (f) indicates depressions commonly observed
surrounding these defects.

high coverages, it is difficult to observe intercalation using a STM. However, a recent

work has reported intercalation of copper into bP [141].

5.2 Defects in bP

We have always seen defects on pristine bP surfaces, as discussed in Chapter 4. Fig-

ure 5.5 shows these defects. Figure 5.5(a) shows a pristine bP surface. Figures 5.5(b)

and (c) show the surface of bP after depositing copper for 15 seconds and for 30 seconds,

respectively. All these images have the same scan size: 100 nm × 100 nm. Quantifi-

cation of these defects has been performed by counting individual defects, as shown in

Figs. 5.5(d)-(f). On performing a statistical analysis on multiple bP flakes, we found an

average of (135±37) defects on the pristine bP surface (data from 6 different bP flakes),

(106± 11) defects on the bP surface after 15 seconds of copper deposition, and (88± 8)

defects on the bP surface after 30 seconds of copper deposition. The number of defects

is therefore decreasing with increasing copper coverage. Moreover, we do not see any
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Figure 5.6 Copper in bP defects. 100 nm × 100 nm STM images of bP sur-
face partially covered with copper. Scanning parameters of individual images: (a)
(1.0 V, 0.83 nA); and (b) (-1.0 V, 0.83 nA). Copper islands can be recognized by in
both the images as bright features. In (a), the defects are marked by red circles. In (b),
no defects are visible. In both images, depressions can be seen in the background of cop-
per islands. These depressions are characteristics of bP defects as shown in Fig. 5.5(f).
They indicate the presence of defects, which are not visible by STM, under the copper
islands.

copper on the surface of bP in Fig. 5.5(b) and Fig. 5.5(c) (corresponding to 15 s and

30 s of copper deposition, respectively). These two factors, (i) decreasing defect density

with increasing copper deposition time, and (ii) no observation of copper islands on the

surface of bP for low copper coverage, clearly points towards the preference of copper

atoms to fill atomic vacancies of the bP surface. This also implies that the copper atoms

are mobile on the bP surface at room temperature, such that they can move around

after deposition and occupy a defect as soon as they encounter one.

On deposition of some more copper on sample, we start noticing copper islands on the

bP surface. This is shown in Fig. 5.6. The first image has 21 % of the area covered by

copper. In this image, we see some defects next to the copper islands (marked by the red

circles). On counting, we found a total of 59 defects, which is only half of the average

number of defects on the pristine bP surface. This can be rationalized by the fact that

half of the defects are already occupied by copper. However, if we assume random arrival

of copper on the sample, then 21 % area coverage by copper implies that only 21 % of

defects should be covered, so ∼ 79% (or ∼ 90 defects) should have been still visible. This

indicates that at higher copper coverages, we observe the competition of two effects: on

the one hand, copper continues to fill the vacancies in the bP surface, but on the other

hand, first copper islands have formed, most likely because the cohesive energy between

copper atoms is higher than their energy at the surface of pristine bP. Such Volmer-

Weber growth mode is quite common for the growth of metals on semiconductors. This

is further evidence for the fact that copper can diffuse on bP at room temperature.
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In Fig. 5.6(b), we have∼ 40 % of the area covered by copper. Under the same assumption

as before, this means that ∼ 60 % of the defects should still be visible, but we do not

see even a single defect. One could argue that maybe there was no defect present

on the bP surface prior to copper evaporation, but we have always seen defects on

pristine bP surfaces, as shown in Chapter 4. Also, whenever we see a defect, we see a

slight depression surrounding it (indicated in Fig. 5.5(f) by the yellow boundary). In

Fig. 5.6(b), we see the presence of similar depressions. So we do not see the defects

in the image in Fig. 5.6(b) because they are covered by copper islands, but we do see

the signature of the presence of the defects in the form of depressions around copper

islands. There are some copper islands in the image which do not have any depressions

surrounding them: these are the cases of copper islands which have nucleated on the

defect-free bP surface.

5.3 Step decoration

Step decoration is a well known phenomenon reported in surface science studies [142,

143]. It is a result of the fact that atoms at step edges are more reactive compared to

atoms in the surface. In a 3D material, an atom located in the bulk is coordinated to

other atoms on all sides. But an atom lying in the surface of a 3D material has no other

atom on one side. A atom bonding to one such surface atom will have coordination

number one. At a step edge on the surface of a 3D material, the same atom can

bond simultaneously to two different surface atoms, and can therefore have coordination

number two. A higher coordination number means higher stability of adsorbed atoms.

So on the surface of 3D materials, adsorbates will line up along the step edges to have

higher stability, if the kinetics permits the mobility of adsorbates on the surface.

But in 2D materials, the atoms are bonded only to the atoms lying in the same plane

(the atoms across different planes are bonded by weak van der Waals forces only).

So, only the atoms at the edge of the surface (for example atoms at the step edges)

have unsaturated bonds. This makes the atoms at the edges much more reactive than

the atoms on the surface. Therefore the phenomenon of step decoration is even more

prevalent in 2D materials.

We have observed the same phenomenon in our experiments. Fig. 5.7 illustrates the

step decoration of copper at a bP step edge. Fig. 5.7(a) shows with bright color a higher

terrace and with dark color a lower terrace. At the border between the two terraces,

we see bright copper islands lining along the step edge of bP. For better contrast, a

derivative of the raw image is shown in Figure 5.7(c) in which a 1D chain of copper

islands along the bP step edge can be clearly distinguished from the individual copper
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Figure 5.7 Step decoration of copper on bP. (a) 100 nm × 100 nm STM image showing
a step edge on bP surface after copper deposition for 1200 seconds, which shows copper
islands on bP. Scanning parameters: (-1.0 V, 0.33 nA). (b) Height profile across the step
edge along the blue line in (a) shows a ∼2 nm step of bP. ∼0.5 nm high copper island
at the step edge is indicated by a purple arrow in the plot. (c) Derivative of image (a)
with respect to X is shown to enhance the contrast and provide better visualization of
copper islands. They appear to be distributed randomly on flat bP surface, while they
seem to ornament along step edge forming a queue, which demonstrates decoration of
copper at bP step edge.

islands distributed all over the flat bP surface. The line profile across the step edge

shown in Fig. 5.7(b) further helps to understand this phenomenon. We see a 2 nm step

height which is four times the distance between individual layers in bP. This is a result

of step bunching at the step edge. The presence of copper islands at the step edge is

exhibited clearly by the line profile, pointed out by the purple arrow in Fig. 5.7(b). This

indicates a low diffusion barrier of copper atoms on the bP surface, the same factor

which led to the nucleation of copper islands on bP defects, as discussed in section 5.2.

