5 GaSb-InAs Heterostructures

When | hear of Schrodinger's cat, | reach for
my gun.

(Steven William Hawking)

5.1 Introduction

henin contact, GaSb and InAs have non-overlapping band gaps, which leas to

W number of interesting phenomena in heterostructures cddtom these materials.
Our group in Oxford has conducted extensive research orcstines formed by alternating
epitaxial GaSb and InAs layers grown by metal-organic vapbase epitaxyniovpe). ¢.e
purpose of Chapter 5 is to give an overview of these specibwhsrom a theoretical and
a practical point of view.

¢ ese epitaxial strata are two-dimensional in the sense thay exhibit translational sym-
metry in the plane of the surface and the structure only cleanglong the perpendicular
growth axis. In this thesis, the coordinate system is chasmh that thex and y axes lie
parallel to the surface and theaxis points in the perpendicular direction. “Parallel' refe
to a direction in the x;y -plane, whereas “perpendicular' or ‘normal’ refer to ztdirec-
tion, as this direction is normal to the two-dimensional gar systems which appear at the
heterostructures and are the main focus of the present work.

¢.€ chapter starts out in Sec. 5.2 with a short reminder of saih energies in hetero-
structure quantum wells. In the following Sec. 5.3.1, &vewif the 61 A material system

consisting of the nearly lattice-matched semiconductosss, GaSb, and AlSb and their het-
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erostructures sets the stage for the discussion of the Ga&b GaSb double heterostruc-
ture (dhet s) studied in this thesis. A er brie y touching the subjedtinAs AlSb quantum
wells in Sec. 5.4, | shall concentrate on the peculiar brgamband line-up of GaSb InAs
heterostructuresin Sec. 5.5 and explain how it leads t@eleansfer, and via quantization

in the resulting electrostatic potential to the formatiorof quasi-two-dimensional carrier
gases. Electron hole hybridization and the formation oéttminigap are likewise discussed,
hopefully clarifying the rami cations of this e ect on obeeable properties, which will play
arole in the remaining chapters.

Some remarks on Landau quantization and the in-plane chaegesport in the presence
of a perpendicular eld follow in Sec. 5.6; while the focusnsample characterization, they
provide a useful reminder of some basic physical phenom&e&. 5.7 is dedicated to the
growth of dhet s bymovpe A short introduction to the technology, which has not yet at
tained a high level of reproducibility, will allow the reade better appreciate the limitations
and uncertainties inherent in the creation of the samplesdssed here. Finally, Sec. 5.8 will
give an overview of the individuahovpe-grown epitaxial structures discussed in this thesis
for the purpose of reference. It will be pointed out how thesebved properties of these

samples can be understood in terms of the theoretical frapnkeVaid out earlier.

5.2 Subband Energies in a Heterostructure Quantum Well

¢€ electrons and holes in a heterostructure quantum well expnce a potential/ z
wherez is the position along the growth direction, but are free tovean the plane of the
sample. Ignoring the in uence of the crystal lattice, theiave functions are consequently

of the form

r e kxky z- (5.1)

where the envelope function z depends orz only. A form similar to Eq. (5.1) can still

be found if the crystal lattice is taken into account, praddhe interface potentials can be
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neglected. ¢ is is know as the envelope function approxiroat[1]:
r e kX kyy, r z; (5.2)
GaSb;InAs
whereu ( is the Bloch function in material .
As long as the e ective masses in the materials forming therostructure are su ciently

similar, the Hamiltonian can be taken as

p?
H — V z: 53
> (5.3)
wherep i* , is the momentum operator anth is the average e ective mass. ¢e

resulting time-independent Schrddinger equation,
H r  Eo r; (5.4)

is separable if r is given by Eq. (5.1) or (5.2), leading to a one-dimensiatab8inger-
like equationin z :

Ho z EBoa z; (5.5)

where the one-dimensional Hamiltonian reads

- @\, Eyy (5.6)

Ho om @%

and E,y is the in-plane kinetic energy resulting from the corresgg equation inx and
y in the free electron case, this would be kZ k% 2m . Eq. (5.5) leads to localized en-
velope functions , z with corresponding subband energies E Exy, dependingon

the shape of the potential z .

