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Electronic Transport in Highly Mismatched InAs Films on GaAs

Yao Zhang

(ABSTRACT)

Electrical properties of Si- and Mg-doped InAs epitaxial layers grown by MOCVD were stud-
ied by performing magneto-transport measurements at different temperatures, from 300 K
down to 1.2 K. The longitudinal magnetoresistance and Hall effect indicate a three-band sys-
tem existing in n-type (p-type) InAs, which consists of the surface accumulation (inversion)
layer, the bulk electron (hole) layer, and the nucleation layer. Therefore, a classical parabolic
background in magnetoresistance due to multi-carrier occurs at low fields. With the mag-
netic field being further applied, a linear magnetoresistance caused by inhomogeneities is
revealed. At liquid helium temperatures, the Shubnikov-de Haas magneto-oscillations are
also observed. These transport characterizations provide a means of analyzing the band
structure at the InAs surface. In a set of n-type InAs epilayers with Si doped at different
levels, the bulk electron density increases as the doping level increases. The increased ionized
impurities lead to lower electron mobilities due to more Coulomb scatterings. Within all of
the n-type InAs films, except the two active layers (the surface and the bulk), the nucleation
layer contributes to the film conductivity as well with an electron density of ~ 5 x 107 cm ™3
and a mobility of ~ 2000 cm?/Vs. In a cooldown process, the electron density of each layer
slightly and monotonically decreases whereas the mobility experiences a maximum from the
competition between phonon scatterings and Coulomb scatterings. The phonon scattering
overwhelms the Coulomb scatting at high temperatures, but declines as the temperature
decreases, thus the mobility increases. Around 100 K, the temperature-independent ionized
impurity scattering becomes comparable with and starts exceeding the phonon scattering.
As the temperature being further lowered, the screening effect of the Coulomb scattering is
weakened because of the decreased carrier densities. As a result, the mobility starts dropping.
The maximum mobility corresponds to a minimum resistance, which explains the non-trivial
temperature dependence of the resistance in the cooldown history. For the p-type InAs film,
the doping with Mg in the course of MOCVD growth allows us to obtain a large hole density
and a low mobility at 300 K. At low temperatures, holes are frozen out, and a strong negative
magnetoresistance with a dip at 0 field are observed, which is the antilocalization signal from
accumulation electrons. This is a strong technique to probe the surface quantum states and
derive the phase coherence length and the spin flip length of surface electrons.
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Chapter 1

Introduction

1.1 Overview

Moore’s Law states that the number of transistors in unit area doubles every two years.
For more than four decades, the continuous scaling down of chip geometries allows Moore’s
Law to remain on track. However, the applicable limit for semiconductor process technology
will be reached when chip process geometries shrink to be smaller than 20 nm. The end
of Moore’s Law has been predicted to be happen in the near future, but new technological
processes have always come to the rescue. Recently, an attempt to further develop advanced
complementary metal-oxide semiconductor (CMOS) technologies, which is internationally
defined as more Moore, has emerged as a promising solution. In addition, an application
of the new state variables (like spin) is referred as beyond the CMOS, which is another
post Moore’s law technology. In the category of more Moore, narrow-gap III-V semiconduc-
tors demonstrate significant potentials to replace the conventional metaloxidesemiconductor
field-effect transistor (MOSFET) channel materials due to their high mobilities. Within
beyond the CMOS field, the prominent intrinsic structural spin-orbit interaction (SOI) of
ITI-V compounds is practical for spin-field-effect-transistor in spin electronics. Hence, I1I-V
semiconductors attracted enormous attention and my dissertation is to study one of the most
prevalent ITI-V semiconductors, InAs.

There has been much interest in the use of InAs as a material for high-speed device applica-
tions due to its extraordinarily high electron mobilities [1]. InAs is either undoped or n-type
doped in most cases, and for almost all n-type zinc-blende I1I-V semiconductor surfaces, an
electron depletion layer is observed (except on the defect-free perfectly cleaved I1I-V(110)
surfaces where no band bending occurs), with Fermi level Er pinned within the band gap
[2]. However, InAs is unique among zinc-blende III-V semiconductors, since an electron ac-
cumulation layer can be easily formed at the surface instead, which hindered development
of InAs-based electronic devices. It is well established that the surfaces of InAs exhibit an
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accumulation layer with Er pinning way above the conduction band minimum due to the
donorlike surface states [2, 3, 4, 5, 6]. The strong band bending creates a considerable Rashba
SOI. As mentioned above, the existence of the metallic surface could be problematic for InAs
to become ideal channel materials, because typical CMOS transistors require a pinched-off
channel at their normal mode to avoid leakage currents. Therefore, removing the surface
electrons is crucial to make InAs CMOS attainable. This can be achieved by adjusting the
surface Fermi level down below the conduction band, which yields a detailed knowledge of
the InAs band structure. This dissertation focused on understanding the InAs surface band
structure at different doping levels by applying magneto-transport characterizations. During
the transport, Both the surface accumulation layer and the bulk active layer contribute to
the conductivity of InAs films and they possess different electron mobilities and densities.
Thus we are facing two layers with different types of carriers conducting in parallel. The
characterization of the transport properties of this two-band system is critical for calculating
the surface band structure of InAs, which in turn provides the information of surface Fermi
level.

1.2 Outline

When InAs epitaxial layers are doped at different levels, the varied doping concentration
modifies not only the carrier density, but also the mobility x and the band structure. To
investigate how these properties correspond to the variation of the doping density, we did a
series of magneto-transport measurements on both n- and p-type InAs epilayers grown on
GaAs (100) substrates through metal organic chemical vapor deposition (MOCVD). In the
interest of maximizing the utility of this document, the contents and purpose of each chapter
is previewed as following.

In Experimental, we managed to grow three n-type InAs epitaxial layers doped with Si and
one p-type InAs epilayer doped with Mg. The schematic heterostructure is depicted and the
transport properties of all epilayers are tabled. We also introduced the sample fabrication
process and the experimental setups for measurements.

All of the measurements were conducted in the temperature 7" range T = 1.2 K — 300
K. We first measured the cooldown history of three n-type InAs films, and a non-trivial T
dependence of the resistance is explained in the first section of chapter n-type InAs. Then the
measured magnetoresistance of three n-type InAs films at room temperature are discussed in
the second section. As the doping level increases, more electrons from dopants are expected
to be populated in the bulk, thus the Fermi level Fr is raised. The surface electron density
will be also varied due to the shift of Er. Except the surface and the bulk electrons, the
carriers in a InAs nucleation layer have to be considered as well for the contributions to the
film conductivity. The growth condition of the nucleation layer is kept the same for all of
the three films, thereby, similar nucleation layer transport properties are obtained, which are
~ 5 x 10" em™ in density and ~ 2000 cm?/Vs in mobility. For every n-type InAs film, the
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degradation of the bulk electron density can be almost neglected compared with the reduction
of kgT' in the Fermi-Dirac distribution when the temperature is lowered, where kg is the
Boltzmann constant, indicating the rising of E'r in the bulk during cooldown. From cooldown
history, all of the three n-type InAs epilayers experience a minimum resistance at ~ the liquid
nitrogen temperature. The third section presents our measurement results around 7" = 77
K. The minimum resistance slightly shifts to higher temperature with heavier doping, and
corresponds to a maximum mobility caused by the competition between the phonon and the
ionized impurity scatterings. Phonon scatterings overwhelm other scattering mechanisms
at high temperatures, but decrease in the cooldown, which improves the mobility. The
mobility will stop increasing when phonon scattering exceeded by T-independent Coulomb
scatterings, and starts dropping because that the slight decrease of electron densities as T’
decreases weakens the screening effect of the ionized impurity scatterings. In the fourth
section, around liquid helium temperatures Er of the three epilayers rise above the bulk
conduction band minimum, therefore the bulks become degenerate. Whereas the surface Er
of all three epilayers are slightly lowered when 7" declines. Shubnikov-de Haas oscillations
with two different periods in 1/B were observed, from which the surface and the bulk electron
densities and mobilities can be derived and are consistent with our three-band model analysis.
The surface band structures are similar with the ones around 7' = 77 K and 300 K.

The Mg doped p-type InAs sample is analyzed in the fourth chapter. The band bending still
provides surface electrons, which form an inversion layer separated from the holes in the bulk
by a depletion layer between. The mobilities of both electrons and holes are very low. At
room temperature, the sheet density of holes p is so large that the whole system behaves as a
mono-band structure. However p is decreasing as 1" decreases, and the system turns into more
n-type. The magnetoresistance (MR) measurement indicates that electrons dominate the
transport system below 10 K. Since the mobility u is very low, the Hall measurement probes
the contribution from the nucleation layer as well in addition to the surface and the bulk
layers. Thus a three-band structure is formed. When the system is further cooled down to 1.2
K, both the bulk and the nucleation layer will be frozen out. Besides, a robust antilocalization
(AL) signal due to surface electrons is observed, which is a quantum interference of time
reversed paths of electrons. The appearance of this signal requires a relatively low carrier
mobility and a strong SOI, which are both satisfied by our p-type InAs sample.



Chapter 2

Experimental

2.1 Growth

We systematically characterized four different InAs epitaxial layers in this dissertation, three
n-type InAs epilayers doped with Si from low to high (YZ01 to YZ03) and one p-type InAs
epilayer doped with Mg (YZ04). All of the epilayers are grown through Aixtron 200/4
RF-S single-wafer MOCVD system (Fig. 2.1). As schematically depicted in Fig. 2.2, the
structure was grown on a 2-inch diameter semi-insulating (SI) GaAs (100) substrate. An
unintentionally doped (UID) GaAs buffer layer was first grown to eliminate the impact
from the oxidation layer. The following InAs growth experienced a two-step process. At
temperature T' = 475 °C, ~ 150 nm InAs nucleation layer was grown on top of the GaAs
buffer layer and UID with C, H, and O. At T = 625 °C, 1.5 — 2.0 pum thick InAs test layer
was grown on top of the nucleation layer and intentionally doped with Si or Mg. There is no
miscut on substrate, and the surface is (100) to within £+ 0.5°. Trimethylindium TMIn and
arsine AsHjz were used as precursors to deposit InAs. Silane SiH, and bis cyclopentadienyl
magnesium CPyMg were chosen to dope the test layer with Si and Mg. Hy was employed as
the carrier gas with reactor pressure at 104 Pa.