5.4 Copper island alignment

The deposition of copper on the sample using an UHV evaporator is essentially a random

process on the surface. However, in many cases, we observed the copper islands to be

aligned. One such example is shown in Fig. 5.8. Fig. 5.8(a) shows a flake ∼20 nm high.

On zooming in, Fig. 5.8(b) shows a 200 nm × 200 nm surface of bP with copper islands.

It is clearly evident that the copper islands are aligned along an angle of 26 ◦ to the

horizontal. On further zooming in to check the crystallographic direction, Fig. 5.8(c)

shows a 5 nm × 5 nm surface of bP. The parallel lines, which are blurred zig-zag lines,

help us to indicate the crystallographic directions of the bP crystal. It is very clear that

the copper islands tend to align along the armchair direction.

This has been observed in multiple occasions. To confirm that this is not due to the

movement of copper islands by the tip during scanning, we checked the alignment of

copper islands upon changing scan direction. Figure 5.9 shows a series of images taken



Copper on bP 57

Figure 5.8 Copper alignment along armchair direction. (a) 2.5 µm × 2.5 µm STM
image showing a bP flake ∼20 nm high. Scanning parameters: (1.0 V, 0.83 nA). (b)
200 nm × 200 nm STM image measured after zooming in on the flake. Copper islands
seem to be aligned in a direction 26 ◦ with respect to horizontal direction. Scanning
parameters: (1.0 V, 0.83 nA).(c) 5 nm × 5 nm STM image measured after further
zooming in on the flake. Scanning parameters: (-1.0 V, 0.83 nA). The parallel lines
indicate the crystallographic zigzag direction of bP along white arrow, 122 ◦ with respect
to the horizontal. Yellow arrow is drawn at 90 ◦ with respect to white line to point
towards the armchair direction of bP. Yellow arrows in (b) and (c) seem almost parallel
which demonstrates alignment of copper islands along the armchair direction.

Figure 5.9 Copper islands alignment unaffected by STM tip movement direction.
Copper islands were scanned with the tip moving along different directions to check
if the motion of the tip is causing alignment of copper islands. The same area is
scanned with the tip moving horizontally in (a), then vertically in (b), and then again
horizontally in (c). The blue arrows indicate the direction of motion of the STM tip
while scanning while the yellow arrows indicate the direction of alignment of copper
islands. Unchanging copper alignment direction in the three images demonstrates that
it is not a tip induced effect. A zoom-in on bP surface to identify the crystallographic
direction is shown in (d). The parallel line corresponding to the zigzag direction of bP
is almost perpendicular to the direction of alignment of copper islands, which again
demonstrates the armchair alignment of copper islands. All images are scanned with
the same scanning parameters: (-1.0 V, 0.83 nA).

on the same area with different scan directions. The blue arrow at the bottom right of

each image indicates the direction of tip movement, while the yellow arrow indicates the

direction of the copper island alignment. The scan area slightly shifts due to drift, but

it is very clear that the alignment of copper islands remains unchanged upon changing

the tip movement direction, even orthogonally. Furthermore, on zooming in to check

the bP crystallographic direction, we again observe in Fig. 5.9(d) that the direction of

alignment of copper islands coincides with the armchair direction of the bP lattice.
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Figure 5.10 STS – bP and copper. (a) 20 nm × 20 nm STM image of bP with copper
islands showing spots of STS measurements. Green squares mark the spots at which
spectra are recorded. Yellow circles and purple circles indicate the spots where spectra
were measured on pristine bP and copper islands, respectively. Scanning parameters:
(-1.0 V, 0.33 nA). (b) Distinct types of STS curves measured on bP and copper islands.
Each curve is an average of 42 spectra.

5.5 Scanning Tunneling Spectroscopy (STS)

Scanning tunneling spectroscopy, as discussed in detail in Chapter 3, is used to mea-

sure the local density of states (LDOS) of a system. In this section, we present our

investigations of the LDOS of copper on bP.

5.5.1 Point spectroscopy

Figure 5.10(a) shows an STM image of a bP surface with copper islands on top. The

blue squares mark all spots on which spectra have been recorded. The spots marked

by yellow circles indicate those measured far away from the copper islands. STS mea-

surements carried out at these spots give consistently one class of spectra, which we

attribute to pristine black phosphorus. An average of 42 spectra, measured at such

points far from copper islands, is shown in Fig. 5.10(b) (black line). We performed

the same measurements on copper island, at the spots marked by purple circles. This

consistently gives another class of spectra, different from the first class. An average of

42 spectra measured at such points on copper islands is shown in Fig. 5.10(b) (red line).

These spectra appear flatter compared to the former spectra taken far away from copper

islands, which are more V-shaped.

In the image in Fig. 5.10(a), horizontal flat lines just above the location of each STS

measurement can be seen. This is because the STM scanning (from bottom to top)

is paused during each STS measurement. When scanning resumes after recording the
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Figure 5.11 Point STS. (a) 20 nm × 20 nm STM image of bP with copper islands
showing a spot of STS measurement on bP surface away from copper islands. Scanning
parameters: (-1.0 V, 0.33 nA). (b) Plot of current (I) measured against forward and
backward voltage (V) sweep. (c) Plot of differential current (dI) against forward and
backward voltage (V) sweep measured simultaneously using a lock-in amplifier. (d)
Comparison of differential conductance obtained by numerical derivative of (b), plot-
ted using dotted line, and the differential conductance directly measured using lock-in
amplifier, plotted using solid line. Signal from lock-in amplifier is more clear because of
the noise filtration by lock-in amplifier. Both the curves follow the same trend, which
demonstrates the reliability of STS measurement.