5.3 TheBA Family of Ill-V Semiconductors: InAs, GaSb, AlSb

5.3.1 Bulk Material Properties

InAs, GaSh, and AlISb crystallize in the familiar zincblesilecture shown in Fig. 5.1, which

consists of two interleaved face-centred cubic subla{2k ¢ e lattice constant for all three
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(a) Conventional unit cell (b) {100} surface
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Figure 5.1: ¢ e zincblende structure. Black and white spheepresent atoms of di erent
species. Both sublattices are equivalent. Bonds are sheothimalack lines.

materials is around @ A, so that lattice-matched heterostructures can be gr@jyiHe exact
lattice spacings are@84 A for InAs, 959 A for GaSh, and 8355 A for AISb at 300K [4].
Like GaAs, the materials preferentially cleave along theKtamily of planes.

¢.e reciprocal lattice of the face-centred cubic lattice damence the diamond and zinc-
blende lattices, is a body-centred cubic lattice. ¢e Wigig®itz unit cell of the reciprocal
lattice, which corresponds to the rst Brillouin zone, foena truncated octahedron and is
shown in Fig. 5.2(a) with its conventionally labelled syrtmmpoints [2, 4, 5].

¢ere are eight outer electrons per primitive unit cell 3 fron the group Il element (In,

Ga, or Al) and 5 from the group V element (As or Sb) which occygour bondingsp
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hybrid orbitals. ¢e main features of the full band structue shown in Fig. 5.2. Bulk
InAs and GaSb are direct-gap semiconductors, since bothmagimum of the valence
band and the minimum of the conduction band lie at thepoint. ¢ e size of the energy
gap isE/™°  415mv 0276meVK ' T2 T 83K for InAs [9] and E,;°*"
813mV 0108nmeVK ' T2 T 103K for GaSh[10]. Bulk AISbis an indirect-gap semi-
conductor with the bottom of the conduction band at the X-poand E/">® 1696 neV
0390meVK ' T2 T 140K [11]. At 300K, the energy gaps are 380rfor InAs,
727 neV for GaSb, and 1616av for AISb, while at £ K the values are close to their zero-
temperature limits of 813&v, 415 eV, and 1696 raV, respectively.

As there are eight electrons in bonding states, four spigetherate valence bands are
lled: a single band corresponding to the atonsorbital and three bands corresponding
to the threep orbitals. ¢ e latter take part in conduction and are split bpig orbit inter-
action into a “split-o " hole band with total angular momani J 51 and two “heavy' and
“light' hole bands with % which are degenerate at thepoint. ¢ e lowest conduction
band corresponds to the next highesirbital and is therefore singly degenerate (disregard-

ing spin degeneracy).

5.3.2 Heterostructure Band Alignment

¢e band line-ups in heterostructures combining these ma#ds, shown schematically in
Fig. 5.3, di er drastically from those available in the iydgudied GaAs ALGa, «As Sys-
tem. While the GaSb AISb heterojunction is characterizgdalbconventional type | band
alignment in which the narrow gap material has both a highelence and lower conduction
band than the wide gap material, the AlSb InAs and GaSb Irfstems exhibit a staggered,
or type Il alignment [3]. ¢e InAs AlSb conduction band o setat c. 135V is exception-
ally large compared to other practical semiconductor hgterctions, facilitating very deep

guantum wells and very high tunnelling barriers. ¢e most rankable band alignment,
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Figure 5.2: bulk InAs, GaSbh, and AISb. ¢ e calculation usesdampirical pseudopotential
method followingCohen et al.[6]. ¢ e parameters for AISb are taken froro-
pol etal.[7]. Spin-orbitinteractions and non-local correction tes are not con-
sidered; more realistic calculations are available initeeature [8].
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Figure 5.3: InAs, GaSb, and AISb at room temperature. Addpien Kroemer [3].