Dopants and their densities and the test layer thickness in the second step of the InAs
growth are summarized in Table 2.1. In addition, it also lists the transport properties at
room temperature obtained by growers with applying a small range of magnetic field B.
There are two contradictions in the transport properties obtained by growers. One is for
n-type InAs films, whose electron densities do not match with the doping concentrations.
The other is for the p-type InAs, which only contains electrons. Nonetheless, the above
data are only rough measurements under low fields. In Chap. 3, we applied a sophisticated
three-band model to characterize the electrons densities in the test layer of InAs films, which
are consistent with the doping densities. In Chap. 4, the Hall effect remeasured within large
magnetic fields reveals that holes exist as majorities in the bulk while a small amount of
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Figure 2.1: Aixtron 200/4 RF-S MOCVD system. (a) Reactor and glove box. (b) Material

sources.

InAs (475°C) UID
nucleation layer (153 nm )

InAs (475°C) UID
nucleation layer (145 nm )

InAs (475°C) UID
nucleation layer (133 nm )

InAs (475°C) UID
nucleation layer (144 nm )

GaAs UID buffer

GaAs UID buffer

GaAs UID buffer

GaAs UID buffer

{100) GaAs Sl substrate

(100) GaAs Sl substrate

{100) GaAs Sl substrate

{100) GaAs Sl substrate

(a) YZ01

(b) YZ02

(c) YZ03

(d) YZ04

Figure 2.2: Schematic of the InAs/GaAs structures with the test layers shaded.
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Table 2.1: InAs test layer thickness, doping type and density, and carrier transport proper-
ties: three-dimensional (3D) electron density nsp, 3D hole density psp, and p at T = 300
K.

Samples Name InAs (um) Doping density (cm™) nap or p3p (em™2)  u (em™2/Vs)

100806-1 YZ01 1.53 Si: 2.85 x 10%° n3p: 2.67 x 101 10807
100806-2  YZ02 1.82 Si: 1.38 x 10'¢ nzp: 2.83 x 1016 15857
120608-2  YZ03 1.99 Si: 1.15 x 10'7 nzp: 6.61 x 105 20620
100818-1 YZ04 1.81 Mg: 2.78 x 10%7 psp: 2.47 x 1017 302

electrons form an inversion layer at the surface.

2.2 Sample Fabrication

The MR is measured by applying the standard Van der Pauw [7] technique, which is com-
monly used to measure the resistivity and the Hall effect of a sample. This technique requires
that the sample thickness must be much less than the width and length of the sample, and
four infinitely small ohmic contacts have to be placed on the boundary of the sample. Fig-
ure 2.3 (a) demonstrates a sample layout on a 14-pin Dual In-Line (DIP) header with the
direction notations of & and y. Take YZO01 in Fig. 2.3 (a) as an example, when the current
is applied along z (from 1 to 3), ¢ (from 1 to 8), and the diagonal (from 1 to 10), with the
voltage being measured between 8 and 10, 3 and 10, and 3 and 8 respectively, the resistances
calculated from the corresponding voltages and currents are called R,,, R,,, and R,,.

The first step of sample fabrication is to prepare 2 x 2 mm? InAs chips by cleaving from
InAs wafers. To make samples neat and clean, the chips are obtained by sawing the GaAs
(100) surface (the back side) of the wafer with a carbide tip first, then cleaned by soaking in
trichloroethylene (TCE), acetone (ACE), and isopropyl alcohol (IPA) in consecutive order
for 3 minutes each to remove organic, ionic, and metallic impurities. At the end, the surface
is rigorously squirted with IPA and blown dry with Ny to physically remove any large dust
particles.

After cleaning, In-Sn alloy is soldered at each corner of the chip as ohmic contacts, and the
soldering temperature is 175 °C. Then the chip is connected to the mounting package (DIP
header) by soldering Au wires with In [Fig. 2.3 (b)]. In is chosen because it is stable and
conductive at low temperature (1.2 K), and its low melting point (156.6 °C) also eliminates
the unexpected thermal annealing of the chip. Limited to the number of lock-in amplifiers
and the chip size, only two InAs chips are typically attached to a DIP header by greasing
them with Apiezon N low temperature grease, which ensures that the device does not fall
off of the DIP header.
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=V

Figure 2.3: (a) Schematics of YZ01 and YZ02 Van der Pauw samples on a DIP header. (b)
A picture of YZ01 and YZ02 Van der Pauw chips mounted on a 14-pin DIP header, with
one cent by side as a comparison to demonstrate the dimensions of the sample.

2.3 Measurement Setup

Two apparatuses are employed to perform the magneto-transport measurements. For T =
45 K-300 Kand B =-12T - 1.2 T, a cryogen-free cryostat capable of 4.5 K in steady
state (Fig. 2.4) is used. As depicted in Fig. 2.5 (a), a cold finger is cooled by a pulse tube
cryofridge (Cryomech PT405) driven by a compressor (Cryomech CP950COPSW-4). The
cold finger can reach approximately 2 K, and through thermal conduction the sample can
reach a base temperature of ~ 4.5 K. The cryogen-free system is equipped with a resistive
magnet capable of magnetic fields up to 1.4 T. The sample needs to be mounted onto a probe
(Fig. 2.4) to insert into the cryostat. The probe contains a calibrated thermometer and a
resistive heater, used for controlling and varying the temperature at temperatures other than
the base temperature.

To further cooldown the sample to 1.2 K, a *He cryostat capable of 0.4 K in steady state
(Fig. 2.6) is applied. The *He system is a homebuilt insert for a commercial *He cryostat
(Janis), depicted in Fig. 2.5 (b), which has several chambers filled with liquid He that can
be pumped on to lower the vapour pressure, thus lowering the temperature. It incorporates
a superconducting (SC) magnet to achieve magnetic fields of up to 9 T. In addition, it is not
necessary to use *He in the inner-most chamber. Often, a *He exchange gas is used, which
raises the base temperature to 1.2 K.

All of the measurements are performed by using lock-in amplifiers with magnetic fields
perpendicular to the surfaces of InAs epilayers. AC current is applied from lock-in to the
sample via a contact box. Experimental setup is controlled through a LabView (National
Instruments) control software via GPIB (general purpose interface bus) lines.
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(a) (b)

Figure 2.4: (a) On the left is the cryogen-free cryostat, which consists of the pulse tube
cryofridge (Cryomech PT405), the split-coil magnet, and the Cryomech CP 900 compressor.
Equipments on the right shelf are SR 830 DSP lock-in amplifier, LakeShore 331 temperature
controller, KEPCO power supply, GMW magnet systems current reversal switch, and Power
Ten power supply. (b) Probe used for connecting the sample with the measurement system,
with a thermocouple next to the sample.
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(a) Cryogen-free cryostat (b) 3He cryostat

Figure 2.5: Schematics of cryogen-free cryostat (a) and *He cryostat (b).
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Figure 2.6: Equipments on the left shelf are LakeShore 370 AC resistance bridge, Princeton
Applied Research P124A analog lock-in amplifier, SR 830 digital lock-in amplifier, EG&G
7265 digital lock-in amplifier, Keithley 2400 source meter, Keithley 2000 multimeter, Cryo-
magnetics CS-4 superconducting magnet power supply. On the right is the cryostat system.
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n-type InAs

3.1 Cooldown

For semiconductors, the resistance is often increasing as 1" decreases due to less carrier pop-
ulating in the conduction band. However, the measurements of R,, at varied temperatures
for all of the three n-type InAs samples demonstrate a variation from the conventional T
dependence of semiconductor resistances. The resistances of three n-type InAs samples first
drop and then increase during a cooldown from 300 K to 4.5 K (Fig. 3.1). The resistance is
determined by the carrier density and mobility, which are both influenced by the tempera-
ture. Since the dopants used are shallow donors for InAs, the carrier density only slightly
and monotonically decreases when 7' is lowered. Therefore the minimum resistance during
the cooldown corresponds to a maximum mobility, which is caused by the competition be-
tween two scattering mechanisms. One is the strong 7T-dependent phonon scattering, and the
other is the T-independent Coulomb scattering from the ionized impurities. In fact, phonon
scatterings overwhelm other scattering mechanisms at high temperatures. Thus when T
declines the mobility is improved due to the gradual freeze-out of phonons. Around 7" = 80
K, the phonon scattering is exceeded by the Coulomb scattering. As a result, the resistance
reaches its minimum and is expected to saturate. However, an increase of the resistance is
observed instead of a saturation, indicating a T-dependent behaviour related to the Coulomb
scattering. It is well known that the scattering cross section for Coulomb scattering is T-
independent, nonetheless, Coulomb scattering can be reduced by the screening effect from
electrons themselves in the conducting channels during the transport. When T is further
lowered, the slight reduction in electron density weakens the screening effect, thereby the
mobility will drop after reaching a maximum. In conclusion, the competition between the
phonon and the Coulomb scatterings originates this non-trivial temperature dependence of
the resistance. Additionally, the minimum resistance is observed to slightly shift to higher
temperatures with heavier doping. This could be attributed to more ionized impurities in the
lattice strengthening the Coulomb scattering to exceed the phonon scattering at a relatively

11
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higher temperature. The resistance minima are close to each other and all around the liquid
nitrogen temperature (77 K). The magneto-transport characterizations are hence performed
at room temperature, liquid nitrogen temperature, and liquid helium temperature in the
following sections.

3.2 Room Temperature Band Structure

3.2.1 Lightly Doped n-type InAs
Two-band System

It is well established that at the surfaces of InAs the Fermi level Er is pinned above the con-
duction band minimum due to the donorlike surface states, forming an electron accumulation
layer and hence a two-dimensional electron system (2DES) at the surface. However, Er is
still below the conduction band minimum in the bulk, which acts as a n-type semiconductor,
and provides as yet another conducting layer parallel to the accumulation layer. The forma-
tion of the InAs surface band structure can be schematically described in Fig. 3.3. When the
surface and the bulk are in thermal equilibrium, YZO01 is characterized by a spatially con-
stant Er throughout the semiconductor structure, which leads to a downward band-bending
in band structure. This band-bending occurs primarily within the surface layer whereas the
energy bands remain relatively flat in the bulk. For the lightly doped n-type InAs sam-
ple (YZ01), its longitudinal (R,, and R,,) and transverse resistance (R,,) in Fig. 3.2 (the
parabolic magnetoresistance background and the non-linear Hall signal) indicate the pres-
ence of at least two types of carriers with different densities and mobilities. Considering the
InAs surface band structure, we first attribute the multi-type carriers to the surface and the
bulk electrons. For any magneto-transport measurement data presented in this dissertation,
R, and R,, are symmetrized and R, is antisymmetrized to remove components resulting
from electronic shifts.