STS measurement, the position of the sample has drifted a bit relative to the tip during

this time. Due to this, the contrast in pixels in the next scan line appears to have

a jump rather than the continuous behavior seen during normal scanning. However,

before and after each STS measurement, we have made sure that the spot of the STS

measurement stays where intended. As can be seen in Fig. 5.10(a), for all STS spots,

the line scans before and after the STS measurement have the same profile: for example,

for an STS spot on bP, the surrounding region is flat before and after the measurement,

and similarly for a spot on a copper island, the surrounding of the STS spot shows a

bright copper island both before and after the measurement. We can therefore neglect

the role of drift in these measurements. A more detailed and quantitative analysis of

drift present in these experiments is given in section 5.5.2.

Now, let us have a closer look at the spectra taken far away from copper islands.

Fig. 5.11(a) shows one such measurement spot marked by a yellow circle, and Fig. 5.11(b)

shows one set of I-V curves measured at that position. The forward sweep in red and

the backward sweep in blue overlap, which shows the good reproducibility of the STS

measurement. Fig. 5.11(c) shows data taken simultaneously using a lock-in amplifier,

which gives the derivative of the I-V curve shown in Fig. 5.11(b) (the details of STS

measurements using lock-in amplifier are discussed in Chapter 3). Again, the forward

sweep in red and the backward sweep in blue overlay, which shows the reproducibility

of the measurement. This plot is very helpful since it gives the differential conductance

vs. bias voltage, which is proportional to the local density of states. When the value

of the voltage is within the band gap of the material, the differential conductance is

approximately zero. In our experiments, the bias is applied to the tip, which means

that the onset of differential conductance for negative bias voltage values corresponds

to the onset of the conduction band, while that for positive bias voltages corresponds to
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Figure 5.12 Bandgap of pristine and doped bP. Analysis of band gap value and
doping is shown in (a)-(c) for pristine bP, and (d)-(f) for copper doped bP. Measured
spectra of differential conductance using a lock-in amplifier is shown in (a) for pristine
bP, and (d) for copper doped bP. The difference in the y-scale distinguishes between
the pristine bP-type and doped bP-type spectra. Analysis of band gap value from the
measured spectra is shown in (b) for pristine bP and (e) for copper doped bP. The
calculated band gap value is indicated. Analysis of doping behavior is shown in (c) for
pristine bP and (f) for copper doped bP. Vertical dashed pink line marks the position
of the Fermi level, EF at 0 eV in both plots. Position of EF close to valence band in (c)
indicates p-type doping for pristine bP and close to conduction band in (f) indicates
an n-type doping for copper doped bP.

the onset of the valence band. The y-axis of the graph is in units of Volt, because the

lock-in amplifier gives the output in terms of voltage. In the graph in Fig. 5.11(d), we

compare the numerical derivative of the I-V curve from Fig. 5.11(b) (plotted with dotted

lines) with the derivative measured simultaneously by lock-in (plotted with solid lines)

for the same set of data. The following parameters have been used to convert the lock-in

output from Volts to dI/dV so that it has the same units as the numerical derivative of

the I-V curve to be compared to: gain of the STM pre-amplifier = 3 × 107 V/A; bias

modulation applied to lock-in = 100 mV; and sensitivity setting of lock-in used during

the measurement = 200 mV. The close agreement between the curves underlines the

reliability of the data measured.

Next, we quantified the bandgap and the chemical potential for each set of measurements.

This is shown in Fig. 5.12. The plot in Fig. 5.12(a) shows the derivative of the I-V curve

measured by lock-in, for the same set of measurements shown in Fig. 5.11, taken at

a spot far away from copper islands. So, this spectrum is attributed to pristine black

phosphorus. In Fig. 5.12(b), the same curve is plotted on a logarithmic scale. This is

very helpful to identify the region of the curve where the signal is below the noise floor

of the current amplifier. As seen in the plot, the noise floor can be clearly identified and



Copper on bP 61

well distinguished from the actual signal. This gives information about the band gap

and the chemical potential of the system. The bias range in which there is no signal

corresponds to the band gap of the material, identified by the region with a signal at

the noise floor. To quantify the exact band gap value, the method reported in Kiraly et

al. [64] is used. First of all we choose the point of minimum signal which lies in the

noise floor, as is quite evident by looking at the plot. Then using 10 points surrounding

that point on the curve (5 points before and 5 points after), an average value and a

standard deviation is calculated for the noise floor. In Fig. 5.12(b), this average value

is shown using the horizontal black line in the middle of the noise floor. A horizontal

green and red line mark the average plus and minus standard deviation value in the

noise floor, respectively. Then, the first and last data point of the curve, for which the

y amplitude goes below the green line, marks the opening and closing of the band gap,

respectively. The size of the band gap is illustrated in Fig. 5.12(b) by the extension of

the three horizontal lines in the plot in the x-direction. Even visually, it can be clearly

seen that the length of the horizontal lines approximately marks the length of the noise

floor in the curve. This algorithm has been used to quantify the band gap for each

set of measurements. In the current case, we obtain a band gap value of ∼ 0.2 eV.

We repeated the same analysis for 42 such curves (average is shown using a black line

in Fig. 5.10(b)) and obtained a band gap value of (0.25± 0.10) eV, consistent with the

reported bandgap of pristine bP [64]. Figure 5.12(c) shows two vertical dashed lines, one

in black indicating the middle of the band gap, and one in pink at 0.0 V bias, indicating

the position of the Fermi level of the system. The position of the middle of the band gap,

is at approximately -0.1 eV, while the position of Fermi level, indicated by the vertical

pink line, is close to the valence band edge, which implies a strong p-type doping of the

sample at this position.