however, is that of GaSb InAs heterointerfaces: ¢ e bottorhtbe InAs conduction band
lies approximately 150& below the top of the GaSb valence band, leadingtim&en gap

line-up [12], a con guration that is sometimes classi edgpe Il

5.3.3 Sample Growth

Starting from initial work atibm [12], the growth of the & A materials by molecular beam
epitaxy (mbe has been developed systematically by a number of resesycheluding
Herbert Kroemer 's group at theJniversity of California  [13 15], and can now be re-
garded as a fairly mature process.

Another viable option isnovpe and our research group at Oxford has demonstrated the
growth of high quality GaSb InAs heterostructures [16,015ihg the methods documented
inSec.5.7. Inparticular, GaSb InAs heterostructuresoilaire nearly intrinsid, e, in which
carriers are created mostly by charge transfer betweena$o@nd InAs layers as explained
in Sec. 5.5.1, are grown more readily using this techni§u&q]. However, the deposition of
AISb bymovperemains problematic, as most of the potential metal-organecursors result

in high levels of carbon and oxygen contamination. With altgive sources it has been dif-
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cultto control gas phase reactions, making them unsuigdiolr atmospheric pressure react-

ors and restricting the combinations of precursors that barused simultaneously [20 22].

5.3.4 Interface Con guration

At a heterojunction between two semiconductors that do r@re a common species, two
distinct bond con gurations are possible. For example, tonacally at GaSh-InAs inter-
face may consist of either In Sb bonds or Ga As bonds. Whighdof bond is formed de-
pends on the details of the growth process. Methods have theezioped for botimbe[14]
andmovpe[23] to control the interface composition to a certain degrelowever, even for
mbegrown samples the interface atness and the preferencerfeoond will not be perfect.
¢e two interfaces are not equivalent: Interface states dj &nd the di erent equilibrium
bond lengths cause di erent strain distributions. ¢ ere issa theoretical and experimental
evidence that the band o set at the GaSb InAs heterojunotitepends on the bond con g-
uration [24,25]. ¢ e situation is further complicated by tihe uence of the bonding type or
the methods used to impose it on the growth processes. ¢ ewgiiness of the interface and
the chemical composition of nearby layers may be a ected, the e ect can depend on
the ordering of the materials, with signi cantly di erentdhaviour at the upper and lower

interfaces of a quantum well [14, 26].

5.4 InAs—AlSb Heterostructures

¢.€ large conduction band o set between InAs and AlSb in comhbtion with the high elec-
tron mobility in INAs suggests that it is possible to growyeeep quantum wells containing
high-density, high-mobility two-dimensional electronsgs 2degs) with potential applic-
ations to high-speed eld-e ect transistorégt s). Considerable e ort has been devoted to
the optimization of such structures, and mobilities as hagh22@00cn? Vs at sheet

densities of  10%cm 2 have been obtained [3].
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For narrow InAs wells, the mobility is limited by interfaceughness scattering and de-
pends sensitively on the interface composition [13, 27peBmentally, it was found that
predominantly InSb-like interfaces yield higher mobési and that the heterojunction be-
low the quantum well has a greater in uence [13, 14, 26, 28].

Nominally undoped InAs AlSb quantum wells can have highatien sheet concentra-
tions of the order 1&cm 2, much in excess of what can be explained by background doping
Because of the depth of the quantum well, which reaches aldoven to the AlSb valence
band, electrons drain readily into the InAs layer. It hasiibeBown byNguyen et al.[15]
that a large fraction of the carrier concentration resuitsnh donor states at the surface of
the GaSb cap that protects the top AISb barrier from oxidatiOther proposed sources of
excess electrons includespantisite defects [13] and interface Tamm states [3]. lideat
modulation doping is achieved by embedding a heavily dopgdrl of AlSb:Te [29] or thin
INnAs:Si [30] in one or both of the barriers.