Two-band Fitting

In the Drude model, the MR is characterized by the resistivity tensor p. For a system with
only one type of carriers (electron), we have

g (pyr pyy) nep \pB 1 ' (3.1)

1
where — = p is the resistivity at B = 0 with n and p being the electron density and mobil-
nejp

ity. Equation 3.1 implies that for a mono-band system R,, and R,, are B-independent, while
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Figure 3.1: Cooldown of n-type InAs
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Figure 3.2: YZ01 Van der Pauw magneto-transport measurements at 7' = 300 K
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Surface Bulk

(a) Positions of EF at the surface and the bulk.

Surface Bulk

(b) The position of Ep is unvaried inside the semiconductor.

|
Va

Surface Bulk

(c) Band-bending due to the spacially constant Ep.

Figure 3.3: Schematic band structure of YZ01 to demonstrate the formation of the band-
bending and the accumulation layer at the surface.
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R, is linear in B. However, our n-type InAs is assumed to be a two-band system with two
sets of different electronic transport parameters [8], which are the surface electron mobility
and sheet density (us and ny), and the bulk electron mobility and sheet density (u, and ny).
Each set corresponds to an independent resistivity tensor p; [i = s (surface) and b (bulk)].
Solving the matrix equation of the total resistivity tensor p = (p; 1+ p, )1, the longitudinal
and the transverse components in Eq. 3.1 are modified into

Ngfts + iy, + fusfin(Nspty + Ny pis) B2
e[(ns,us + nb;ub)2 + (ns + nb)z(:usﬂbB)Q]
[rspe2 + mupty + pips(ns + no) B*)| B
el(nspts + npn)? + (ns + 1p)* (1516 B)?]

Pz =
(3.2)

Pzy =

The two-band model can be extended to more than two types of carriers by introducing more
conducting channels in the summation of p = (3, p~')~" [9], where ¢ denotes the index of
the carrier type, and

n;efl; nie,u?B
1| 1+ wiB? 14 u?B?
Pi = n;eu? B n;ep; (3.3)

1+ @B 1+ 2B

In Eq. 3.2, there is a quadratic B term in the numerator of p,, and p,,, which explains the
parabolic-like background in the Figs. 3.2(a) and 3.2(b). The difference between R,, and R,
demonstrates an anisotropy in the resistance of YZ01 Van der Pauw. Furthermore, the cubic
term in the numerator of p,, (Eq. 3.2) causes the slope changing in the Hall measurement
[Fig. 3.2(c)]. To utilize both R,, and R,, in the two-band fitting, we assume a current
being applied from the contact 1 to 10 [Fig. 2.3(a)] to introduce the diagonal longitudinal
resistance Ry = %(Rm + R,,). As illustrated in Fig. 3.4, the resistance layout of YZ01 Van
der Pauw is simplified as if there is one resistor on each side of the Van der Pauw. Thereby,
the resistance between the contacts 1 and 10 can be calculated by taking two resistors with
resistance R, + R, connected in parallel.

Figure 3.5 manifests a sufficient correspondence between the measurements and the theoret-
ical two-band fitting. By simultaneously fitting Rq and Ry to p,, and p,, from Eq. 3.2, two
sets of 4 and n are extracted as

1 = 16000 cm?/Vs 1 po = 2100 cm?/Vs (3.4
111 . .
n=19%x102% em2" ° ny = 7.7 x 1012 cm ™2

There are four free parameters in this fitting, which can be reduced to two by implementing

the CONSHIAINGS prq|poo = 1/e(nafts +mypn) and gl Iy = (naps2 + mypd) (s + iy,
with p,.(B = 0) given in Fig. 3.5 (a) and pl,,|s=o being the zero-field slope of the Hall signal
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Figure 3.5: (Color online) (a) Ry and (b) R, data of YZ01 Van der Pauw at 7' = 300 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the two-band fitting, which in (a) leads to a
parabolic background in R,.
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Figure 3.6: (Color online) (a) Ry and (b) R, data of YZ01 Van der Pauw at 7' = 300 K.

The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

in Fig. 3.5 (b). Based on previous studies of InAs films [10, 11, 12], the reasonable values
for s and py are ~ 5000 cm?/Vs and ~ 20000 cm?/Vs, so we assign p, = 2100 cm?/Vs, ng
= 7.7x10'% em™2, i = 16000 cm?/Vs, and n, = 1.9x10'? cm~2. However, the high n, from
this assignation provides an extremely large surface electric field ~ 2 x 10° V/em, which
exceeds the breakdown field of InAs. This irrational field is obtained from the calculation of
Er in subsubsection Surface Band Structure, by considering the surface band-bending as a
triangular potential well. The calculation applies the quasi-relativistic dispersion, with InAs
room temperature band gap of 360 meV and the 7-point electron effective mass of m} =
0.024m, where m, = 9.11 x 1073! kg.

Since s and no in Eq. 3.4 can not be assigned to either the surface or the bulk electrons,
they have to be from the nucleation layer electrons, which satisfy the prerequisites of low
mobility but high density. The surface and the bulk electrons are buried together in carrier
1 from the two-band fitting. Therefore the two-band fitting needs to be adjusted into three-
band by adding the nucleation layer conductivity tensor p,! with its electron mobility i,
and density n,. Knowing the values of u, and n,, switching to three-band fitting in fact
does not involve additional fitting freedom. Figure 3.6 demonstrates the three-band fitting
results of both R; and R,,. Likewise, three sets of ;1 and n can be extracted as

p1 = 9900 cm?/Vs pa = 26000 cm?/Vs 4 ) s =2100 cm?/Vs
an .
ny =1.5x 10" cm™2”’ ng = 0.43 x 10" cm ™2’ n3 = 7.7 x 10" cm™?
(3.5)

We assign s = 9900 cm?/Vs, n, = 1.5x10" ecm™2, 1 = 26000 cm?/Vs, n, = 0.43x1012
cm ™2, p,, = 2100 cm?/Vs, and n,, = 7.7x10'% em™2. The assignation is in great agreement
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with other semiconductor parameters which will be discussed later in this section.

Quasi-relativistic Dispersion

It was noted in the past that the electrons of narrow-gap semiconductors behave analogous
to relativistic electrons in vacuum with linear energy-momentum relation [13]. The analogy
was also reported to hold in the presence of crossed magnetic and electric fields confirmed
by cyclotron-resonance experiments performed on InSb [14]. For electrons and light holes in
direct narrow-gap semiconductors with zinc-blende structure like InAs, this quasi-relativistic

dispersion between energy F and the wavenumber £ is employed. In the absence of external
fields E(k) relation is derived as [14]

EN\? k2 F
E. = '} E _ 9 )
F \/( 2 ) + g2m;f 27 (3 6)

where F, and I are band gap and Dirac constant. Under this non-parabolic dispersion, the
effective mass at any given E can be defined as

m(E)* = m? (1 + %)3 | (3.7)

Consequently, the conventional (non-relativistic) two-dimensional (2D) and three-dimensional
(3D) density of states are modified as

mr 2F
Ey="e (1422
g0 (E) 7T7i2< + Eg)’

mi/2m*E 2F E
By = DV e (4 2B 1 2
gan(E) 2h3 ( + Eg) T E

Surface Band Structure

The results of n, and n, obtained from the three-band fitting allow determination for Er
and the band-bending at the surface. Electrons follow Fermi-Dirac distribution, together
with Eq. 3.8, the 3D bulk electron density can be derived as

dE.  (3.9)

~mi\2m(E— E%) 1 2(E—Eg)} | _E-E}

Np3p = — 1-—
EY m2h3 eEk# +1 { E, E,
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where EZ and kp are bulk conduction band minimum and Boltzmann constant. Through
secondary ion mass spectrometry measurements, the donor concentration is characterized to
be 0.285 x 10'% cm™3 (Table 2.1). On the other hand, from n, and the test layer thickness,
the numerical value of nysp is calculated to be 0.28 x 10*® cm™3, indicating ionizations of
most donors, which is consistent with the small Si donor ionization energy in bulk InAs ~
1 meV [15, 16]. At room temperature, the dopant electrons possess enough thermal energy
(kT = 26 meV) to break free from the impurity atoms. Therefore, almost the entire amount
of the donors are supposed to be ionized and Er will lie above the middle of £,. Plugging
the numerical value of ny3p into Eq. 3.9, Fermi level is attained to be 97 meV below Eg
The band-bending at the surface approximately forms a triangular potential well, where the
energies of accumulation electrons are quantized into a couple of subbands. In the triangular
well approximation, a constant electric field F' at the surface and an infinitely high potential
barrier at the interface are presumed [17]. Correspondingly, the subbands energies E; with
respect to the surface conduction band minimum £}, are

s 9r2\ 3 1 5 ,
Ei — EC = (w) |:€}_LF (l - Z_L):| , 1= (1, 27 3, ), (310)

with e = 1.6 x 107! C being the electron charge. We first assume only one subband is
occupied in the potential well, thereby n, can be expressed in an integral similar to Eq. 3.9
as

o0

m} 1 { 1 2(F — EY)
B T T +1 E,
With the ng value obtained from the three-band fitting, a test calculation from Egs. 3.10

and 3.11 reveals Fj5 is also below Er, which implies an occupation of two subbands from the
surface electrons. Thus Eq. 3.11 has to be modified into

ng =

] dE. (3.11)

© m* 1 20 — E?
ng = m; o [1 — M] dE
Ey ﬂ-h € kT + 1 Eg (3 12)
“ m? 1 2(F — E¢) ’
+ o 1— —— =2 | dF.
B, T =™ 1 E,

to adapt this two-subband structure. According to Eq. 3.12 F; and F5 are derived to be 64
meV and 21 meV below Er respectively. From Eqgs. 3.10, 3.12, and 3.13, F' can be attained
as 3.0 x 10" V/cm, which is reasonably below the breakdown field of InAs (~ 5.0 x 10%
V/cm). Together calculated out with F', the width of the triangular well wy is ~ 40 nm. A
good correspondence is shown between wy and the surface electron Fermi wavelength A% of

/2
20 nm determined by A\p = —7T. wr 1s about twice of Ay and can be taken as the thickness
Ng

of the surface layer.
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Figure 3.7: (Color online) Room temperature schematic band structure at the surface of
sample YZ01, where the 2DES has two occupied subbands [the energy levels are explained
in the text, and |¥;|? (i = 1, 2) represents the probability density (in arbitrary units, with
|¥;|* = 0 taken at the E; line)].

