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Figure 2 | Signatures of the exotic metallic surface states in topological
insulators. a, The electronic structure of BijSe;, as measured by

ARPES. Measured energy electron energy, E;, is plotted against electron
momentum, k. High intensity (red and yellow areas) indicates a non-zero
electronic density of states. The surface bands crossing the bulk bandgap
enclose a single Dirac point at the Brillouin-zone centre (I, which is the
signature that this material is a topological insulator. B indicates the
centre of an edge of the Brillouin zone, and the path in the Brillonin zone

is indicated by white arrows. The direction of electron spin is indicated by
blue arrows. (Panel modified, with permission, from ref. 12; data taken
from refs 12 and 23.) b, Theoretical idealization of the electronic structure
of Bi;5e;, showing the rotation of the spin degree of freedom (red arrows)
as an electron (with energy E) moves around the Fermi surface (with

Fermi energy Eg). Scattering of the surface electrons by non-magnetic
disorder will modify the details of the electronic wavefunctions but will not
eliminate the metallic surface.

Joel E. Moore,

Nature (2010)
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Experimental Observation of the
Quantum Anomalous Hall Effect
in a Magnetic Topological Insulator

Cui-Zu Chang,™** Jinsong Zhang,™* Xiao Feng,>** Jie Shen,®* Zuocheng Zhang,* Minghua Guo,*
Kang Li, Yunbo Ou,” Pang Wei,? Li-Li Wang,? Zhong-Qing Ji,® Yang Feng, Shuaihua Ji,*
Xi Chen,* Jinfeng Jia,* Xi Dai,” Zhong Fang,” Shou-Cheng Zhang,® Ke He,%t Yayu Wang,t Li Lu,?

Xu-Cun Ma,? Qi-Kun Xue't

The quantized version of the anomalous Hall effect has been predicted to occur in magnetic
topological insulators, but the experimental realization has been challenging. Here, we report the
observation of the quantum anomalous Hall (QAH) effect in thin films of chromium-doped (Bi,Sh),Tes,
a magnetic topological insulator. At zero magnetic field, the gate-tuned anomalous Hall resistance
reaches the predicted quantized value of h/e®, accompanied by a considerable drop in the longitudinal
resistance. Under a strong magnetic field, the longitudinal resistance vanishes, whereas the Hall
resistance remains at the quantized value. The realization of the QAH effect may lead to the

development of low-power-consumption electronics.

he quantum Hall effect (QHE), a quan-
I tized version of the Hall effect (/), was
observed in two-dimensional (2D) elec-

tron systems more than 30 vears ago (2, 3). In
QHE, the Hall resistance, which is the voltage

across the transverse direction of a conductor
divided by the longitudinal current, is quantized
into plateaus of height //ve”, with 4 being Planck’s
constant, ¢ the electron's charge, and v an integer
(2) or a certain fraction (3). In these systems, the

QHE is a consequence of the formation of well-
defined Landau levels and thus only possible in
high-mobility samples and strong external mag-
netic fields. However, there have been numerous
proposals to realize the QHE without applying
any magnetic field (4-/7). Among these propo-
sals, using the thin film of a magnetic topological
nsulator (T1) (6-9, /1), a new class of quantum
matter discovered recently (/2, /3), is one of the
most promising routes.

Magnetic field-induced Landau quantization
drives a 2D electron system into an insulating
phase that is topologically different from the
vacuum (/4, 15); as a consequence, dissipation-
less states appear at sample edges. The topolog-
ically nontrivial electronic structure can also occur
in certain 2D insulators with time reversal sym-
metry (TRS) broken by current loops (4) or by
magnetic ordering (6), requiring neither Landau

IState Key Laboratory of Low-Dimensional Quantum Physics,
Department of Physics, Tsinghua University, Beijing 100084,
China. 2Beijing National Laboratory for Condensed Matter
Physics, Institute of Physics, The Chinese Academy of Sciences,
Beijing 100190, China. *Department of Physics, Stanford Uni-
versity, Stanford, CA 943054045, USA.