Heterostructurdet s (hfet s) with cut-o frequencies of up to 93 GHz have been demon-
strated byBolognesi et al.[30 32]. ¢e long mean free paths of the order 1@n also
make high-mobility InAs AISb quantum wells attractive meldsystems for studying bal-

listic transport in quantum constrictions at low temperads [33, 34].

5.5 Broken-Gap Heterostructures

5.5.1 Effective Band Gap and Charge Transfer

¢.€ broken-gap band line-up of InAs and GaSb makes it posstblereate both semicon-
ducting and semimetallic heterostructures with tunablgual band gaps. As long as the
con nement energy of the carriers in the e ective electitst potential of the heterostruc-
ture is small, electrons can lower their energy by droppnagnfthe GaSb valence band to
the InAs conduction band until the Fermi levE} is equal in both layers and the system is

in equilibrium. ¢is charge transfer is illustrated in Fig.4 for a symmetric GaSb InAs
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Figure 5.4: Band alignment of a GaSb InAs Gadfet with a30nm InAs layer

GaShdhet similar to the samples studied in this thesis. If the GaSbkrlayreplaced by a
GaSh AISb superlattice [35] or an AlSb spacer layer is thioed between the GaSb and
InAs layers [36], the charge transfer process can stillpékee, leaving behind mobile holes
in the superlattice or the GaSb layer, respectively.

For narrow well widths, the lowest electron subband eneiggy dbove the highest hole
level and the heterostructure is a semiconductor. For weétier than roughly 85 A [16, 37],
however, charge transfer is energetically favourable badtructures exhibit semimetallic
behaviour. ¢e GaSb InAs GaShdhet s studied in this thesis have InAs layers 240 to 300 A
wide and fall well within the latter regime. It is also pogsito tune the e ective band gap
by replacing the GaSb with Aba ,Sb and varying.

¢ € initial work on broken-gap heterostructures focused dmet semimetal semiconduc-
tor transition and the band gap engineering possibilitiesuperlattice structures [12, 38].
However, the practical usefulness of the tunable band gegstsicted by the fact that the
electrons and holes are spatially separated and only th@option of the device volume in

which their wave functions overlap is optically active [8f the e ective band gap can be
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made arbitrarily small, and in particular smaller than thadiing energyEx of an exciton, it
was also suggested that broken-gap heterostructures wigix@tionic ground state can be
created and used to study exciton gases [39]. However,eader an excitonic ground state
remains elusive. Cyclotron resonance features origia#tifiputed to excitons [40] are better
explained by electron hole hybridizatiorcf. Sec. 5.5.3), as demonstrated in experiments
using AISb barrier layers between the GaSb and InAs layessrityol the wave function
overlap and hence the hybridization gap [36].

Because of the quantization of the envelope wave functidhengrowth direction, the
carrier sheets in semimetallic heterostructures form gt&e-dimensional electron gases
(2degs) and quasi-two-dimensional hole gas2di{gs) [38,41,42]. ¢ ese strongly interact-
ing 2d carrier gases have attracted much interest and are alsssemgal feature of broken-

gap systems from the point of view of the present work.

5.5.2 Band Bending and Electron-Hole Ratio

In an intrinsic heterostructure, all carriers are creatgdcharge transfer from the GaSb to
the InAs layers and the sheet densities of mobile electrnds$ales are the same. In actual
samples, localized states at interfaces, defects, or ty@esaurface can act as donors or
acceptors, potentially resulting in unbalanced conceitres of mobile carriers.