Figures 5.12(d)-(f) show a set of curves measured on a copper island. A differential

conductance curve on a linear scale is shown in Fig. 5.12(d). Note the different scale in

y-axis with respect to Fig. 5.12(a). On performing the band gap analysis for this curve,

shown in Fig. 5.12(e), we obtain a band gap value of ∼ 0.35 eV (red line in Fig. 5.12(e)).

We repeated the same analysis for 42 such curves and obtained an average band gap

value of (0.46±0.20) eV, which will be discussed in the next paragraph. Figure 5.12(f)

shows the Fermi level close to the conduction band edge, which indicates n-type doping,

while the position of the middle of the band gap, as indicated by a vertical black line,

is about 0.1 eV.

For copper alone, we would expect a metallic behavior. However, in the spectra measured

on the copper islands, the tunnel current is flowing from the tip to the copper islands

and then through the bP underneath to the ground. Thus, what we measure is the
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Figure 5.13 Line STS - single copper island. (a) Average spectra at each spot of
line STS measurement across a copper island in (c) is plotted. Color bar indicates the
spectra respective to lateral positions in (c). Red and yellow spectra corresponding
to spots on bP show pristine bP-like behavior, and can be clearly distinguished from
the orange curves corresponding to spots on copper island, which shows copper doped
bP-like behavior. (b) Position of mid-band gap value in individual spectra with respect
to the position of the Fermi level is plotted against lateral position where individual
spectra are recorded. (c) 5 nm × 1 nm STM image of the copper island on bP is
shown on which the line STS measurement is performed. Spots of individual spectra
measurement is indicated in a red-to-yellow color gradient. Scanning parameters: (-
1.0 V, 0.33 nA). (d) Height profile across the island is shown. The x-axis in (b), (c),
and (d) are kept at same scale. Two vertical dashed red lines provide a correlation
of the beginning and end of the copper island with the doping behavior, convoluted
accordingly.

convolution of both copper and bP electronic structure, and therefore it is consistent to

observe a band gap, which indicates semiconducting behavior.

Comparing the results shown in Figs. 5.12(a)-(c), for pristine bP we observe a band gap

value of 0.25 eV and a p-type doping, consistent with results in literature for pristine

bP [50, 51]. On the other hand, for copper-doped bP, we observe clear evidence of n-type

doping of the bP and an increase in the measured value of the band gap to 0.46 eV.

5.5.2 Spectroscopy across islands

Line spectroscopy is an important tool which is used to visualize the lateral variance

of the spectral attribute over a feature. In our experiments, we have used this tool to

measure the variation in spectroscopy while measuring data points across copper islands.

One such example is shown in Fig. 5.13.

Figure 5.13(a) shows a series of line spectra taken across a copper island. The copper

island and the lateral position of the individual points at which spectra are recorded is
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Figure 5.14 Drift measurement. 50 nm × 50 nm STM images of bP with copper
islands are shown, measured chronologically from (a) to (d). An island is marked in
(a) by a blue dot which is identified in subsequent images and marked by a yellow dot
in (b), a white dot in (c) and a green dot in (d). The shift in the position of the island
indicates a drift towards left in the horizontal direction and downwards in the vertical
direction.

indicated in Fig. 5.13(c). The direction of measurement is indicated by a color gradient,

from red for the first spectrum to yellow for the last spectrum, going from left to right.

At each of these spots, three sets of curves1 are taken. An average of these three sets

of curves gives the spectrum for each spot, which statistically represents the electronic

behavior of the spot. The average curves for each spot are plotted in Fig. 5.13(a),

colored accordingly to the same color gradient. The spectra in yellow and red (at

extreme positions of the line spectroscopy), corresponding to spots on bP, are V-shaped,

while the spectra in orange (at the middle of the line spectroscopy), corresponding to

copper, are flatter, similar to what was shown in Fig. 5.10.

We performed an analysis of doping from these spectra. We measured the position of

the middle of the band gap relative to the Fermi level (0 eV) for individual sets of curves,

which gives three values for each spot along the line spectrum. These values are plotted

in Fig. 5.13(b). The x-axis indicates the lateral position of each spot of line spectroscopy.

Recalling from section 5.5.1, a negative mid-band gap value corresponds to p-type dop-

ing, while a positive mid-band gap value corresponds to n-type doping. In the plot in

Fig. 5.13(b), we see initially a p-type behavior, which changes to n-type behavior in the

middle, and finally again becomes p-type behavior at the end. Figure 5.13(d) shows a

line height profile taken across the copper island shown in Fig. 5.13(c). Comparing the

onset of change in doping behavior to the line profile, as indicated by two vertical dashed

red lines in Fig. 5.13, the lateral positions of the onset of doping match well with the

extremity of the copper island. A Gaussian curve is fitted to the data in Fig. 5.13(b),

plotted in red color. The position of the Gaussian peak is (10.78 ± 0.17) nm, which also

coincides excellently with the center of the copper island. This demonstrates very well

that the copper islands are responsible for the n-type doping of bP.

1One set of curves is one complete forward and backward sweep.
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Figure 5.15 Drift quantification on 50 nm × 50 nm STM images of bP with copper
islands are shown. (a) and (b) shows two successive images measured on the same spot
after an interval of 35 minutes. One copper island is identified (indicated using a dotted
yellow rectangle), which is identical in both the images. The shift in the position of the
island indicates a drift towards negative x-axis and negative y-axis. (c) and (d) shows
the images (a) and (b), respectively, converted into grey color scale and analyzed using
MATLAB to identify the common regions of both the images. The shift in the position
of the common area of the images is quantified as drift. The common area in (c) and
(d) are shown using a white rectangle, and reproduced in (e) and (f) respectively. The
striking similarity in the common area shown in (e) and (f) despite the differences in
parent images (a) and (b) illustrates the well execution of the quantification of drift
performed by the MATLAB program. Scanning parameters: (-1.0 V, 0.33 nA).

The matter of drift during STS measurements has already been addressed briefly earlier

in this chapter. But it becomes much more prevalent in the case of line spectroscopy

when the scanning is paused not for just a single spectrum but for 10 or 20 spectra.