*These authors contributed equally to this work.
tCorresponding author. E-mail: gkxue@mailtsinghua.edu.cn
(Q.-KX); kehe@iphy.ac.cn (KH.); yayuwang@tsinghua.edu.
an (Y.W.)
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Ordinary Hall effect
with magnetic field H

Hall voltage but
no spin accumulation

Anomalous Hall effect
with magnetization M
(carrier spin polarization)

Hall voltage and
spin accumulation

(Pure) spin Hall effect

no magnetic field necessary

Mo Hall voltage but
spin accumulation

Hall
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Spin Hall
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Quantum Hall
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Quantum Hall

Quantum spin Hall
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Quantum anomalous Hall

Junichiro et al.,
Science, 2005

Seongshik Oh,
Science, 2013
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% The Nobel Prize in Physics 2016
% David J. Thouless, F. Duncan M. Haldane, J. Michael Kosterlitz

Share this: K Ea E1E3 B3 1.5k

The Nobel Prize in Physics
2016

© Trinity Hall, Cambridge Photo: Princeton [Il: N. ElImehed. © Nobel
University. Photo: Kiloran University, Comms. Office, Media 2016

Howard D. Applewnhite J. Michael Kosterlitz
David J. Thouless F. Duncan M. Piive shaies /A

Prize share: 1/2 Haldane
Prize share: 1/4

The Nobel Prize in Physics 2016 was divided, one half awarded to
David J. Thouless, the other half jointly to F. Duncan M. Haldane
and J. Michael Kosterlitz "for theoretical discoveries of topological
phase transitions and topological phases of matter”.
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Fig 3. Topology. This branch of mathematics is interested in properties that change step-wise, like the number of holes in the above
objects. Topology was the key to the Nobel Laureates’ discoveries, and it explains why electrical conductivity inside thin layers chan-
ges ininteger steps.

Both quantum Hall fluids and even magnetic atomic chains are included in this new group of topo-
logical states. Later, researchers discovered several other unexpected topological states of matter, not
only in chains and thin border layers, but also in ordinary three-dimensional materials.

Topological insulators, topological superconductors and topological metals are now being talked
about. These are examples of areas which, over the last decade, have defined frontline research in con-

densed matter physics, not least because of the hope that topological materials will be useful for new

generations of electronics and superconductors, or in future quantum computers. Current research is

now revealing the secrets of matter in the exotic flatlands discovered by this year’s Nobel Laureates.
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Figure 6: The blue curve shows the Hall resistance p,, as a function of the gate
voltage at zero magnetic field. Note the plateau at V, = 0, which is the point corre-
sponding to a filled band. (Figure from Ref. [15].)

|15] Cui-Zu Chang, Jinsong Zhang, Xiao Feng, Jie Shen, Zuocheng Zhang,
Minghua Guo, Kang Li, Yunbo Ou, Pang Wei, Li-Li Wang, et al. Exper-
imental observation of the quantum anomalous hall effect in a magnetic
topological insulator. Science, 340(6129):167-170, 2013.
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Hall effect ~ Quantum Hall effect

Hall Spin effect ~ Quantum Spin Hall effect

Anomalous Hall Effect ~ Quantum AHE
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Graphene ;f

It can be wrapped up into 0D buckyballs, rolled

Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities.

into 1D nanotubes or stacked into 3D graphite.
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Robert F. Curl Jr.; Sir Harold W. Kroto; Richard E. Smalley;
"for their discovery of fullerenes“@ 1996 Nobel Prize in Chemistry

> - Tsp2Hsp32 [a]; i#idvan de WaalsHZ [l 4.
> B R 8K, HiER1.7~2.3eV, BE5HEIR L.
> 1540 Ce0 ) FHIMEFZMIR K, n/ptB Ik

» Superconductivity


http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1996/curl.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1996/kroto.html
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1996/smalley.html