For a large number of experiments it is useful to be able tdrobthe electron hole ra-
tio. While a limited control of the carrier concentrations possible by optical pair genera-
tion [13,27] or application of hydrostatic pressure [4B,d# most exible and conceptually
most simple approach is the use of a gate electrode [45]. g@nbands bend to an extent
determined by the voltage at the gate and the screeningmiti@ structure. As a result, the
position of the Fermi level at the depth of the carrier gas@sloe changed over a consid-
erable range. However, gating of heterostructures withddaf layers represents a certain
technological challenge as high quality insulating laygarsnot be grown by thermal ox-

idation of GaSb and even Schottky contacts are di cult to forsliably on this material.
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Successful fabrication of insulated gates has been repasieag anodic oxide [17, 46] as
well as deposited polymers [35,47] or oxides [48,49]. Daplthe lower carrier sheet may
also necessitate the use of a back gate to avoid the scremnisgd by the upper sheet [47].
Using top gateddrndic et al.[35] have demonstrated the change from electron-dominated
to hole-dominated conduction in a single structuiang et al.[48] have explored the non-
monotonic transfer characteristic associated with thasition in afet -like device.

Magnetotransport studies of GaSb InAs Ga$bet s grow bymovpein Oxford [25, 50,
51] indicate that the electron density is always higher tharhole density. ¢ esalhet s lie
relatively close (40 to 120 nm) to the surface of the semigotud, and there is compelling
evidence that the increased electron hole-ratio is causgdurface states at the GaSb air
interface, which pin the Fermi level at a position di erembi its bulk value.

While the precise position of the surface pinning is gergrabt known and depends
on the chemical composition of the interface, there is somdence [52] that for surfaces
covered with native oxide the Fermi level lies in the lowent ph the band gap but above
the Fermi level in the bulk material. As a result of the Ferewdl pinning, the bands bend
towards lower energy near the surface, and if the GaSb cap igygu ciently thin, the
dhet lies in a region of strong band bending as illustrated in Big(a). ¢e pulling down
of the band con guration with respect to the Fermi le\u& means that more conduction
band states in the InAs lie belok and fewer valence band states in the GaSb lie aBgve
leading to the observed electron hole imbalance as ilatsd in Fig. 5.5(b). ¢e mechan-
ism is hence expected to lead to a dependence of the eletinératio on the GaSb cap
thickness, which has been observed experimentally [51d.dgpendence a ords a limited
control over the electron hole ratio without the use of arsimated gate and should in prin-
ciple make it possible to impose a potential and carrier dgmaodulation on the carrier
sheets by laterally varying the cap layer thickness.

¢.€ band bending induced by the surface states means thatltiet is no longer symmet-
rical. In fact, the GaSb valence band edge at the upper ateltfes close to the Fermi energy,

and it is questionable whether there are any mobile holebérciap layer at all [51]. Another
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Figure 5.5: Band bending due to surface states

possible source of band asymmetry is the dependence of the dozerlap on the GaSb
InAs interface composition: As both the group 11l and the gmV elements change at the
interface, either a monolayer of InSb or GaAs may be formed jiehas been shown that in-
terfaces that are predominantly of the GaSb type have a basrdep approximately 30 8V
smaller than those of the InSb type [44, 53]. If the interfgpes on both sides of the InAs
layer are di erent, the resultinghet will have an asymmetric band line-up even in the ab-
sence of surface states [25]. ¢, e samples discussed in #ssstdid not have interfaces biased

either towards InSb or GaSb, but the presence of a residumlence could not be excluded.

5.5.3 Hybridization and Minigap

¢.€ electron and hole dispersion relations; k , wherek is the in-plane wave vector and
i identi es the band, overlap as a result of the band alignnaagcribed in Sec. 5.3.2. Any
nite coupling i; 2 between electron and hole states will therefore lead téottmeation of

an energy gap j; at the crossing points. A simple two-band model can be usezhfure
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the essential behaviour of the hybridized system [42, B4hi$ model, the electron band is

assumed to be isotropic and is given by

- 2k2; (5.7)

Ee k

2m

wherem  003mis the electron e ective mass, while the warped heavy habel &

2 _—
Evk B — AK Bk CUGK (5.8)

e
whereE; is the band overlap and 143,B 104,andC 136 are anisotropy paramet-

ers [55]. ¢ e Schrédinger equation for the coupled systendsei@ the eigenvalue problem