Therefore, a more detailed drift analysis is required, which is discussed in the next

paragraph.

Figure 5.14 shows four STM images recorded one after the other at the same location.

The position of one selected copper island is tracked in successive scans, which is marked

by a blue dot in Fig. 5.14(a). In the next image, in Fig. 5.14(b), the copper island has

moved to a new position marked by a yellow dot. The blue dot is also shown in this

image, which marks the initial position of the same copper island, as seen in the previous

image. The same process is repeated for the next two images in Fig. 5.14, showing the
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new position of the copper island by white and green dots in (c) and (d), respectively.

Figure 5.15 shows the analysis of drift quantification performed using a MATLAB

program. Figures 5.15 (a) and (b), which correspond to the images Fig. 5.14(c) and

Fig. 5.14(d), respectively, are two successive 50 nm × 50 nm STM images of bP with

copper islands, measured on the same spot after an interval of 35 minutes. One of the

copper islands, which appears in both images, is indicated by a dotted yellow rectangle.

In the absence of drift, two STM images taken on the same spot should appear exactly

identical. The shift in position of the island therefore indicates a drift towards left in

the horizontal direction and downwards in the vertical direction. Since a drift causes

a lateral shift of the features, two STM images taken on the same spot in presence of

drift should have only a fraction of area which overlap. The fraction of this common

area should get smaller with increasing drift. So, identification of the common area and

the measurement of the shift in the common area leads to quantification of drift. This

has been done using a MATLAB program. First, the original images (a) and (b) are

converted into grey scale, as shown in (c) and (d), respectively, and the values of each

pixel of the images are obtained. The images are then overlaid on each other, such that

each pixel of one image lies on a corresponding pixel of the other image. On subtracting

the values of individual corresponding pixels of both images and dividing by the total

number of pixels, we get a mean difference in the pixel values, called Φ. This mean value

Φ will be minimum when the two images align exactly to each other. The images are

then translated horizontally and vertically with respect to each other in steps of a single

pixel, and Φ is calculated as a function of shift for the portions of the images which

overlap. The minimum value of Φ indicates the maximum alignment of the images and

the corresponding shift values indicate the drift. The overlapping area of the images

is represented by white rectangles in Fig. 5.15 (c) and (d) and reproduced separately

in Fig. 5.15 (e) and (f). The copper islands and their lateral distribution in (e) look

identical to those in (f), which illustrates the high performance of the MATLAB pro-

gram to identify the common area. Similar analysis has been performed for the pair of

images: Figs. 5.14(a), (b) and Figs. 5.14(b), (c) as well, which gives an average drift of

(−0.26 ± 0.12) nm/min in the x-axis and (−0.07 ± 0.00) nm/min in the y-axis during

this measurement.

The calculated drift has been used in the analysis of line STS measured soon after. The

lateral position of each spot of measurements is corrected for drift using: (a) the initial

position of the measurement spots, (b) the rate of drift calculated in the previous analy-

sis, and (c) individual spectra measurement times. Figure 5.16 shows a line spectroscopy

measurement recorded across two copper islands. Figure 5.16(a) shows an STM image

where two islands are indicated by a semi-transparent blue box. The same region is

cropped and rotated, as shown in Fig. 5.16(d). Line spectra are recorded, starting from
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Figure 5.16 Line STS - double copper island. (a) 30 nm × 30 nm STM images
of bP with copper islands shows a location where a line STS measurement is carried
out across two copper islands. The path of spectroscopic measurement is shown using
a green dotted arrow. (b) Individual spectra are plotted in log scale and displaced
vertically for visualization. A smooth transition can be seen in the successive spectra
due to passage from bP to copper and then back to bP, twice. (c) Position of mid-band
gap value in individual spectra with respect to the position of the Fermi level is plotted
against lateral position where individual spectra are recorded. (d) A zoom-in of the
region marked by blue area in (a) is shown. The image is rotated to place the two
copper islands horizontally. (e) Height profile across the islands in (d) is shown. The
x-axis in (c), (d), and (e) are kept at same scale. Two vertical dashed red lines provide
a correlation of the peak of the n-type behavior with center of the copper islands.
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a spot on bP on the left of the two islands, moving rightwards across both islands, and

ending at another spot on bP lying on the right of the two islands, as indicated by

a dotted green arrow in Fig. 5.16(a). Again three sets of curves are recorded at each

spot, and all curves are plotted on a log scale in Fig. 5.16(b). Subsequent curves are

displaced for better visualization. The green arrow indicates the position where curves

where measured along the direction indicated in Fig. 5.16(a). Starting from the bottom

most curve, corresponding to a spot on the left of the copper islands, the band gap

region shifts to the right as it approaches the first copper island, and then goes back to

the left on reaching the boundary of the copper island. It repeats the same behavior on

going through the second island. In Fig. 5.16(c), the value of mid-band gap relative to

the Fermi level (0 eV) is plotted for each set of curves against lateral position. We see a

shift from p-type behavior to n-type behavior, twice. Figure 5.16(e) shows a line profile

across the two copper islands. On comparing the peak positions of n-type behavior in

Fig. 5.16(c), using vertical dashed red lines, we understand that it coincides well with

the center of the island, as seen in the STM image in Fig. 5.16(d) as well as in the line

profile shown in Fig. 5.16(e). This further demonstrates that the n-type behavior is due

to the copper on bP.

5.6 DFT calculations

To complement the experimental observations and gain a deeper understanding on cop-

per doping, we collaborated with Dr. Deborah Prezzi, working at CNR-Nano Modena,

who investigated from first principles both the stability and electronic properties of cop-

per doped bP using a plane-wave, pseudopotential implementation of density functional

theory (DFT) [144, 145], as available in the Quantum ESPRESSO package [146, 147].