2
9r2\3 /3 3
eFwp = Ep — E5 = (Ep — E) + (Ey — E&) = 0.080 eV + (8%) <ZehF> . (3.13)

Figure 3.7 depicts the band structure and the probability density (|¥|?) associated with the
surface electron wave functions at room temperature. Fy, E,, E3, and Er are calculated to
be 56 meV, 99 meV, 130 meV, and 120 meV respectively above E¢. E3 > Er indicates the
third subband is not populated. From the above calculations, a downward band-bending
of 217 meV at the InAs surface is obtained, as well as the electron densities of two surface
subbands n, = 1.04 x 10*? cm™2 and ng = 0.46 x 102 ecm™2. In quantum physics regime,
electrons exhibit wave-like properties. The dissimilar wave functions of two surface subbands
in Fig. 3.7 experience different scatterings from phonons and ionized impurities, which de-
termines their mobilities. For some reasons, the difference between electron mobilities of two
surface subbands is so small that they can be presumed to share the same mobility to per-
form the three-band fitting rather than four-band. We intentionally avoided the four-band
fitting because more fitting parameters would make themselves individually less unique due
to the increased fitting freedom.
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3.2.2 Moderately Doped n-type InAs
Changes Due to Heavier Doping

Figure. 3.8 demonstrates R,,, R,, and R,, of the moderately doped n-type InAs sample
(YZ02). Like YZO01, the quadratic dependence of R,, and R,, on B and non-linearity of
the Hall resistance are observed. Three types of electrons are also expected here, which
are from the surface, the bulk, and the nucleation layer. YZ02 is more heavily doped than
YZ01, so the position of Er in the bulk is higher, but still below EZ. The formation of the
surface band structure is similar to YZ01. A comparison of Er between YZ01 and YZ02 is
illustrated in Fig. 3.9. The raised Er in the bulk of YZ02 enlarges the shaded area which
represents the accumulation layer as schematically described in Fig. 3.9, is thus qualitatively
anticipated to increase n.

Figures 3.8(a) and 3.8(b) also show an anisotropy in MR of YZ02 Van der Pauw. Thereby
Ry is engaged for the three-band fitting. Three sets of 1 and n are extracted from fitting Ry

and R,,, which are
1 = 5600 cm?/Vs (12 = 23000 cm?/Vs 4 L= 2200 cm?/Vs
an .
ny = 3.2 X cm Ng = 2.0 X cm ng = (.0 X cm
3.2 x 102 27 2.5 x 10* 27 7.0 x 10 2

(3.14)
According to the n and p assignation of YZ01, we assign p, = 5600 cm?/Vs, n, = 3.2x10"2
em ™2, pp = 23000 cm?/Vs, ny = 2.5x10'% em™2, p,, = 2200 cm?/Vs, and n,, = 7.0x102
cm~2. The size relation of n, between YZ01 and YZ02 is consistent with the qualitative
anticipation from above. The similar nucleation layer transport properties between YZ01
and YZ02 are the results from their identical growth condition, which further confirm our

assignation.

Surface Band Structure

The surface electron Fermi wavelength is 14 nm as determined from ng, and like YZ01 we
approximate wr = 2\} for the later band-bending calculation. With n; divided by the
thickness of the bulk layer, nysp is derived as 1.4 x 10'® cm™3, which is about 5 times of
mpsp Of YZ01. The Fermi level is then calculated to be 55 meV below Eg by integrating
from E? to infinity with consideration of non-parabolic energy dispersion and Fermi-Dirac
distribution in 3D case (Eq. 3.9). The additional donors in YZ02 provide more electrons,
therefore E in the bulk is raised compared with the one of YZ01. In Table 2.1, the donor
concentration is listed as 1.38 x 10'6 cm ™3, consistent with nysp obtained from the three-band
fitting. A triangular well is still applied here to analyze the states of electrons at the surface.
From ng and Eq. 3.12 E; is derived to be 117 meV below Er, which can be substituted into
Eq. 3.13 to determine F' = 8.1 x 10* V/em. Respect to the approximation of the triangular
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Figure 3.8: YZ02 Van der Pauw magneto-transport measurements at 7' = 300 K
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Figure 3.9: Schematic band structures of YZ01 and YZ02 to demonstrate the positions of
Er in the bulk. The shaded area is the accumulation layer, and YZ02 is expected to have
more surface electrons due to the larger shaded area.
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Figure 3.10: (Color online) (a) Ry and (b) R,, data of YZ02 Van der Pauw at 7' = 300 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.



Yao Zhang Chapter 3. n-type InAs 25

an
o

o

Energy (meV)

Loaoa
o [$)] (=] [$)]
o o o o

-250

0 10 20 30 40 50

Depth (nm)

Figure 3.11: (Color online) Room temperature schematic band structure at the surface of
sample YZ02, where the 2DES has two occupied subbands [the energy levels are explained
in the text, and |¥;|? (i = 1, 2) represents the probability density (in arbitrary units, with
|¥;|* = 0 taken at the E; line).

well model, in reality F' can be a couple times lower than the calculated value and safely
below the breakdown field of InAs. With the value of F', from Eq. 3.10 E;, Es, E3, and Ep
are calculated to be 109 meV, 192 meV, 260 meV, and 229 meV respectively above EZ. At
the surface YZ02, the first two subbands are also populated with ny; = 2.32 x 10'2 ecm~2 and
ng = 0.78 x 10" c¢cm~2. The wave functions of the two surface subbands and a downward
band-bending of 284 meV are shown in Fig. 3.11. We notice that both us and p, of YZ02 are
lower than the ones of YZ01, which can be explained by more ionized impurity scatterings
introduced by heavier doping.

3.2.3 Heavily Doped n-type InAs
Degenerated Bulk

The range of R,, and R,, shown in Figs. 3.12(a) and 3.12(b) for the heavily doped n-type
InAs sample (YZ03) are negligible compared with YZ01 and YZ02. Among the three types of
electrons (surface, bulk, and nucleation layer), the flat parabolic backgrounds indicate only
one of them is dominant in this three-band system, consistent with the linear Hall signal in
Fig. 3.12 (c). For the surface accumulation and the nucleation layer electrons, both n, and
n, are on the order of 101 cm™2, plus 4 and y,, around 1000 — 5000 cm?/Vs. In contrast, the
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Figure 3.12: YZ03 Van der Pauw magneto-transport measurements at 7' = 300 K
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Figure 3.13: Schematic band structures of YZ01, YZ02, and YZ03 to demonstrate the rising
of Er in the bulk due to the increased doping. The shaded area is the accumulation layer.
Compared with YZ01 and YZ02, there is less potential confinement on the YZ03 surface
layer.

~ 2 pm thick bulk InAs doped with Si at ~ 107 cm™3 has ny ~ 10*® em™2 and g, ~ 20000
cm?/Vs. Therefore, the conductivities of the surface accumulation and the nucleation layer
are overwhelmed by the bulk layer conductivity (about two orders of magnitude smaller).
Thus the dominant population of electrons sensed in the transport measurements shown in
Fig. 3.12 is ascribed to the bulk electrons.

In lightly and moderately doped n-type semiconductors, the dopant atoms create individual
donor levels E; that can often be considered as localized states which donate electrons by
thermal excitation to the conduction band. At high donor concentrations the Bohr radii
of the dopant electrons overlap and a splitting of E; will be observed, which may further
spread out into a whole donor band. At sufficiently high levels of doping, the donor band
becomes so broad that it merges with the conduction band minimum. As a result E, is
reduced and Er is located inside the conduction band [18]. Such a semiconductor is called
a degenerate semiconductor, and it exhibits electrical properties similar to those of a metal.
Typically a semiconductor is defined as non-degenerate if Er is ~ 2kgT below EZ, which is
satisfied by YZ01 and YZ02 at room temperature. When Ep is closer to E2 than ~ kgT,
properties of degenerate semiconductors have to be considered. Table 2.1 shows the donor
concentration is 11.5 x 10 ecm™3. Assuming nysp equals to the donor concentration, then
Er in the bulk can be calculated to be 6.4 meV above E2 through Eq. 3.9, which indicates
YZ03 is a degenerate n-type semiconductor. Figure 3.13 demonstrates the position of Er in
the bulk becomes higher as dopant concentration increases. As a result, there will be less
downward band-bending with heavier doping. And the decreased barrier height will cause
more surface electrons spilled into the bulk until the whole system becomes mono-band at
an extremely high doping level.

The three-band fitting of Ry and R, are shown in Figs. 3.14(a) and 3.14(b) and the transport
properties of each layer are obtained as
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Figure 3.14: (Color online) (a) R, and (b) R,, data of YZ03 Van der Pauw at 7" = 300 K.

The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

fs = 2900 cm?/Vs iy = 20000 cm?/ Vs ftn, = 2100 cm?/Vs
12 -2 12 o, and 12 -2
ng = 2.5 x 10" cm ny =14 x 10°° cm n, = 6.9 x 10™ cm
(3.15)
The bulk conductivity is almost two orders of magnitude larger than the conductivities of
the other two layers, which confirms the above discussion. The nucleation layer parameters
are consistent with those of YZ01 and YZ02. Increased dopants in the bulk involve more
ionized impurities, thus p; and p, are further decreased compared with YZ01 and YZ02.

Surface Band Structure

From ny, and the test layer thickness of YZ03(Table 2.1), nsp is derived to be 7.0 x 101 cm ™3,
~ 60% of the amount of donors, which is unlike YZ01 and YZ02 with ny3p ~ the donor
concentration. Actually it is also possible that not all of the donors are ionized in YZ01 and
YZ02 neither. Considering the effects from the UID donors (~ 10'® cm™?) during the growth
and the intrinsic electrons at room temperature (~ 0.1 x 10'% cm™3), it is still plausible to
have free bulk electrons in comparable amount with donors for YZ01 and YZ02. But not
for YZ03 because its donor concentration is at least one order of magnitude higher than the
UID donors and intrinsic electrons. With this nys3p from three-band fitting, the Fermi level
is rederived to be 9.3 meV below the E%, which is within one kT at room temperature and
YZ03 is still considered as a degenerate semiconductor. The decreased band-bending causes
a smaller F' in the triangular well model, thus lowers the potential barrier. As a result,
surface electrons are more likely moving into the bulk, which explains why YZ03 possesses
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Figure 3.15: (Color online) Room temperature schematic band structure at the surface of
sample YZ03, where the 2DES has two occupied subbands [the energy levels are explained
in the text, and |¥;|? (i = 1, 2) represents the probability density (in arbitrary units, with
|¥;|* = 0 taken at the E; line).

the largest shaded area but owns fewer surface electrons than YZ02. The accumulation layer
thickness is determined as ~ 2A% = 32 nm and taken as the width of the triangular potential
well. The calculated band structure is shown in Fig. 3.15 with F' = 5.9 x 10* V/cm, and
Ey, Es, E5, and Er being 88 meV, 155 meV, 210 meV, and 188 meV respectively above E¢,,
implying a two-subband system with ny = 1.83 x 102 cm™2 and ng = 0.67 x 102 cm 2.