@) N-type OFET
Figure 1. a) Chemical structures of the soluble fullerene derivatives used
in the OTFTs. Fulleroid (1-(3-methoxycarbonyl)propyl-1-phenyl[5,6]C61)
(F[5,6]) (left) and methanofullerene 1-(3-methoxycarbonyl) propyl-1-phen-
yl[6,6]C61 (M[6,6]) (right). b) The structure of a top-contact OTFT with a
(b) (c) deposited AINd gate on glass, a curable organic insulator (550 nm), sol-
B s B » B — uble fullerene derivatives, and source-drain metal electrodes in sequence
C60 derivatives | e mdenValves | from bottom to top. ¢) The structure of a bottom-contact OTFT with
Organic Insulator (550 nm)| | Organic Insulator (550 nm)| deposited AINd gate on glass, a curable organic insulator (550 nm),
Gate (AINd) Gate (AINd) source—drain metal electrodes, and soluble fullerene derivatives in se-
Glass Glass quence from bottom to top.
10° v ' ' T ' 8.0x10™ %1:
—_— -7 E
S | {6.0x10" 5
E . £ Workfunction of Source and Drain Metals (eV)
s 10°F ©
O 44.0x10" Q
£ o Figure 3. a) Transfer characteristics of the thinfilm n-type transistors
g 0y 3 with Au electrodes based on F[5,6] (squares) and M[6,6] (circles). The de-
@ 12.0x10” g vices are driven at a source—drain voltage (Vy) of 20 V. F[5,6] and M[6,6]
g 107 = were spin-cast at 1000 rpm spin speed. Both device mobilities were es-
@ loo h sentially the same (0.025 cm®V™'s™'). The transfer characteristics show
107" ——rdt L o that the threshold voltages of both the devices were also the same
40 0 10 20 30 40 50 S : " ) :
2 (13.6 V). b) Field-effect mobility versus the workfunction of source-drain
Gate Voltage (V) 0

Adv. Mater. 2005, 17, 2180-2184
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The Nobel Prize in Physics 2010 was
awarded jointly to Andre Geim and
Konstantin Novoselov

"for groundbreaking experiments
regarding the two-dimensional
material graphene”

» It is the first truly two-dimensional crystalline materials and it is
representative of a whole class of 2D materials.

» Density: 0.77mg/m?

» Optical transparency: 2.3% in all optical domain

» Breaking strength: 42N/m 3
> Electrical conductivity: 200000 cm?SV1 @ 1012cm™2; R5=31 ohm \‘B/ \gA\l """" 3 2/ \’R/
»Thermal conductivity: 5000 Wm-1K-1 E & &
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Press release

\ 5 October 2010
The Nobel Prize in Physics 2010

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics for 2010 to

Andre Geim and Konstantin Novoselov

University of Manchester, UK University of Manchester, UK

“for groundbreaking experiments regarding the two-dimensional material graphene”

Graphene - the perfect atomic lattice

A thin flake of ordinary carbon, just one atom thick,
lies behind this year’s Nobel Prize in Physics.
Andre Geim and Konstantin Novoselov have shown
that carbon in such a flat form has exceptional pro-
perties that originate from the remarkable world
of guantum physics.



3. Whatis graphene?

Graphene is a single layer of carbon packed in a hexagonal (honeycomb) lattice, with a
carbon-carbon distance of 0.142 nm. It is the first truly two-dimensional crystalline material
and it is representative of a whole class of 2D materials including for example single layers of
Boron-Nitride (BN) and Molybdenum-disulphide (MoS2), which have both been produced
after 2004.8
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The electronic structure of graphene is rather different from usual three-dimensional
materials. Its|Fermi surfacelis characterized by six double cones, as shown in Figure 2. In

intrinsic (undoped) graphene the|Fermi level is situated at the connection points of these

cones. Since the densi
conductivity @

of states of the material is zero at that point, the electrical
nd is quite low and is of the order of the conductance

quantum & ~ e’ /| the exact prefactor is still debated. The Fermi level can however be

changed by an electric field so that the material becomes eithel n-doped (with electrons) or

p-doped (with holes) depending on the polarity of the applied field. Graphene can also be

doped by adsorbing, for example, water or ammonia on its surface. The electrical

conductivity foif doped grapheng is potentially quite high, at room temperature it may even
be higher than that of copper. :

Ey(eV)

Figure 2. The energy, E, for the excitations in graphene as a function of the wave numbers, k; and k;, in
the x and y directions. The black line represents the Fermi energy for an undoped graphene crystal.
Close to this Fermi level the energy spectrum is characterized by six double cones where the
dispersion relation (energy versus momentum, 7ik) is linear. This corresponds to massless excitations.
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Density of graphene

The unit hexagonal cell of graphene contains two carbon atoms and has an area of 0.052 nm2.