Ee k eh 2 G Ce
E k : 59
en2 Enk o Gh (5.9)

wherec, andc, are the coe cients of the electron and hole wave functionspectively. ¢ e

mixed energy bands obtained by solving Eq. (5.9) are

E k %Eek E K Eek Ek ? 2 (5.10)

2

Because of this mixing, which opens an enemggigapat the Fermi energ¥s, it was
originally expected that intrinsic heterostructures sltibiobe semiconducting [38]. However,
the anisotropy of the hole band leads to the formation of distected Fermi contour islands
for most values oEr (cf. Fig. 5.7(a) below), reducing the e ective minigap and exyiha
the metallic behaviour seen in maditet samples [42].

¢e strength of the electron hole interaction ¢, 2 can be modi ed either by reducing
the overlap between the electron and hole wave functiony apiplying a magnetic eld in
the plane of the heterojunction. An e ective means of desieg the overlap is to introduce
an AISb barrier between the GaSb and the InAs layers. ¢ e aold layer increases the
spatial separation of the carrier gases; at the same tiradathe AlSb band gap ensures that
the penetration of the electron and hole states into theieais small. If samples with di er-
ent barrier thicknesses are preparedy, can be varied systematically [36,47]. ¢ e in-plane
magnetic eld makes it possible to switch the interactionaod o in a single structure, but
does not provide for continuous tuning ofy,. ¢ e process by which it a ects the coupling

requires some explanation.
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In the presence of a magnetic eld, and neglecting spin, ttier&linger equation (5.4)

becomes

%rz r Vz'r Eot' T (5.11)
whereA r is the magnetic vector potential. If the magnetic eld is hogeneous and lies
in the plane of the heterostructure along theaxis,i.e,B 0;By;0 , the magnetic vector
potential can be chosen Asr Byz;0;0 inthe Landau gaugeEqgs. (5.1) and (5.11) then

lead to the following Schrddinger-like equation inz [56]:

.2 2eBk,z €B2z? @
o k2 B‘/ —— K @ - Vz z Eqg zZ. (5.12)
Eq. (5.12) is of the form
Ho z Hy z Eog z; (5.13)

where the HamiltoniarHg in the absence of a magnetic eld is given by Eq. (5.6) and

B2 «eBk.z
2m m

1 (5.14)

is the contribution due td, [57].
As long aseBy 2m Eo which will typically be ful lled for InAs well thicknesses
smaller than 400 A in the samples discussed here [42, Bglcan be treated as a perturba-

tion, leading to a rst order energy correction [56, 57]

e’B2 *eB k
aHi o« my i % Z o (5.15)
where z , nZ n and z2, nZ> , denote the expectation valuesoénd z2.

Rearrangement &, E, Eyy nH1 n gives[56,59]

2 e 2 62 B2
kX Z n k§ _y
2m . 2m

2, z2. (5.16)

From Eq. (5.16) it can be seen that the overall e ect of thplame eld B, is a shi k

of the dispersion relation along the-direction, which is proportional to the position of

1; e argument can be extended straightforwardlyBo Bx;By;0 .A 1 isthen Byz; Byz0 .
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Figure 5.6: Electron and hole dispersion in an in-plane negigneld, calculated for @het
with 7meV,E; 60meV,and z  180A. Wave numbers are given in
terms of the Bohr radius,.

the electron sheet with respect to the coordinate origird ardiamagnetic shi E, of the
subband energy, which depends on the spread,of [25,56,58]:

e e’B2
K, .—B"zn; E, ﬁy 22, z?2 (5.17)

In the electron-hole systemz , can be identi ed with the distancez between the elec-
tron and hole gases alorzgwhile E can be neglected [25, 42, 51]; this is in agreement with
experiments that have shown little dependence of the suthbaergies on an in-plane mag-
netic eld [58].

Fig. 5.6 illustrates the e ect of the magnetic eld on the ngap: Plots of Eq. (5.10) with
E ks ky replacedbf ky ky 2k, areshown fordierent eld strengths and typical
values forgy, Er, and z. With increasing eld, the crossing points move away frone th
Fermi level and for su ciently strong elds, the dispersioruves become decoupled and
the minigap disappears.