3.3 Liquid Nitrogen Temperature Band Structure

3.3.1 Lightly Doped n-type InAs

Figure 3.16 shows the electronic transport measurements of YZ01 at 7" = 82 K. From the
cooldown history in Fig. 3.1, the minimum of the longitudinal resistance is close to this tem-
perature. For a typical semiconductor, its resistance is supposed to increase as T' decreases
simply due to less thermal excitation to generate free electrons. However, our n-type InAs
samples are narrow-gap semiconductors with shallow donors of Si whose Ej is only about 1
meV below E2 [15]. Thus even at liquid nitrogen temperature, there is still enough thermal
promotion (kg7 ~ 10 meV) to keep the amount of free electrons unvaried. On the other
hand, the carrier mobilities will be improved due to less phonon scatterings at lower temper-
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Figure 3.16: YZ02 Van der Pauw magneto-transport measurements at 7' = 82 K

atures. As a result, the conductivity 0 = nep increases as T' decreases till ~ 80 K. At about
80 K, the Coulomb scatterings from the impurities start exceeding the phonon scatterings
and becoming more robust when the temperature is further lowered because less thermal
populating of the free electrons produces less screening effect. Therefore, below ~ 80 K, the
electron mobility drops as T" decreases, as well as the conductivity. In brief, the non-trivial
temperature dependence of the resistance exhibited during the cooldown is mainly caused
by the variance of the electron mobility rather than the density.

Fitting Ry and R,, (Figs. 3.17(a) and 3.17(b)) with the three-band theory, three sets of p
and n are extracted
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Figure 3.17: (Color online) (a) Ry and (b) R,, data of YZ01 Van der Pauw at 7' = 82 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

ny = 1.2 x 10*? em ™2’ ne = 0.37 x 10*? cm ™2’ ns = 6.5 x 102 em™2 "~
(3.16)

{ f11 = 30000 cm?/Vs {m — 109000 cm?/Vs . { pt3 = 4200 cm?/Vs
an

Based on the electron densities we assigned to each layer of YZ01 at room temperature,
carrier 1, 2, and 3 are attributed to electrons from the surface accumulation layer, the
bulk layer, and the nucleation layer respectively. Compared with the properties at room
temperature, us, py, and u, all become several times larger while ng, n, and n,, all slightly
drop. The band gap increases to 404 meV at 7' = 82 K [19]. Three-dimensional bulk
electron density is obtained as 0.25 x 10'® cm ™2, thus Ep is calculated to be only 12 meV
below E%. The increase of Er in the bulk compared with the room temperature result is
from the considerable reduction of kg7, consistent with previous studies on Er versus T for
different concentrations of shallow donors in InAs [20]. At the surface, A% changed into 24
nm. In the triangular potential well, E; and Es are 61 meV and 25 meV both below Ep,
whereas Es5 is 6 meV above. The first two subbands are occupied with ng = 0.88 x 10'?
cm~? and ng = 0.32 x 102 em~2. The width of the potential well is taken as ~ 2\% = 48
nm, therefore, the electric field is 2.4 x 10* V/cm. The position of Ex is 110 meV above EZ,,
which is about the same as at room temperature (120 meV). The band structure and the
electron wave functions are shown in Fig. 3.18.
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Figure 3.18: (Color online) At T' = 82 K, schematic band structure at the surface of sample
YZ01, where the 2DES has two occupied subbands [the energy levels are explained in the

text, and |¥;]? (i = 1, 2) represents the probability density (in arbitrary units, with |%|* = 0
taken at the E; line)].

3.3.2 Moderately Doped n-type InAs

Magnetoresistance and Hall measurements of YZ02 at T' = 82 K are displayed in Fig. 3.19.
After the three-band fitting (Figs. 3.20(a) and 3.20(b)), we have

ne = 2.6 x 10*2 cm =2’ ny = 2.2 x 102 em=2"’ n, = 6.0 x 102 ecm™2 "
(3.17)

{ tts = 9500 cm?/Vs { 1y = 49000 cm?/Vs q { ftn = 2600 cm?/Vs
an

Like YZ01, ng, ny and n, of YZ02 also slightly drop, whereas s, up, and p, all improve
due to less phonon scatterings, but the improvements are not as much as the ones of YZ01
because of more ionized impurity scatterings. Er is derived to be 0.8 meV above EY to
provide nysp = 1.2 x 10 em™3. YZ02 apparently becomes degenerate, which agrees with
the previous data [20]. In the triangular potential well, E;, Fs, F3, and Er are 98 meV, 171
meV, 233 meV, and 207 meV respectively above E¢, with the first two subbands electron
densities of ng = 2.0 x 10*2 ecm~2 and ng = 0.60 x 102 ecm~2. The electric field is decreased
to 6.9 x 10* V/em compared with F' = 8.1 x 10 V/cm at room temperature. The band
structure and the electron wave functions are shown in Fig. 3.21.
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Figure 3.19: YZ02 Van der Pauw magneto-transport measurements at 7' = 82 K
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Figure 3.20: (Color online) (a) Ry and (b) R,, data of YZ02 Van der Pauw at 7' = 82 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.
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Figure 3.21: (Color online) At T' = 82 K, schematic band structure at the surface of sample
YZ02, where the 2DES has two occupied subbands [the energy levels are explained in the
text, and |;]? (i = 1, 2) represents the probability density (in arbitrary units, with |%|* = 0
taken at the E; line).
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3.3.3 Heavily Doped n-type InAs

The symmetrized MR and the antisymmetrized Hall measurements data of YZ03 at 7' = 80
K indicate a dominant carrier type in the system (Fig. 3.22). Three-band fittings on R; and
R,, (Fig. 3.23(a) and 3.23(b)) provide us

ne =2.1x 102 cm™2’ ny = 12.1 x 102 cm ™2’ Ny =59 x 102 ecm™2
(3.18)

Consistent with YZ01 and YZ02, ng, n, and n,, of YZ03 slightly drop as well, whereas s, 1,
and u, all increase. YZ03 contains the most ionized impurity scatterings, which corresponds
to the lowest mobilities among three samples. YZ03 is suggested to be more degenerate
than YZ02 because its Er is 20 meV above EZ%. In the triangular potential well, E;, Fy,
Es, and Ef are 80 meV, 141 meV, 191 meV, and 174 meV respectively above E¢ with the
first two subbands electron densities of 7y = 1.61 x 10" cm™2 and ng = 0.49 x 10'2 cm—2.
The electric field is decreased to 5.1 x 10* V/em. The band structure and the electron wave
functions are shown in Fig. 3.24.

{ 115 = 5600 cm®/ Vs { 11y = 28000 cm®/ Vs . { {1, = 2400 cm?/Vs
an

3.4 Liquid Helium Temperature Band Structure

3.4.1 Shubnikov-de Haas Oscillation

In the conduction band of a metal or a high quality narrow-gap semiconductor with large
electron mobilities, the free electrons will behave like simple harmonic oscillators under a

strong magnetic field when T is sufficiently low. As a result, the energies are degenerated

1
into Landau levels as F,, = (n — 5)71% where n and w, = eB/m} are a positive integer and

the cyclotron frequency. Due to the external magnetic fields, the free electrons are localized

| 2h
within a circle with radius of one magnetic length g = B Each Landau level contains
e

# = % electron states per unit area. The electron transfer to lower Landau levels can
ocgur because the degeneracy increases as B is raised. Figure 3.25 explains the origin of
Shubnikovde Haas Oscillation [21]. At B = 0, free electrons occupy energy levels up to
Er without any degeneracy as shown in region (b). In (a) the field has a value B; such
that integer levels are completely filled and the total energy is the same as in the absence
of B: as many electrons have their energy raised as lowered by the orbital quantization
under B;. As increasing B further, the total electron energy is increased as the uppermost

electrons have their energy raised. At Bs, the last level is half occupied and the total
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Figure 3.22: YZ03 Van der Pauw magneto-transport measurements at 7" = 80 K
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Figure 3.24: (Color online) At 7' = 80 K, schematic band structure at the surface of sample
YZ03, where the 2DES has two occupied subbands [the energy levels are explained in the
text, and |;]? (i = 1, 2) represents the probability density (in arbitrary units, with |%|* = 0

taken at the E; line).
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Figure 3.25: (Color online) Left panel: Explanation of the de Haas-van Alphen effect with
filled orbitals of the Fermi sea shaded. Right panel: Shubnikovde Haas Oscillation of YZ01
at T' = 4.5 K, parabolic background of R,, is subtracted to obtain better resolution. By and
B3 indicate where the minimum energy occur while B, signifies the maximum.

energy reaches a maximum whereas at B the total energy is a minimum. The maximum or
minimum energy will exist alternatively as we raise up B. This phenomenon is called the
de Haas-van Alphen effect. The maximum or minimum energy corresponds to the lowest or
highest resistance because electrons are more mobile with higher energies, thus producing a
measurable oscillation in resistance known as Shubnikovde Haas Oscillation.

Suppose in a 2DES, there are j completely filled levels at B = B;. Considering spin degen-

B
eracy, the 2D electron density nop = 27 ;—;_L. When B is increased to Bs, the degeneracy
™
e
increases as well, as a result, j—1 levels are fully occupied. Then nsp = 2(j —1)—3. Thereby,

2rh
the oscillations occur at equal intervals of 1/B with A(1/B) = 1/By — 1/B3 = r—
TN2D

other words, the electron density can be derived through Shubnikovde Haas Oscillation.