We can thus calculate its density as being 0.77 mg/m?2 A hypothetical hammock measuring
1m? made from graphene would thus weigh 0.77 mg.

Optical transparency of graphene

Graphene is almost transparent, it absorbs only 2.3% of the light intensity, independent of
the wavelength in the optical domain. This number is given by n o, where o is the fine
structure constant. Thus suspended graphene does not have any color.

Strength of graphene

Graphene has a breaking strength of 42N/m. Steel has a breaking strength in the range of
250-1200 MPa= 0.25-1.2x10° N/m2. For a hypothetical steel film of the same thickness as
graphene (which can be taken to be 3.354=3.35x1010 m, i.e. the layer thickness in graphite),
this would give a 2D breaking strength of 0.084-0.40 N/m. Thus graphene is more than 100
times stronger than the strongest steel.

In our 1 m? hammock tied between two trees you could place a weight of approximately 4 kg
before it would break. It should thus be possible to make an almost invisible hammock out of
graphene that could hold a cat without breaking. The hammock would weigh less than one
mg, corresponding to the weight of one of the cat’s whiskers.

Electrical conductivity of graphene

The sheet conductivity of a 2D material is given by ¢ = en. The mobility is theoretically

limited to u=200,000 cm?V-1s-1 by acoustic phonons at a carrier density of n=1012 cm-2. The
2D sheet resistivity, also called the resistance per square, is then 31 . Our fictional
hammock measuring 1m2 would thus have a resistance of 31 Q.

Using the layer thickness we get a bulk conductivity of 0.96x106 Q-1cm-1for graphene. This is
somewhat higher than the conductivity of copper which is 0.60x106 Q-1cm-.

Thermal conductivity

The thermal conductivity of graphene is dominated by phonons and has been measured to
be approximately 5000 Wm-1K-1. Copper at room temperature has a thermal conductivity of
401 Wm-1K-1. Thus graphene conducts heat 10 times better than copper.
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Figure 1 illustrates the reported carrier mobility versus the band
gap for a whole range of oxide semiconductors.
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» FPD technology: as transparent conducting electrodes addressing each
pixel, or larger zone, on the display screen; Flexible display

» Aerospace: Electromagnetic Shielding

» Architectural glass : Thermal Management (Low-emissivity glass);
Electrochromic glass (Smart windows): Electrically induced reduction or
bleaching of certain oxides (WO, and V,0O;) results in an electrically controllable
change in color and light transmission.

> Solar energy: TCO solar cell (SnO,/Si@12%); [HH % (a-Si; CdS/CIS...)
» Lighting : LED; OLED
» Sensor

>TFT



TCORXYXJFURXRNE
— T 4 J
Y ear Material (Ref.) Year Device (Ref.)
1935 FET proposed [13]
1954 Iny 0, TCO[1] 1954 Solar Cell [14]
1975 a-SiH[11]
1979 a-SitH TFT [12]
1987 OLED [15]
1996 TAOS [5]
1897 p-TCO, CuAlQ, [2]
2000 All oxide pn-junction UV-LED [3]
2002 C12A7 transparent conductor [9] 2002 TOS homo-junction diode CulnQ, [16]
2004 TAOS-TFT [8]
2005 Ti0,:Nb TCO [8] 2008 ZnD homo-junction blue LED [17]
2006 Front Drive Structurs [18]
ITO / organic gate TFT [19]
2007 45" OLED using a-1GZ0 TFT [20]
2008 12" OLED u=ing a-1GZ0 TFT [7]
15" LED using a-IGZ0 TFT [21]
p-channel oxide TFT [22]

Figure 2.1 Frogress made in transparent oxide semiconductors and refevant devices
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Figure 2.3 Band line-up of oxide semiconductors and relevant materials
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PUBLISHED ONLINE: 24 JANUARY 2012|DOI: 10.1038/NMAT3223