We studied the effect of three possible copper sites on few-layer bP, that is: (i)substitutional

copper (Cu-s), where a copper atom occupies a missing phosphorus atom (vacancy) site;

(ii) interstitial copper (Cu-i), with the copper atom sitting in between two layers; (iii)

copper adsorbed on the bP topmost layer. For the latter we have explored four different

sites with respect to the bP surface, i.e. hollow (H), top (T), and two different bridge

positions (B1 and B2), as shown in Fig. 5.17, where the values of the binding energies,

Eb are also reported.

The most stable impurity is the substitutional copper, with Eb(s) = -4.48 eV, which

suggests that a vacancy on the bP surface is likely to be filled by a copper atom. This

is consistent with the preferential filing of defects observed in our STM experiment.

Intercalated copper represents a highly stable impurity as well, with a value of Eb(i) = -

3.52 eV. Regarding copper adsorption, finally, the most stable site is the hollow one,
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Figure 5.17 DFT calculated binding energies of single copper atom on bP in different
configurations: (a) copper atom substituting a phosphorus atom; (b) copper atom
adsorbed on hollow site on bP surface; (c) intercalated copper atom; (d) copper atom
adsorbed on bridge-1 site; (e) copper atom adsorbed on top site; (f) copper atom
adsorbed on bridge-2 site. A side view for each configuration is also shown.

with a value of Eb(H) = -2.69 eV. The comparison of the last two values suggests that

a copper atom would preferably intercalate with respect to adsorbing on the bP clean

surface.

Apart from the most stable adsorption site, also the energetics of the other adsorption

sites is interesting to analyze. In fact, while it does not give precise information on

diffusion barriers, for the estimation of which different approaches are requested (e.g.

nudged elastic band method [148, 149], we can nonetheless extract some indication. In

particular, we notice that H and B1 differ by about 130 meV, while other configurations

are much less favored.
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Figure 5.18 Copper diffusion along the zigzag direction is shown using a red dotted
arrow in (a). A trench and a dune are indicated using a dashed green and blue line in
(b).

We consider the motion from one H site to another. We can see in Fig. 5.17 that each

H site is surrounded by two B1 sites, two B2 sites, and four T sites. The binding energy

for B2 and T site is much lower. Since B1 is more bound, with a binding energy closer

to H as compared to the B2 and T sites, it would be easier for a copper atom to go

from one H site to another using pathway: H-B1-H. But again, after moving once, the

copper atom lies in an identical situation, which means that it would prefer to take an

identical pathway to diffuse further: H-B1-H-B1-H-B1-H..., as illustrated in Fig. 5.18(a)

using a dotted red arrow. Comparing this to the bP lattice, the direction of diffusion

corresponds to the zigzag direction. This means that a copper atom prefers to diffuse

along the zigzag direction, moving in the same trench in which it lies initially. A trench

and a dune are shown in Fig. 5.18(b) using a green and a blue dotted shape, respectively.

DFT calculations have also analyzed the effect of copper on the electronic structure of

few-layer bP. Copper is found to cause n-doping of bP when adsorbed in H position



Copper on bP 70

Figure 5.19 Density of states (DOS) calculation is shown for pristine bP (2L) in grey,
for copper adsorbed on bP surface at H-site in blue, for interstitial copper in pink and
for substitutional copper in yellow.

(blue curve, Fig. 5.19), with the Fermi level (EF ) lying ∼ 0.2 eV above the conduction

band bottom (CBB), in agreement with previous reports [65]. At the same time the

gap decreases from 0.21 (i.e. pristine) to 0.12 eV. The interstitial Cu impurity is also

predicted to induce n-doping in bP, with the EF being ∼ 0.3 eV above the CBB. At

variance with the adsorbed impurity, for the interstitial one the gap increased to 0.26 eV.

Finally, the substitutional copper defect induces a gap closure to about 40 meV, with

the EF lying ∼ 0.47 eV below the valence band top (VBT), which indicates a p-type

doping.

We remark here that, in order to have a more complete picture regarding intercalation

and adsorption phenomena including cluster alignment, many more situations should

be taken into account, e.g. one should also investigate the dependence of the binding

energy on defect concentration, as well as consider adsorption at substitutional copper

and formation of larger clusters. These and other calculations are currently ongoing.
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5.7 Discussion

An n-type doping in bP caused by copper is reported by Koenig et al. [65] through

transport measurements. But no surface investigation has been performed so far to

understand the copper morphology on bP. We have deposited copper on exfoliated bP

flakes and performed a morphological study of copper on bP. We observed atomic reso-

lution on bP after depositing copper, which confirms the high quality of the bP surface

even after copper deposition.

At low copper coverage, we do not detect any copper, but we observe a decrease in the

number of defects on the bP surface with increasing copper coverage. This indicates a

filling of defects on the bP surface by copper atoms. This is also supported by a high

binding energy of substitutional copper atoms from the DFT calculations, which shows

that such a process is energetically preferred. At slightly higher coverages, we do not

observe any defect anymore, but depressions which are signatures of defects, indicating

the presence of defects below copper islands. This further indicates the preference of

copper to occupy bP defect sites. This also implies that copper atoms are mobile on bP

at room temperature.

We studied the morphology of copper on bP with increasing copper coverage. We also

performed a statistical analysis of areal and volume copper coverages on the bP surface.

We noticed some deviations from the expected behavior. At high copper coverages,

we observed a lower amount of copper on bP than expected. This could be because of

intercalation, which is also suggested by the DFT calculations, and reported by Koenig et

al. [65] and Lin et al. [150]. However, we did not observed any evidence of intercalation

experimentally, probably due to the copper on the surface, which makes it difficult to

observe intercalation by a surface sensitive technique like STM.

We observed decoration of bP step edges by copper, which further indicates that copper

is mobile on bP. We also observed an alignment of copper islands on the bP surface along

the crystallographic armchair direction of bP, and confirmed that this is not caused by

the tip. From the DFT calculations, we compared the binding energy for different

configurations of copper atoms on bP. The energetics of these configurations suggests

that copper prefers to diffuse along the zigzag direction. Kiraly et al. [122] has performed

a similar study of diffusion of potassium atoms on bP and reported that potassium atoms

prefer to diffuse along the zigzag direction.