In

3.4.2 Lightly Doped n-type InAs
T=45K

In the cryogen-free cryostat system, the lowest temperature capable for a stable measurement
is T' = 4.5 K. At this temperature, oscillatory components can be observed in both MR and
Hall measurements of YZ01 as displayed in Fig. 3.26. To reveal these oscillatory components,
we plot the dependence of AR,, and AR,, on B after subtracting the parabolic background
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YZ01 Van der Pauw magneto-transport measurements at 7' = 4.5 K



Yao Zhang Chapter 3. n-type InAs 40

41+YZ01 Shubnikov-de Haas Oscillation A -YZ01 Shubnikov-de Haas Oscillation 14
3 13
a‘ N
2 12 :f
i 2
1t : 3 {1
(a) (b)

O I L 1 1 1 1 1 1 L 1 o
-5 10 -05 00 05 10 15 -15 -10 -05 00 05 10 15

B(T) B(T)

o4l B=507T ' lo4
= =
g 0.2 B=542T {022
s o
~ | =)
T 0.1 101 &
w (C) (d) el

0‘0 1 1 1 1 1 1 ] i ] 0.0

0 10 20 30 40 50 0 10 20 30 40 50

Figure 3.27: (Color online) Shubnikov-de Haas oscillations of (a) 6R,, and (b) dR,, at
T = 4.5 K, and parabolic backgrounds are subtracted to obtain better resolution. (c) and
(d) Fast Fourier transforms (FFT) of the data in (a) and (b) respectively. The first peaks in
(c) and (d) are both from background noise, and the second peaks are from the Shubnikov-de
Haas oscillation, indicating a same frequency.

from R,, and R,, (Figs. 3.27(a) and 3.27(b)). These oscillations are attributed to the
Shubnikov-de Haas effect. The fast Fourier transforms in Figs. 3.27(c) and 3.27(d) provide
two close periods in 1/B, which are 0.20 T~! and 0.18 T~!, implying a same carrier type.
Thus, the average value 0.19 T~! is taken to derive the carrier 2D density nsp = 0.25 x 10'2
cm 2. The oscillations start occuring at fields Bggy ~ 0.5 T, suggesting an estimate of the
carrier mobility ~ Bgj;; = 20000 cm?V~!s~!. From previous derived transport properties of
each layer at higher temperatures, These carriers are supposed to be bulk electrons.

Transport properties of each layer are obtained as before through the three-band fittings
with good qualities (Figs. 3.28(a) and 3.28(b)),

ng = 1.0 x 10*2 cm =2’ ny = 0.25 x 10*2 ecm =2’ n, =59 x 102 ecm 2"
(3.19)

{ 115 = 24000 cm?/ Vs { 11y = 26000 cm®/ Vs . { 11 = 3200 cm?/Vs
an
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Figure 3.28: (Color online) (a) Ry and (b) R,, data of YZ01 Van der Pauw at 7" = 4.5 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

Both n, and p, are consistent with the values analyzed through Shubnikovde Haas oscillation.
These free bulk electrons from the shallow donors push Er 2 meV above E2. Compared
with the properties at liquid nitrogen temperature, ng, n, and n,, all further decline due to
less thermal excitations. The decreased densities weaken the screening effect on Coulomb
scatterings, thereby us, up, and p, all drop dramatically. In the triangular well at the
surface, F' further decreased to 1.9 x 10* V/em. The first two subbands are populated with
ng = 0.72 x 102 em™2 and ng = 0.28 x 10*2 cm™2. And their eigen energies £, and E,
are 54 meV and 22 meV below Er. The band structure and the electron wave functions
are shown in Fig. 3.29. Both pu; and ps are sufficiently high to cause Shubnikovde Haas
oscillations. Limited by the range of B in the Cryomech system, however, the oscillations
from the surface electrons are not detected. Thus, the 3He cryostat with maximum fields up
to 10 T is needed.

T'=12K

Shubnikov-de Haas oscillations have been observed at T' = 4.5 K in the cryogen-free cryostat.
Using the 3He cryostat, the temperature can be further lowered to 1.2 K. Figure 3.30 shows
the magneto-transport measurements of YZ01 at T' = 1.2 K. Clearly, oscillatory components
also exist in both R,, and R,,. A classical linear MR background due to inhomogeneities
in InAs is subtracted to unveil the oscillations as plotted in Figs. 3.31(a) and 3.31(b). The
fast Fourier transforms in Figs. 3.31(c) and 3.31(d) indicate two different periods in 1/B,

which are AB;! = 0.40 T~! and ABﬁ_l = 0.098 T~!. Each period corresponds to a 2D

density of one type of carriers, which are ng;, = 0.12x10'2 cm~2 and niy, = 0.49x10' cm 2.

The two different Shubinikov-de Haas oscillations start occurring at different fields. From
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Figure 3.29: (Color online) At 7' = 4.5 K, schematic band structure at the surface of sample
YZ01, where the 2DES has two occupied subbands [the energy levels are explained in the
text, and |¥;]? (i = 1, 2) represents the probability density (in arbitrary units, with |%|* = 0
taken at the E; line)].

Figs. 3.31(a) and 3.31(b), we obtain B, ~ 0.3 T and Ba,,, ~ 1 T, providing i ~ 30000
em?V~!s™ and pg ~ 10000 cm?V~1s~!. Based on the numerical values of the transport
properties, we attribute a to the bulk electron and S to the surface electron.

In our InAs samples, a nonhomogenous concentration of threading dislocations formed a
the highly mismatched InAs/GaAs interface generate spatial fluctuations in the mobility,
causing the crossover of the MR from a parabolic to a linear B dependence [22, 23]. Thus
in Figs. 3.32(a), a linear function of B is added to the three-band fitting. Mobilities and 2D
electron densities of each layer are extracted as

{us = 23000 cm?/Vs { [y = 27000 cm®/ Vs { {1 = 2700 cm?/Vs
12 -2 12 o, and 12 2
ns = 0.69 x 10“ cm ny = 0.17 x 10*° cm n, = 6.8 x 10™“ cm
(3.20)
which manifests an adequate correspondence with the Shubnikov-de Haas oscillation analysis.
The nucleation layer sheet density is higher than that at 7' = 4.5 K| contradict with previous
T dependence of n,. This is due to different cooldown histories experienced by YZ01. The
cooldown in the *He cryostat does not freeze as many nucleation layer electrons as the one in
the cryogen-free cryostat. All other non-trivial behaviours which did not follow the observed
T-dependence in the Cryomech system could be ascribed to this different cooldown. In the
bulk, Er is 1.6 meV above E2. In the triangular well, only E) is below Ef, thus the surface
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Figure 3.30: YZ01 Van der Pauw magneto-transport measurements at 7' = 1.2 K
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Figure 3.31: (Color online) Shubnikov-de Haas oscillations of (a) 0R,, and (b) dR,, at
T = 1.2 K, and linear backgrounds are subtracted to obtain better resolution. (c¢) and (d)
Fast Fourier transforms (FFT) of the data in (a) and (b) respectively. The first peaks in
(c) and (d) are both from background noise. The second and the third peaks are from the
Shubnikov-de Haas oscillation.
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Figure 3.32: (Color online) (a) Ry and (b) R, data of YZ01 Van der Pauw at 7" = 1.2 K.
The circles are experimental values (For clarity, 1 out of 50 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

becomes a single subband system. F;, E5, and Er are 60 meV, 108 meV, and 107 meV
respectively above E¢,, as shown in Fig. 3.33.

3.4.3 Moderately Doped n-type InAs
T=45K

Figure 3.34 also shows a weak oscillatory modulation of R, and R,,. To reveal the oscillatory
components of R, and R,,, the parabolic backgrounds have to be subtracted [Figs. 3.35(a)
and 3.35(b)]. A period of 0.18 T~! in 1/B is obtained through the fast Fourier transforms in
Figs. 3.27(c) and 3.27(d). The carrier 2D density and mobility are derived to be ~ 0.27 x 10'?
cm~? and ~ 20000 cm?V~1s~!. Compared with ny and n, at T = 82 K, the carrier 2D density
is too low to be either of them. Nonetheless, these carriers have to correspond to one type
of electrons with higher mobility, which are the bulk electrons. The ionization energy of the
shallow donors is so small that a fair amount of donors are still ionized, contradict with the
density derived from the Shubnikov-de Haas oscillation, which is only ~ 10% of the dopant
concentration. This contradiction requires further studies.

From the three-band fitting [Figs. 3.36(a) and 3.36(b)], three sets of p and n are extracted
for every layer,
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Figure 3.33: (Color online) At 7' = 1.2 K, schematic band structure at the surface of sample
YZ01, where the 2DES has the first subband occupied [the energy levels are explained in the
text, and |¥ | represents the probability density (in arbitrary units, with [#;]? = 0 taken at
the E; line)].

fts = 7700 cm?/Vs s = 26000 cm?/Vs 4 fn = 2500 cm?/Vs
an .
ns = 2.5 x 102 ecm2’ ny =22 x 102 cm =2’ N, = 5.9 x 10*? cm ™2
(3.21)

The Fermi level is derived to be 7.8 meV above Ef and 198 meV above EY. Wih eigen
energies 107 meV and 37 meV below Ep, the first two subbands are occupied in the surface
potential well, and their densities are ny = 1.91 x 10'2 ecm™2 and ng = 0.59 x 10'2 cm—2.
Figure. 3.37 shows the band structure and the electron wave functions.

T7T=12K

At T = 1.2 K and larger fields, a linear B background also appears in the transport measure-
ments of YZ02 due to inhomogeneities (Figure 3.38). The Shubnikov-de Haas oscillations
can be revealed after subtracting the background as shown in Figs. 3.39(a) and 3.39(b). Two
different periods in 1/B AB;* = 0.51 T~! and AB;' = 0.095 T~! are obtained from the
fast Fourier transforms in Figs. 3.31(c) and 3.31(d). Each period suggests a carrier sheet
density, which are ng, = 0.095x10'2 cm~2 and nj, = 0.51x10" cm™2.

The three-band fittings are shown in Fig. 3.40, a linear function of B is also added to the
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Figure 3.34: YZ02 Van der Pauw magneto-transport measurements at 7' = 4.5 K
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Figure 3.35: (Color online) Shubnikov-de Haas oscillations of (a) 0R,, and (b) éR,, at
T = 4.5 K, and parabolic backgrounds are subtracted to obtain better resolution. (c) and
(d) Fast Fourier transforms (FFT) of the data in (a) and (b) respectively. The first peaks in
(c) and (d) are both from background noise, and the second peaks are from the Shubnikov-de
Haas oscillation, indicating a same frequency.
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Figure 3.36: (Color online) (a) Ry and (b) R, data of YZ02 Van der Pauw at T = 4.5 K.

The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.
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Figure 3.37: (Color online) At 7' = 4.5 K, schematic band structure at the surface of sample
YZ02, where the 2DES has two occupied subbands [the energy levels are explained in the
text, and |¥;]? (i = 1, 2) represents the probability density (in arbitrary units, with |%|* = 0
taken at the E; line)].

fitting of R4. The transport properties for each layer are

fts = 7400 cm?/Vs = 26000 cm?/ Vs 4 = 2500 cm?/Vs
11 .
ne=22x10% em™2’ | m=22x102cm 2 ° n, = 6.0 x 10'2 cm™2
(3.22)

The Fermi level is calculated to be 7.8 meV and 230 meV above E2 and EZ, respectively. At
the surface, only the first subband is occupied. The band structure and the electron wave
functions are shown in Fig. 3.41.