Emergent phenomena at oxide interfaces

H. Y. Hwang"23*, Y. lwasa'?%4, M. Kawasaki'?#4, B. Keimer>, N. Nagaosa'* and Y. Tokura'*%*

Recent technical advances in the atomic-scale synthesis of oxide heterostructures have provided a fertile new ground for
creating novel states at their interfaces. Different symmetry constraints can be used to designh structures exhibiting
phenomena not found in the bulk constituents. A characteristic feature is the reconstruction of the charge, spin and orbital
states at interfaces on the nanometre scale. Examples such as interface superconductivity, magneto-electric coupling, and
the quantum Hall effect in oxide heterostructures are representative of the scientific and technological opportunities in this

rapidly emerging field.
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Q)IERULEMEZMER: GeTe. As,Te,y Se,Te,; 1GZO film
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4. (Fh) BEtELB1E
(1) ¥BEEXEHMAMEM: NiO; FeO; CoO

(2) BHESE (Diluted magnetic semiconductors, DMS) 2i5IEmiMES
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“0_"[;*/[\': The act of applying a thin film to a surface is thin-film
deposition — any technique for depositing a thin film of material
onto a substrate or onto previously deposited layers.

TR A KK

-

A}

TR

> AT RAF IR AU BAA, X HAE BT — € 52,

> KR

SRRV ES

> 22 UTAR (CBD/sol-gel, Spin-coating, ECD, CVD, ...)
> Y TAS (Thermal evaporation, Sputtering, PLD, ALD,...)



The steps of film deposition

. Generation of a supply of atoms or molecules from a
source, which may be solid, liquid, or vapor.

. Transport of the constituent atoms or molecules to the

substrate.
o Uniform?

. Deposition of atoms or molecules on the substrate.
* Substrate effect?

. Postgrowth treatment.
« Annealing leading to crystal growth

. Postgrowth analysis.
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. CBD/soI gel:

It uses a liquid precursor, usually a solution of organometallic powders dissolved in
an organic solvent.

— This is a relatively inexpensive, simple thin film process that is able to produce
stoichiometrically accurate crystalline phases.

— Chemical Solution Deposition of Semiconductor Films, Gary Hodes, Marcel Dekker,
Inc, (2002)

— (FER Mz AR, BRI CIREE R, 5 R k)

* Spin-coating:
— It uses a liquid precursor, or sol-gel precursor deposited onto a smooth, flat
substrate which is subsequently spun at a high velocity to centrifugally spread the
solution over the substrate.

— The speed at which the solution is spun and the viscosity of the sol determine the
ultimate thickness of the deposited film.

— Repeated depositions can be carried out to increase the thickness of films as desired.

— Thermal treatment is often carried out in order to crystallize the amorphous spin
coated film. Such crystalline films can exhibit certain preferred orientations after
crystallization on single crystal substrates

— (FER AR RS, BRI CIREE R, 5 — R ikd)
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ECD:

— Electrochemical Synthesis of Metal Oxides and Hydroxides, Chem. Mater.
2000, 12, 1195-1204.

— Semiconductor Electrochemistry, Rudiger Memming, Wiley, 2011

— (EZRHZ & AN RS, BRSO E R, 5 RiEEHRE)

CVD:

— Chemical vapor deposition (CVD) of thin films occurs when the reacting gas
species come in contact with a heated substrate that catalyzes the reaction .

— The substrate may supply the heat used to pyrolyze the reactant(s), or the
entire reaction chamber may be heated.

— Since CVD reactions are normally carried out at pressures in the range 0.5 to
10 Torr, gas-flow dynamics play a significant role in determining reaction
rates and uniformity of the resulting films.

— AP CVD, LP CVD, Plasma-enhanced CVD, MOCVD, Pulsed Laser assisted CVD,
Hot wall CVD,...

— (EER Mz AN A S, BRI R, 5 RiEHkd)
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Importance of lattice mismatch
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THIN FILMS

Spin coating epitaxial films

Meagan V. Kelso', Naveen K. Mahenderkar'*, Qingzhi Chen?,
John Z. Tubbesing?, Jay A. Switzer*t