To understand the effect of copper on the band structure of bP, we performed STS

measurements. We noticed a clear distinction between spectra of pristine and spectra

taken on copper islands. We measured a band gap of 0.25 eV and p-type doping for
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pristine bP, consistent with literature values [50, 51]. For copper on bP, we see an n-type

doping and an increase in the measured band gap value to 0.46 eV.

On performing line STS measurements across single and double copper islands, we ob-

served a transition from p-type to n-type and back to p-type behavior in the chemical

potential of the sample within a few nanometers, which coincides excellently with the

boundaries of the copper islands. Also, the peak of the n-type behavior matches well

with the center of the copper islands. This demonstrates that it is copper islands which

are responsible for the observed n-type doping of bP by surface charge transfer from

copper, and it also indicates the length scale over which the effect of isolated copper

islands on bP is prominent.

We should be careful about the interpretation of the measured band gap value of 0.46 eV

recorded on copper islands on bP, because we measure the current flowing across a metal-

lic copper islands, then an n-type doped bP and then the bulk of the bP flake which is

p-type. This might induce a p-n junction type behavior in measured the spectra. In that

case, we would expect an increase in the asymmetry of the I-V curve and consequently,

also in the dI/dV curve. But on comparing the dI/dV curves measured on bP and cop-

per islands, as is clearly visible in Fig. 5.10(b), not only we do not observe any increase

in asymmetry in the dI/dV curve, but in fact it becomes even more symmetric on the

copper. This indicates that a p-n junction formation is not a dominating factor in the

electronic behavior measured on copper, and thus the measured band gap broadening

could be a feature of the n-type doped bP itself. A first hint that copper could induce

not just a Fermi level shift but also a band gap broadening comes from the ab initio

DFT calculations that are shown in Fig. 5.19, where a fraction of intercalated copper

is predicted to cause both n-type doping and band-gap broadening. However, further

analysis is necessary to pinpoint the reason behind the observed band gap broadening

and to understand if other effects are contributing to the measured electronic behavior

of copper on bP.





Chapter 6

Summary and Outlook

6.1 Summary

In this work, we carried out sample preparation procedures in an inert atmosphere,

which preserved the bP from degradation. We used a glove bag to facilitate an inert

atmosphere, which is much cheaper than a glove box setup. The prepared samples were

also mounted on the STM sample holder and carried to the STM chamber in the same

inert atmosphere, to minimize any degradation of samples due to exposure to ambient

atmosphere. The effectiveness of our sample preparation protocol is reflected in the high

quality of the STM images on thin flakes of bP achieved in our experiment. Thus, we

demonstrate an inexpensive solution to prepare clean surfaces of exfoliated thin flakes of

bP suitable for STM and other surface investigations, which eliminates the compulsion

to work with encapsulated bP or cleaved bP samples.

Performing a statistical analysis of the size of the bP flakes, we measured height and

area of ∼ 40 flakes and found that our flakes are typically 30 nm high and 1 µm2 in area.

Upon zooming in, we performed atomic resolution imaging on bP flakes, and measured

the unit cell parameters: a = (3.45 ± 0.43) Å and c = (4.40 ± 0.12) Å, consistent with

the reported values. To distinguish the bP from the substrate, we also obtained atomic

resolution on graphene, and measured the unit cell parameter, a = (2.46 ± 0.22) Å,

which is also consistent with literature.

While investigating pristine bP surfaces, we studied the thermal stability of few layer thin

bP flakes and changes in their surface morphology with increasing annealing temperature

using an STM in UHV conditions. We have shown STM images of bP surfaces after

annealing in steps of 50 ◦C, starting from 200 ◦C, till 500 ◦C. We observed that 300 ◦C-

350 ◦C annealing is suitable for cleaning bP surfaces from residual oxides, which gives
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clearer subsequent STM images. We also observed defects on the bP surface, which are

probably due to phosphorus vacancies.

Upon annealing at ∼400 ◦C, we observed the formation of monolayer deep anisotropic

craters by phosphorus desorption. Being one order of magnitude smaller than those

reported in literature, these craters are the initial stages of the reported craters. By

statistical analysis, we found that these craters are aligned to each other. We imaged

these craters with changing tip movement direction to rule out the possibility of crater

modification by the tip. Taking advantage of the high resolution of imaging provided by

STM, we obtained atomic resolution imaging on a bP surface near one of these elongated

craters. With this, we were able to relate the alignment direction of the long axis of

these anisotropic craters to the crystallographic zigzag direction of bP. This enabled us

to solve an existing debate in literature on this topic.

We also discussed an existing model relating the atomic P desorption mechanism with

the formation of elongated craters along the armchair direction. We evaluated the order

of removal of unsaturated P atoms in different configurations considered in the model.

On comparing it with the DFT calculated activation energy values for such processes, we

established the proper order for removal of P atoms in different configurations and found

that atomic P desorption leads to the formation of craters along the zigzag direction.

However, the DFT and KMC simulation results suggest that molecular P2 desorption

also leads to elongated crater formation along the zigzag direction. This indicates that

what earlier appeared so trivial, that the atomic P desorption leads to crater align-

ment along the armchair direction and the molecular P2 desorption mechanism to crater

alignment along the zigzag direction, is not so simple, as both desorption mechanisms

cause crater alignment along the zigzag direction. STM imaging alone is not enough

to pinpoint the underlying mechanism. However, the energetics of the two mechanisms

reported by Fortin-Deschenes et al. [115] indicates that a molecular P2 desorption mech-

anism is energetically more favorable.

We also studied transfer doping of bP by copper. We deposited copper on exfoliated bP

flakes and performed a morphology study of copper on bP. After deposition of 1200 sec-

onds of copper, we found a majority of copper islands with dimension: (0.47 ± 0.12) nm

height and (2.19 ± 0.34) nm width. There were few larger islands with dimension:

(2.00 ± 0.25) nm height and (7.20 ± 0.98) nm width.