3.4.4 Heavily Doped n-type InAs

Figures 3.42 and 3.43 present the magneto-transport measurements and the three-band fit-
ting of YZ03 at T = 4.5 K. However, Shubnikovde Haas oscillations are not observed in
either R,, or R,,. YZ03 has the heaviest doping, which may affect the quality of the films,
thereby no oscillations can be detected. Equation 3.23 exhibits the carrier mobilities and
densities as
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Figure 3.39: (Color online) Shubnikov-de Haas oscillations of (a) 0R,, and (b) éR,, at
T = 1.2 K, and linear backgrounds are subtracted to obtain better resolution. (c¢) and (d)
Fast Fourier transforms (FFT) of the data in (a) and (b) respectively. The first peaks in
(c) and (d) are both from background noise. The second and the third peaks are from the
Shubnikov-de Haas oscillation.
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Figure 3.40: (Color online) (a) R4 and (b) R,, data of YZ02 Van der Pauw at 7" = 1.2 K.
The circles are experimental values (For clarity, 1 out of 50 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.
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Figure 3.41: (Color online) At 7' = 1.2 K, schematic band structure at the surface of sample
YZ02, where the 2DES has the first subband occupied [the energy levels are explained in the
text, and |¥; |? represents the probability density (in arbitrary units, with [#;]? = 0 taken at
the E; line)].
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Figure 3.42: YZ03 Van der Pauw magneto-transport measurements at 7' = 4.5 K
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Figure 3.43: (Color online) (a) Ry and (b) R, data of YZ03 Van der Pauw at T = 4.5 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

f1s = 3800 cm?/Vs ty = 25000 cm?/ Vs 4 Jm=2200 cm?/Vs
an .
ng = 2.1 x 102 cm =2’ ny = 12.1 x 10*2 em =2’ n, = 5.9 x 10*2 ¢cm 2
(3.23)

YZ03 is highly degenerated, and behaves more metallic. Its carriers in each layer barely
freeze. The unvaried n; forced Er rising up to 22.5 meV above EZ. The energy levels inside
the surface potential well are same as the ones at T'= 80 K, as reflected in Fig. 3.44. Since
no Shubnikovde Haas oscillations exist in YZ03 at low temperatures, the magneto-transport
measurements were not performed at 7' = 1.2 K and larger fields.



Yao Zhang Chapter 3. n-type InAs 5%)

0

> 50
E
S
>-100
G:J
]

150

0 10 20 30 40 50

Depth (nm)

Figure 3.44: (Color online) At T'= 4.5 K, schematic band structure at the surface of sample
YZ03, where the 2DES has two occupied subbands [the energy levels are explained in the
text, and |[¥;]? (i = 1, 2) represents the probability density (in arbitrary units, with |&;|* = 0
taken at the E; line).



Chapter 4

p-type InAs

4.1 Room Temperature Band Structure

4.1.1 Swurface Inversion Layer

Most of the previous research works of InAs have been done on n-type samples, while p-
type ones still lack of investigations. Different from n-type InAs, the accumulation layer
at the surface is replaced by an inversion layer, which is separated from the holes in the
bulk by a depletion layer. Ideally, the magneto-transport measurements on the 2DES at
the p-type InAs surface can be isolated from the bulk. As depicted in Fig. 4.1, an inversion
layer confined within a triangular potential exists at the surface of YZ04. A detailed trans-
port characterization and a surface band structure analysis on p-type InAs can help further
improve the semiconductor transistor performances.

4.1.2 Two-band Fitting

Comparing R,, and R, of YZ04 in Fig. 4.2, the p-type InAs also demonstrates an inhomo-
geneity. Both R,, and R,, are B independent, and R,, shows a linear dependence on B,
indicating the presence of one type of majorities. The sign of the Hall slope in Fig. 4.2 (c) is
opposite from the ones of the n-type InAs samples, consistent with the holes in the bulk. In
contrast, there are still electrons at the surface and the nucleation layer of YZ04 respectively
due to Er pinned above £ and the UID donors. Compared with holes in the bulk, because
of either small density (the surface inversion layer) or low mobility (the nucleation layer),
their conductivities are at least one order of magnitude smaller. Therefore, YZ04 behaves
as a hole-dominant mono-band system.

When the scale of Ry is sufficiently shrunk compared with the n-type InAs, a slight parabolic

o6
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Figure 4.1: Left panel: Schematic band structure at the surface of p-type InAs. Er is above
the surface conduction minimum and close to the bulk valence band maximum. The shaded
area is the inversion layer, while the holes stay in the bulk and are separated from the surface
electrons by a depletion layer. Right panel: Schematic of the InAs/GaAs heterostructure
with surface electron inversion layer (Black) and the bulk hole test layer (shaded).

background can be still observed [Fig. 4.3 (a)] at room temperature. Two conducting layers
are thus assumed to exist in YZ04, with one being the surface inversion layer and the other
being the bulk layer. And their transport properties are derived from a two-band fitting on
R; and R

Y

s =700 cm?/V =310 cm*/V
{/L cm”/Vs . and {I/ cm®/Vs (4.1)

ns = 3.1 x 10*2 ecm™ p =48 x 10" cm ™2

where v and p are hole mobility and sheet density. Figure 4.3 manifests a sufficient cor-
respondence between data and the two-band theoretical fit. Obviously, the holes in the
bulk are dominant in the conductivity as expected. The relatively low hole mobilities are
consistent with previous studies [24].

4.1.3 Surface Band Structure

The 3D hole density in the bulk can be calculated to be psp = 2.7x10'” cm ™3, in a magnificent
agreement with Mg doping concentration of 2.78 x 10" cm~3. For shallow acceptors in InAs,
their average ionization energy is ~ 15 meV, thus the thermal energy at room temperature
is adequate to ionize all of them. To calculate Er in a hole system, Equation 3.9 has to be
modified as

v om \/2m} Eb 1 2(Eb — FE Eb — F
Pb3p = / . g = s {1 — M} 1-—Y——dE, (42)
T e FT +1
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Figure 4.2: YZ04 Van der Pauw magneto-transport measurements at 7' = 300 K
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Figure 4.3: (Color online) (a) Ry and (b) R, data of YZ04 Van der Pauw at 7' = 300 K.

The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the two-band fitting.

with E% being the valence band maximum. Considering the I'-point hole effective mass is
m} = 0.40m,, Er is calculated to be 88 meV above EY through Eq. 4.2. The quantization
of the inversion layer subbands can be treated the same as the accumulation layer. The first
two subbands in the triangular well are occupied with their eigen energies £y = 88 meV
and Ey = 155 meV above E¢. Each subband has its own electron density ng = 2.19 X 1012
cm~? and ng = 0.91 x 10'? cm ™2, besides, the approximate width of the triangular well ~ 30
nm, and F = 5.9 x 10* V/ecm. In our highly mismatched p-type InAs, large neutral clusters
of impurities and defects could exist, which distort the current flow lines and reduce the
mobility [24]. These T-independent defects scattering plus the phonon scattering together
determiney,. Figure 4.4 illustrates the band structure of YZ04 and the probability density
associated with the surface electron wave functions at room temperature.

4.2 Liquid Helium Temperature Band Structure

4.2.1 T =82 K
Antilocalization

In a disordered metal-like system, except the classical Drude multi-carrier correction to the
MR, a quantum correction to the conductivity of the surface 2D electrons o,(B) can be also
observed, which is the antilocalization (AL) signal near zero fields. In a closed transport path
scattered by impurities, an electron has a finite probability of returning to the incident point
via an identical path in the clockwise and counterclockwise directions, as schematically shown
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Figure 4.4: (Color online) Room temperature schematic band structure at the surface of
sample YZ04, where the 2DES has two occupied subbands [the energy levels are explained
in the text, and |[%]? (i = 1, 2) represents the probability density (in arbitrary units, with
|%;|> = 0 taken at the Fj; line)].

in Fig. 4.5. In weak spin-orbit interaction (SOI) materials, the constructive interference at
the incident point contributes to an increase of resistance known as weak localization (WL).
In strong SOI materials such as InAs, the destructive interference occurs due to spin rotation
over the paths, which contributes an extra phase shift of 7. This gives a decrease in resistance,
known as AL. With an external magnetic field, the phase coherence will be broken, as a
result, negative and positive MR occur in WL and AL respectively. Low temperature AL
magneto-transport measurements are sensitive to electron interferences, and thus can be used
as a probe of quantum states [25, 26, 27, 28, 29]. The spin-dependent interactions between
controllable surface magnetism and itinerant electrons in a non-magnetic host provide insight
for spin-based technologies, magnetic data storage and quantum information processing.

The InAs epitaxial layer has prominent Rashba SOI due to structural inversion asymmetry,
and hence shows AL, which contains a characteristic MR determined by the elastic relaxation
time 79 (independently determined by carrier mobility and density), the phase decoherence
time 74, and the spin-orbit decoherence time 7go. In confined structures, such as films
and wires, WL and AL are more prominent due to larger possibilities of time reversed
trajectories. Because WL and AL are interference effects, they have a unique dependence
on the external magnetic field. The MR measurement is a useful method to extract the
quantitative information of spin and phase scattering of the electrons. Figure 4.6 presents a
schematic MR curve showing AL. The separation of the resistance maxima in B is affected
by 7so. As the separation gets wider, 7o decreases, indicating an increase in SOI. The
depth of the resistance minimum depends on the ratio 7,/7s0.

The quantum corrections to the two-dimensional conductivity o9(B) arising from AL are
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Figure 4.5: Quantum interference of time reversed paths of an electron with a perpendicular
B.
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Figure 4.6: Characteristic shape of the AL measurement. Curve shape sensitive to phase
coherence time 7, and spin-orbit scattering time 7g0.
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sensitive to 7; and 7so. To properly express the interactions in our studies, an expression
for Aoy(B) = 09(B) — 02(B = 0) was adapted by using the HLN model [30, 31]

2
AUQ(B) e {_ |:1/)(1 & 1 B¢+BSO 1 1 B¢

1 1
“oen (Y ) Y e et ) et T
By + Bso

+ [zn(%) - () %ln(%) o (%ﬂ } (4.3)

where 9 (z) is the digamma function and each scattering time 7, (with o = 0, ¢, SO) cor-
responds to a characteristic magnetic field B, = h/(4eD,), with D being the 2D diffusion
constant, together with 75 can be determined from carrier density and mobility indepen-
dently.