Spin-coated films, such as photoresists for lithography or perovskite films for

solar cells, are either amorphous or polycrystalline. We show that epitaxial films of
inorganic materials such as cesium lead bromide (CsPbBrs3), lead(ll) iodide (Pbl,),

zinc oxide (Zn0), and sodium chloride (NaCl) can be deposited onto a variety of
single-crystal and single-crystal-like substrates by simply spin coating either solutions
of the material or precursors to the material. The out-of-plane and in-plane orientations
of the spin-coated films are determined by the substrate. The thin stagnant layer

of supersaturated solution produced during spin coating promotes heterogeneous
nucleation of the material onto the single-crystal substrate over homogeneous
nucleation in the bulk solution, and ordered anion adlayers may lower the activation
energy for nucleation on the surface. The method can be used to produce functional
materials such as inorganic semiconductors or to deposit water-soluble materials

such as NaCl that can serve as growth templates.
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SCience TECHNICAL COMMENTS

Cite as: C. Lu, L. Tang, Science
10.1126/science.aay3894 (2019).

Comment on “Spin coating epitaxial films”

Chaojing Lu* and Lingli Tang

College of Physics, State Key Laboratory of Bio-Fibers and Eco-Textiles, Qingdao University, Qingdao, Shandong 266071, China.

*Corresponding author. Email: cjlu@qdu.edu.cn

Kelso et al. (Reports, 12 April 2019, p. 166) claim that inorganic epitaxial films were deposited onto single-
crystal or single-crystal-like substrates by spin coating. The epitaxial relationships were determined by x-

ray diffraction. According to their pole figures, we estimate that each of their films contains only 4.1% to
25.5% epitaxial grains. None of their films can be considered epitaxial.

SCience TECHNICAL RESPONSES

Cite as: M. V. Kelso et al., Science
10.1126/science.aay3966 (2019).

Response to Comment on “Spin coating epitaxial films”
Meagan V. Kelso,! Naveen K. Mahenderkar,'* Qingzhi Chen,? John Z. Tubbesing,” Jay A. Switzer*}

Department of Materials Science and Engineering and Graduate Center for Materials Research, Missouri University of Science and Technology, Rolla, MO 654089,
USA. 2Department of Chemistry and Graduate Center for Materials Research, Missouri University of Science and Technology, Rolla, MO 65409, USA.

*Present address: Lam Research Corporation, 4650 Cushing Parkway, Fremont, CA 94538, USA.

tCorresponding author. Email: jswitzer@mst.edu

Lu and Tang claim that the spin-coated films in our study are not epitaxial. They assume that all of the
background intensity in the x-ray pole figures of the spin-coated materials is due to randomly oriented
grains. There is no evidence for randomly oriented grains in the 26 x-ray patterns. The background
intensity in the pole figures is also comparable to the background from the single-crystal substrates,
which is inconsistent with their assumption.



Graduate Texts in Physics

Udo W. Pohl

Epitaxy of
Semiconductors

Introduction to Physical Principles

@ Springer
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MOCVD

Primarily used for II-VI. and ITI-V semiconductors. special metallic
oxides and metals.

Metal Organic Chemical Vapor Deposition (MOCVD)
*Many materials that we wish to deposit have very low vapor
pressures and thus are difficult to transport via gases.
*One solution 1s to chemically attach the metal (Ga. Al. Cu.
etc...) to an organic compound that has a very high vapor
pressure. Organic compounds often have very high vapor
pressure (for example. alcohol has a strong odor).
*The organic-metal bond is very weak and can be broken via
thermal means on wafer. depositing the metal with the high
vapor pressure organic being pumped away.
*Care must be taken to insure little of the organic byproducts
are incorporated. Carbon contamination and unintentional
Hydrogen incorporation are sometimes a problem.

Human Hazard: As the human body absorbs organic compounds very easily,
the metal organics are very easily absorbed by humans. Once in the body, the
weak metal-organic bond 1s easily broken, thus, poisoning the body with

heavy metals that often can not be easily removed by normal bodily functions. Figure 13-19  Examples of commen organomatallics used

In extreme cases, blood transfusion 1s the only solution (1f caught m time). in MOCVD include (from op 10 bottom)
trimethygallium, elrabutylarsine, mmd methylgallium,
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MBE

Dominates III-V electronic market and strong competitor in upper end LASER market

Offers the highest purity material (due to UHV conditions) and the best layer control (almost any
fraction of an atomic laver can be deposited and layers can be sequenced one layer at a time (for
example Ga then As then Ga etc...).