¢€ e ect on the Fermi contours is shown in Fig. 5.7. ¢e relatvshi of the disper-
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Figure 5.7: Fermi contours in an in-plane magnetic eldccoédted for adhet with
7meV,E; 60meV, z 180A,andEr E. 0  55neV. Wave numbers are
given in terms of the Bohr radiua,.
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Figure 5.8: Negative magnetoresistance in an in-plane etegeld, calculated for ahet
with 7meV,E; 60meV, and z 180A. ¢ e resistivity is given in terms
of the resistivity at high eld.

sion relations changes the shape of the contours drastjealtying from the small “puddles'
present at zero eld to nearly unperturbed independent gf@tand hole Fermi contours at
high eld. Owing to the anisotropy of the hole band, the shapé¢he intermediate region
will depend on the orientation of the in-plane eld.

¢€ in-plane conductivity, and hence resistivity, can be @ated from the Boltzmann
equation (see Appendix B), which leads to an expressioneofdim

2¢e?

, 2
XX > v, k f E k dk; (5.18)

i

wherev,' k is thex-component of the group velocity, E the derivative of the Fermi-
Dirac distribution, and the transport relaxation timeis taken to be independent &f[42].
Fig. 5.8 shows the resistivity, 1 44 (since »y, 0) calculated by numerical integration
from Eq. (5.18) with the simple two-band model of Sec. 58.8sang the same typical values
for the sample parameters as in Figs. 5.6 and 5.7. Just asthicbntours, the magnetores-
istance is highly dependent on the band overlap (not showd)tae Fermi level. Peaks cor-

respond to the eld strengths where anticrossing occurhatfermi energy,e, k, By
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kS Er k¢ Er (around 2TinFig. 5.8) andk B, ki Er k' E- (around
12T in Fig. 5.8).

Several studies of GaSb InAs superlattices dhdt s have shown a large decrease of up
to 70% of the two-dimensional resistivity in the presencea aftrong in-plane magnetic
eld. [42,50, 54, 58]. ¢ e measured magnetoresistance antkihperature dependence are
described well by calculations such as those of Fig. 5.8gdumg strong evidence for the ex-
istence of the minigap. A systematic study of a gated Ga®{s lmeterostructure b ooper
etal.[47] has revealed as strong increase in the longitudin&tasce for equal electron and
hole concentrations. ¢ e temperature dependence of the peakis experiment indicated
an energy gap af.2 meV, and the resistance increase was not observed in a seconudiesa
that was nominally identical save for an AISb barrier sugpneg the electron hole coup-
ling. Poulter etal.[58] have reported optical absorption peaks correspontbrexcitation
across the minigap, supporting the magnetotransport tssividence for a small positive
band gap, which disappears in an in-plane electric eld, &ls® been seen in capacitance

measurements byang et al.[60].

5.5.4 Magnetic Breakdown

In a perpendicular magnetic eld, carriers follow orbitstime plane of thelhet that in mo-
mentum space correspond to orbits along the Fermi contobhos\a in Fig. 5.7. As a result
of the mixing between electron and hole states, the Ferntiazorconsists of several uncon-
nected islands and the possible closed orbits include bettiren- and hole-like states.

¢€ hole states are characterized by a larger e ective masggared to the electron states,
so that the carriers take a longer time to complete the hitddeparts of the orbits and are
more likely to leave them because of scattering. On the dthed, once the cyclotron energy
! .becomes comparable to the minigapcarriers can tunnel readily between electron-like
parts of the Fermi contour, forming an orbit with low e ecévmass similar to the electron

orbit in the absence of electron hole mixing [61].
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¢.€ Shubnikov de Haas-oscillations described in Sec. 5ai@the commensurability fea-
tures in the presence of a lateral modulation discussed iapBdr 7 are dominated by such
magnetic breakdown orbifS0], and the evidence for a direct e ect of the disjoint Féerm

contour islands remains tenuous [51].