Three-band Fitting

When the sample is cooled down to 7" = 8.2 K, the shape of MR and the Hall data (Fig. 4.7)
varied significantly from room temperature. In Fig. 4.7(a), the abrupt negative MR originates
from the WL. Near zero fields, the crossing over to positive MR of the signal indicates the
presence of the AL. The Hall slope in Fig. 4.7 (c) possesses a different sign from Fig.4.2 (c),
which implies the electrons become the majorities. Most of the holes in the bulk are frozen
out in our p-type InAs, and the ionized impurity scatterings are supposed to be reduced
dramatically. Due to the reduction of holes, other types of carriers can be detected in the
magneto-transport measurements at low temperatures. Both the bulk and the nucleation
layers are unintentionally doped with H, C, and O at a level of ~ 10 cm™ during the
growth, which could cause a considerable amount of free electrons. Thus the residue holes
plus the electrons form the bulk carriers. Including the electrons from the surface and the
nucleation layers, this is a three-band system with

fts = 500 cm?/Vs v = 19000 cm?/Vs q fin = 26 cm?/Vs
an .
ne=31x10% ecm™2’ | p=0.0021 x 10" cm™2"’ N, = 36 x 10'% cm ™2
(4.4)

Figure 4.8(a) has the MR data cut at 1.4 T due to the experiment limits, however, the
background plot from the three-band analysis manifests a tendency to merge with the ex-
periment data at larger fields, together with the Hall signal fitting in Fig. 4.8(b) support the
three-band fitting. In Eq. 4.4, the bulk carrier is a result of compensation between the UID
donor electrons and the residue holes. From the fitting, the transport property of the bulk is
more hole-like, and the considerably large mobility is caused by the small carrier density due
to compensation. n, is not changed compared with room temperature. This is expected,
because the distance between Ep and E¢ is approximately T-independent, as well as F'.

B¢ + 2Bso

>}
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Figure 4.7: YZ04 Van der Pauw magneto-transport measurements at 7' = 8.2 K
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Figure 4.8: (Color online) (a) R; and (b) R,, data of YZ04 Van der Pauw at 7' = 8.2 K.
The circles are experimental values (For clarity, 1 out of 16 experimental points only are
plotted). Red solid lines are fitted curves from the three-band fitting.

Therefore, two surface subbands are presumed to be occupied as well. The improved u is
due to the reduction of both Coulomb and phonon scattering. The surface band structure
can not be plotted due to the uncertainty of the hole density in the bulk.

The AL signal in Fig. 4.7 is attributed to the surface accumulation layer. In Fig. 4.9(a)
MR is presented as ARy(B) = R4(B) — Ry(B = 0) normalized to Ry = R4(B = 0). Since
AR4(B) < Rg we linearize to Aoy(B)/oa(B = 0) =~ —AR4(B)/Ra which allows direct
comparison to experimental Ry;(B) values. Experimentally, our data follow Eq. (4.3) to
good precision. The AL fitting in Fig. 4.9(a) plus the background in Fig. 4.8(a) provide a
reasonable fitting of Ry(B) as illustrated in Fig. 4.9(b).

The determined relaxation times are 7y = 0.011 ps, 7, = 1.8 ps, and 750 = 1.7 ps. With
D = 64 cm?/Vs, the diffusive coherence lengths are calculated according to L, = v/DTg:
the ballistic coherence length Ly = 12 nm, the phase coherence length Ly = 110 nm, and
the spin-orbit coherence length Lgo = 100 nm.

4.2.2 T =12K
Three-band Fitting

To further eliminate the contribution to the conductivity from the residue holes and the
UID donor electrons, the sample is cooled down to 7" = 1.2 K in the 3He cryostat system,
where large fields can be applied up to B = 10 T. Figure 4.10 shows the MR and Hall
measurements of YZ04 at T' = 1.2 K, with a significant AL signal observed. Two sets of
carrier density and mobility are obtained from the two-band analysis, and we assign them
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Figure 4.9: (Color online) (a) Magnetoresistance due to AL within a small range of B at 8.2
K. (b) Ry data with AL fitting at 8.2 K. The circles are experimental values (For clarity, 1
out of 2 and 1 out of 20 experimental points only are plotted in (a) and (b) respectively).
Red solid lines are fitted curves from Eq. 4.3.

to the two surface subbands electrons: ng, = 2.2 x 10 cm™2 and pg = 360 cm?/Vs;
Ng = 1.0 x 10" em™2 and g = 730 cm?/Vs. The good correspondence between two-band
fitting and the experiment data in Fig. 4.11 assures the validity of the two-band fitting. The
sum of the two surface subbands electron densities matches with the previously calculated
ns at higher temperatures. In the triangular well model, with n, = 3.2x10'2 cm™2, the
first two subbands are populated with electron densities of ny, = 2.28 x 102 cm™? and
ns = 0.92 x 10'2 cm™2, consistent with the two-band fitting. The electron mobilities of
the two subbands are rather enhanced, which is still attributed to the reduction of both
Coulomb and phonon scattering. When ionized impurity scatterings are predominant, the
electron wave functions are sensitive to them, and thus lead to different electron mobilities
of the two surface subbands. their The fairly straight Hall signal in Fig. 4.11(b) suggests the
freeze-out of the nucleation layer. Nonetheless, there is a slight slope change near zero fields,
which denotes a tiny amount of ionized acceptors and UID donors being left in the bulk.

Antilocalization analysis

A more prominent AL signal can be observed at this temperature, as demonstrated in
Fig. 4.12. From the total density and the effective mobility of the surface electrons, we
derive 75 = 0.056 ps and D = 310 ¢cm?/Vs through non-parabolicity calculation. The two
surface subbands electrons are treated together to fit the data with Eq. 4.3. The determined
relaxation times are 7, = 2.6 ps, and 790 = 0.64 ps. The spin-orbit decoherence time de-

creases while the elastic relaxation time increases, implies the system is dominated by the
2

Dyakonov-perel mechanism [32] < AEZ >= , where < E?% > is the Fermi surface

T50T¢
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Figure 4.10: YZ04 Van der Pauw magneto-transport measurements at 7' = 1.2 K
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Figure 4.11: (Color online) (a) R4 and (b) R,, data of YZ04 at 1.2 K. The black line and
the circles are experimental values [For clarity, in (b) 1 out of 50 experimental points only
are plotted]. Red solid lines are fitted curves from the two-band analysis, which in (a) leads
to a parabolic background in MR.
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Figure 4.12: (Color online) (a) Magnetoresistance due to AL within a small range of B at
1.2 K. (b) Ry data with AL fitting at 1.2 K. The circles are experimental values (For clarity,

1 out of 2 and 1 out of 40 experimental points only are plotted in (a) and (b) respectively).
Red solid lines are fitted curves from Eq. 4.3.
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average variance of the spin-split of the conduction band AFEs. Using the approximation
AEc = /< AE?% > and the equation AE¢ = 2akp with a and kp being Rashba spin-orbit
constant and Fermi wave vector respectively, the Rashba parameter can be determined as
1.1x107'? eVm. The inter-band scattering also exists between the two surface subbands.
However, how does this scattering mechanism contribute to the phase and spin-orbit deco-
herence requires further studies. The diffusive coherence lengths are calculated as Ly = 42
nm, L4 = 280 nm, and Lgo = 140 nm.



Chapter 5

Discussion

5.1 n-type InAs

The nucleation layer, the bulk layer, and the surface accumulation layer form a three-band
structure in our n-type InAs semiconductors. Typically, the parallel conductivity from the
surface and the bulk are observed in magneto-transport measurements of n-type InAs. In
our experiments, the nucleation layer also contributes to the flim conductivity. Especially
for the InAs with lower doping concentration, the conductivity from the nucleation layer can
not be eliminated. The nucleation layer is a couple hunderds nm thick InAs layer between
the InAs test layer and the GaAs substrate. It is grown at a relatively low temperature
and unintentionally doped (UID) with C, H, and O. The growth condition is kept consistent
for n-type InAs with any doping levels. The measurements indicate an electron density of
~ 5 x 10" cm™ and a mobility of ~ 2000 cm?/Vs for nucleation layers of n-type InAs
films with different doping concentrations. The electrons of the nucleation layer may be
from the UID donors and the dislocations, and are still active even at 1.2 K. The test
layer is doped with Si, which is a shallow donor for InAs. Therefore, all of the donors
are ionized and the amount of bulk free electrons matches with the donors. During the
cooldown, for any n-type InAs samples, the electron density of each layer is almost unvaried.
The resistance first decreases and then increases as the temperature declines, which can be
interpreted as the temperature dependence of mobility directly. The mobility improves at the
beginning of the cooldown due to less phonon scattering. Once it reaches the maximum, the
Coulomb scattering exceeds the phonon scattering, and becomes more robust indirectly due
to less screening effect from the slightly dropped electron densities. Thus the mobility starts
decreasing, consistent with the resistance cooldown history. Another interesting phenomenon
is that the Fermi level rises up in the bulk as the temperature is lowered, whereas only slightly
declines at the surface. In the confined potential well at the surface, the first two subbands
are populated. The mobilities and the densities of the surface and bulk electrons derived
from the three-band fitting are consistent with the ones analyzed through the Shubnikov-de
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Haas oscillations at liquid helium temperatures. At the temperatures studied, the surface
and the bulk electron mobilities decrease as the doping concentration increases. Yet, the
contributions to the conductivity from the surface and the nucleation layers are less weighted
in n-type InAs with heavier doping. As a result, heavily doped n-type InAs is less affected
by the surface accumulation layer.

5.2 p-type InAs

A multi-band structure also exists in our low mobility p-type InAs samples. At room tem-
perature, surface electrons occupied the first two subbands in an approximate triangular
potential well. The surface electrons form an inversion layer separated from the holes in
the bulk. The measured Hall effects at low temperatures indicate a freeze of holes in the
bulk and a switch between the inversion layer and the accumulation layer on the surface.
Weak localization and antilocalization signals within low-field regime were observed, which
are attributed to the surface electrons. The surface electron mobility keeps increasing as
the temperature decreases, which is due to the reduction of the phonon scatterings and the
Coulomb scatterings.



Chapter 6

Summary

We successfully grew n- and p-type InAs films, where a three-band system is observed. The
multi-band analysis and the non-parabolicity theory can be applied to the characterization
of the transport properties and the surface band structures of the InAs thin films. Among
n-type InAs films, the electron densities increase as the doping concentration increases,
whereas the mobilities decrease. During the cooldown, minimum resistances, which corre-
spond to maximum mobilities, are observed. And the Fermi level in the bulk increases as
the temperature decreases. In the p-type InAs, the surface electron mobility increases as the
temperature decreases. At liquid helium temperatures, the holes are mostly frozen out, and
weak localization and antilocalization signals from the surface electrons are obtained. From
the antilocalization measurements, the relaxation times and the diffusive coherence lengths
can be determined, which are crucial for the spin electronic devices.
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