*In an UHV chamber. ultra high purity materials
are evaporated.

*Because of the very low pressure, the mean free
path 1s very long (can be hundreds of meters).
Thus, the evaporated material travels in a straight
line (a molecular beam) toward a hot substrate
resulting in highly efficient raw materials usage.
*Once on the substrate. the atom or molecule
moves around until it finds an atomic site to
chemically bond to.

*Shutters can be used to turn the beam flux on and
off

*The flux of atoms/molecules is controlled by the
temperature of the “effusion cell” (evaporation
source).
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Pulsed Laser Deposition (PLD)

Target Rotator
S10,
Focusing Lens

Target

Plume

e

Substrate Heater
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Pulsed Laser Deposition (readings)

* Pulsed Laser Deposition of Thin Films, edited by
Douglas B. Chrisey and Graham K. Hubler, John Wiley

& Sons, 1994

* Pulsed Laser Deposition of Thin Films:
Application-LED Growth of
Functional Materials,
edited Robert Eason,

John Wiley & Sons, 2007

$IWILEY

PULSED LASER DEPOSITION
OF THIN FILMS

M

Edi

ROBERT EASON



PLD + MBE = Laser MBE

In situ studies on a synchrotron beamline

X-ray beam /

Analysis
chamber

Deposition
system

Figure 3 A schematic illustration of a thin-film deposition system (in this case a laser MBE system) that is attached to a synchrotron beamline. Such a system makes it easier
to probe the electronic structure of surfaces and interfaces as the heterostructure is being grown. In the field of complex oxides, such in situ facilities are just emerging.
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Several Nobel Prizes have been awarded for discoveries and inventions in the
fleld of semiconductor research.

1909 1914 1915 1915
Karl Ferdinand Braun Max von Laue Sir William Henry Bragg William Laurence Bragg
(1850-1918) (1879-1960) (1862-1942) (1890-1971)

1946 1953 1953

Percy Williams Bridgman William B. Shockley John Bardeen Walter Hauser Brattain

(1882-1961) (1910-1989) (1908-1991) (1902-1987)



1973
Leo Esaki
(*1925)

.

1998
Daniel C. Tsui
(¥1939)

1985 1998 1998
Klaus von Klitzing Robert B. Laughlin Horst L. Stormer
(¥1943) (*1930) (*1949)

2000 2000 2000
Zhores 1. Alferov Herbert Kroemer Jack St. Clair Kilby
(*1938) (*1928) (1923-2005)



2009 2009 2010

2010
Willard S. Boyle George E. Smith Andre Geim Konstantin Novoselov
(1924-2011) (*1930) *1958 *1974

ZERFRPEL (—
2016 Eig/R LE/JT

LieediEl 0848 , BRERBERER

David J.Thouless F.Duncan M.Hald: J.Michael

W -RRE WE-BRP  ERR BRI

(EELBUAY) (ZEEHERAS) (REHNAE)
RREH : EYRMEIMEEMEIMAG TS RR

wencs Max um @
2014 2014 2014
Isamu Akasaki Hiroshi Amano Shuji Nakamura
(*1929) (*1960) (*1954)

2019 /10/08 (17:45): Phys.







Table 1.3. Lattice constant a, energy gap Eg at 300 K, type of energy gap,
and lattice structure of group IV elements.

Material a(nm) | Eg(eV) | Eg (nm) | Type Structure
Diamond (C) | 0.357 5.48 226 indirect cubic
Silicon (Si) | 0.543 1.12 1107 | indirect cubic
Germanium | 0.566 | 0.664 1867 | indirect cubic
(Ge)
Gray tin 0.649 — -— - cubic
(0t-Sn)
White tin 0.583 — — — tetragonal
(B-Sn) 0.318
Graphite (C) | 0.246 — — — hexagonal
0.673
Lead (Pb) 0.495 — — —_ cubic




Table 1.4. Lattice constant a, energy gap E¢ at 300 K, type of energy gap,
and lattice structure of III-V semiconductors.