We obtained atomic resolution on bP after depositing copper, which confirms that the

high quality of the bP surface is maintained even after copper deposition. But the atomic

resolution of bP is only on bare bP and not on the position of copper islands, which

indicates that the copper stays on top of the bP surface. Also, the multilayer height
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of copper islands indicates island growth of copper on the bP surface instead of copper

intercalation.

We studied the morphology of copper on bP on three different samples and for 18

different copper deposition times. We also performed a statistical analysis of areal and

volume coverages on bP against increasing copper deposition time.

We observed some deviations from the expected behavior of areal and volume coverages.

At low copper coverages, we did not detect any copper initially in the STM images.

However, we observed a decreasing number of defects on the bP surface with increasing

copper coverage. This indicates the filling of defects on the bP surface by copper atoms.

This is also supported by a high binding energy of substitutional copper atoms as per

the calculation using DFT, which shows that such a process is energetically favorable.

At slightly higher coverages, we did not see any defects but we see depressions which

are signatures of defects lying below copper islands. This further indicates that copper

prefers to occupy bP defects. It also implies that copper atoms are mobile on bP at

room temperature.

We also observed step decoration of copper atoms at bP step edges. This further indi-

cates mobile copper on bP. From the energetics of various positions of copper atoms on

bP, as calculated using DFT, copper might prefer to diffuse along the zigzag direction.

Kiraly et al. [122] has performed a similar study of diffusion of potassium atoms on bP

and reported that potassium atoms prefer to diffuse along the zigzag direction.

At higher copper coverages, we observed a lower amount of copper on bP than expected.

This could be because of intercalation, which is a fairly common phenomenon in 2D

materials like graphene [139, 140]. This is also suggested by a high binding energy of

interstitial copper atoms from the DFT calculations, as well as reported by Koenig et

al. [65] and Lin et al. [150]. However, we observed that copper islands stay on the

surface at low coverages. Also, since STM is a surface sensitive technique, it is difficult

to observe intercalation at higher coverages, when there are already copper islands on

the surface.

We observed the alignment of copper islands on bP along the crystallographic armchair

direction of bP. On another flake, we performed STM imaging of aligned copper islands

with changing tip movement direction. Unchanging copper alignment with changing tip

movement direction rules out any possibility of such a behavior caused by the tip. On

zooming in, we observed atomic resolution of bP and again found an alignment of copper

islands along the armchair direction. This confirms the armchair alignment of copper

islands.
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To understand the effect of copper on the bandstructure of bP, we performed STS

measurements. We noticed a clear distinction between spectra from pristine and doped

bP. We measured a band gap of 0.25 eV and p-type doping for pristine bP, consistent

with literature values. For copper doped bP, we see an n-type doping and an increase

in measured band gap value to 0.46 eV.

On performing a line STS measurement, starting from bP and going across a copper

island, we observed a transition of spectra from bP-type to copper type, and again to

bP-type when coming back to bare bP. The chemical potential obtained from these

spectra plotted against the lateral position where spectra were recorded was compared

with the height profile taken across the copper island. We saw a clear correlation in the

transition from p-type to n-type behavior with the onset of a copper island and back

to p-type behavior at the boundary of copper island. This demonstrates that it is the

copper which is responsible for the n-type doping of bP.

We also analyzed drift in STM images, which becomes important in long spectroscopic

measurements. We studied one such long spectroscopic measurement across two copper

islands, and with the required drift correction, to compare the spectroscopic features

with lateral positions. In the plot where the individual spectra were plotted in log scale

(and displaced for visualization), we saw a smooth transition from p-type to n-type

and then back to p-type behavior, twice, because of the presence of two copper islands.

Another plot of chemical potential against lateral position is compared with the height

profile taken across two islands, in which the peak of the n-type behavior matches exactly

with the center of copper islands. This shows the repeated observation of same behavior

and further establishes the n-type behavior in copper due to bP. Locally, it indicates the

length scale of few nanometers over which the effect of isolated copper islands on bP is

prominent.

Thus, our study provides a detailed study of bP surface morphology with temperature.

It also investigates in detail the transfer doping of exfoliated flakes of bP by copper,

studying both morphological and electronic aspects at the nanoscale.

6.2 Outlook

Our work provides an inexpensive and reliable method to make samples with thin bP

flakes in which the high quality of the surface is maintained, ideal to perform surface

investigations of thin flakes of bP. This removes the limitation of depending on cleaving

of bulk bP crystals to have a clean and non degraded surface of bP to perform surface

studies. With this technique, it is much easier to obtain clean surfaces of high quality
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in thin exfoliated bP flakes. This allows investigation of surfaces of thin exfoliated bP

flakes which is closer from a 2D application point of view, rather than surfaces of bulk

bP cleaved in-situ, used in earlier studies.

This sample preparation method, can also be used to prepare clean surface of other

reactive materials like Silicene, Stenene, Germanene and Borophene. So, it paves the

way for the development of not only bP but also other 2D materials by allowing clean

sample preparation in an inexpensive manner.

The observation of monolayer deep craters due to phosphorus desorption suggests that

with proper tuning, layer by layer desorption of thin bP flakes could be obtained con-

trolled by temperature. This could further enhance the preparation of thin bP samples.

In principle one could start with few layer thin bP flakes and end up with a single mono-

layer by controlled annealing in UHV. Such systematic control of thinning of bP would

enable realization of devices, which could allow optical response of bP in the infrared

spectrum, which is of great interest for applications in medical imaging, night vision,

and optical communication networks.

Combined with the controllable thinning of bP flakes by annealing, selective deposition

of copper on a single layer of bP would allow realization of p-n diode on monolayer bP.

Apart from n-type doping, copper also causes an increase in the band gap of bP. Thus,

deposition of copper unlocks another opportunity to control the band gap of bP.

A selective deposition of copper on bP, apart from giving two regions with different

doping, would also cause a difference in band gap values in the two regions. This is

similar to the creation of a heterostructure along the 2D plane of bP. So, a repetition of

such selective deposition of copper with controlled lateral interval would enable creation

of superlattices on bP, which is another research opportunity to be explored with wide

practical applications.
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