Matenal a (nm) Eg(eV) | Eg(nm) | Type Structure
BN 0.362 6.4 194 indirect cubic

0.666, 0.250 5.2 238 direct | hexagonal

AIN 0.311,0.498 6.2 200 direct | hexagonal

GaN | 0.318,0.517 344 360 direct | hexagonal
AlP 0.546 2.51 494 indirect cubic
BP 0.454 24 517 indirect cubic
GaP 0.545 2.27 546 indirect cubic
AlAs 0.566 2.15 577 indirect cubic

InN 0.354, 0.870 1.89 656 direct | hexagonal
AlSb 0.614 1.62 765 indirect cubic
GaAs 0.565 1.424 871 direct cubic
InP 0.587 1.34 925 direct cubic
GaSb 0.610 0.75 1653 direct cubic
InAs 0.606 0.354 3502 direct cubic
InSb 0.648 0.18 6890 direct cubic




Table 1.6. Lattice constant a, energy gap Eg at low temperature, type of

energy gap, and lattice structure of I-VII semiconductors.

I Material _a (nm) Eg (V)| Eg(nm) | Type Structure
¥-CuCl 0.541 3.395 365 direct cubic
AgCl 0.555 3.249 382 indirect cubic
¥-Cul 0.604 3.115 398 direct cubic
y-CuBr 0.569 3.077 403 direct cubic
B-Agl | 0.458,0.749 | 3.024 410 direct | hexagonal
AgBr 0.577 2.684 462 indirect cubic




Table 1.5. Lattice constant a, energy gap Eg at 300 K (* denotes value
at low temperature), type of energy gap, and lattice structure of II-VI

semiconductors.

Material a (nm) Eg (eV) | Eg (nm) | Type | Structure

ZnS 0.541 3.68 337 direct cubic
0.382, 0.626 391 317 direct | hexagonal
ZnO | 0.325,0.521 | 344° 360 direct | hexagonal

ZnSe 0.567 2.7 459 direct cubic
0.40, 0.654 direct | hexagonal

CdS 0.582 2.55 486 direct cubic
0.414,0.671 2.51 494 direct | hexagonal

ZnTe 0.610 2.28 S44 direct cubic

o-HgS | 0.415,0.950 2.1 590 direct | trigonal

B-HgS 0.585 — —— — cubic

CdSe 0.605 1.9° 653 direct cubic
0.43,0.701 1.75 709 direct | hexagonal

CdTe 0.648 1.475 841 direct cubic

HgSe 0.609 - — — cubic

HgTe 0.646 - - — — cubic
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Melting
E, o, M, a Density point
(eV) (em*/V-s)  (em?/V.s) Transition Lattice (A) €, (g/em”) (°C)
Si .11 1350 480 i D 543 11.8 233 1415
Ge 0.67 3900 1900 i D 5.65 16 332 936
SiClar) 2.86 500 i W 3.08 10.2 3.21 2830
AlP 245 80 i £ 5.46 9.8 2.40 2000
AlAs 2.16 180 i Z 5.66 10.9 3.60 1740
AlSh 1.6 200 300 I Z 6.14 11 4.26 1080
GaP 2.26 300 150 i Z 5.45 1i.1 4.13 1467
GaAs 1.43 8500 400 d z 5.65 13.2 5.31 1238
GaSb 0.7 5000 1000 d Z 6.09 15.7 5.61 712
InP 1.35 4000 100 d Z 5.87 12.4 4.79 1070
InAs 0.36 22600 200 d Z 6.06 14.6 3.67 943
InSh 0.18 10° 1700 d Z 6.48 17.7 5.78 525
ZnS i6 110 d Z W 5.400 29 4.09 16507
ZnSe 2.7 600 d 4 5.671 0.2 5.65 1100
ZnTe 2.25 100 d Z 6.101 10.4 5.51 1238’
Cds 242 250 15 d w.Z 4.137 8.9 4.82 1475
CdSe 1.73 650 d W 4.30 10.2 5.81 1258
CdTe 1.58 1050 100 d zZ 6.482 10.2 6.20 1098
PbS 0.37 575 200 [ H 5.936 161 7.6 1119
PhSe 0.27 1000 1000 i H 6.147 280 8.73 1081
PbTe 0.29 1600 F00 i H 6.452 360 8.16 925
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Fig. 1.1. Energy gap vs lattice constant in group IV, III-V, II-VI, and I-VII
semiconductors.