5.6 Magnetotransportin a Perpendicular Magnetic Field

5.6.1 Drude Model

It is tempting to describe the parallel magnetotransporthe presence of a perpendicular
magnetic eldB 0;0;B, interms of a simple semiclassical two-carrier model based
on the Drude formalism [25, 50, 51]. In this model, the relaratime approximation is
used and the electrons and holes are assumed to be indepaarthave individually well-

de ned conductivities ¢ and . ¢ e total conductivity of the electron hole system would

then simply be

e h- (5.19)
In the Drude model [2], the equation of motion for a particlespecies eh is
mv g E v B m—; (5.20)

whereEis the electric eldy the velocitym, the e ective masgy; the charge, and scattering
is accounted for by the phenomenological friction term; ; v with scattering relaxation

time ;. IfE EE;0,v  v;vy;0 ,andv 0 Eqg. (5.20) simpli es to

Vy Vy
— E wB; — E, wB; 5.21
sgngi S sgngi i o ( )
where ; “ g ; m, is the mobility. Eq. (5.21) has the solution
sgng B« 7B, PBZEx sgna iE
\% ; % 5.22
g 1 2B? ’ y 1 B2 (5-22)
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As the conductivity isde nedbyj E andj; qin;v, wheren; is the carrier concentra-

tion, the x;y -components of the conductivity tensor are

i i g ni i i i ain 2B,
: iz (5.23)

For a two-carrier system consisting of electrons and hotpq®19) together with,y

xx  #x gy and yy xy #x 2y thenleads to the following expressions for the

in-plane resistivity:

€Nee Nhnh? 22B2ne np?

XXy (5.24)

1ne 38,1 B2 ny 7B, 1 2B
€ Nee Nhh? 22B2nNe np?

Xy yx (5.25)

Egs. (5.24) and (5.25) exhibit the positive magnetoresista, B, and non-linear Hall
resistivity »y B, which are characteristic of bipolar systems and have besdstrated
in GaSb InAsdhet s [50, 51]. Information about, n,, ¢, and  could in principle be
obtained by tting the functional dependence d8, described by these equations to the
measured magnetotransport traces.

However, the assumption of independent electrons and hsigi§mately false in the light
of the phenomena described in Sec. 5.5.3 and severelythmapplicability of the model to
the system investigated here. Depending on the electrole hatio and the Fermi level at
thedhet , the minigap causes a substantially higher resistivity 8@attering alone, and the
mobilities are signi cantly underestimated if such a t igf@mpted. Only in the presence of
an in-plane magnetic eld that is strong enough to complgtdecouple the electrons and

holes the Drude model is a realistic approximation.

2EqQs. (5.24) and (5.25) are of thefoynx a1 bx? 1 cx’ and x x 1 x? 1 x?,
respectively. Each has only three independent parameiacshence a t to either yx B, or y B;
cannot be used to determine all four parametess ¢, Np, and p unless one of them is known separately,
e.0. ne from the Shubnikov-de Haas oscillations. If both equatiaresused, c, accb c ,
and remains variable.
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5.6.2 Landau Quantization

For a homogeneous magnetic eld perpendicular to thxey -plane,i.e, B 0;0;B, ,
the magnetic vector potential can be choserAas 0;B,x;0 in the Landau gauge

A r 0.With the Ansatz
ro e oz ox; (5.26)

Eqg. (5.11) again becomes separable. ¢e equation foris given by Egs. (5.5) and (5.6),
while x has to obey

2 @ 2eBk/X eB2x?

— % k3 - = X E, X Eq X; (5.27)
which simpli es to
°?2 @ eZBgz
@2 o Exy (5.28)

with x <kyeBandE, E E, Eq.(5.28) is the Schrodinger equation of a

one-dimensional quantum harmonic oscillator with eigelues
Eq N = o (5.29)

where the quantum numbeX is known as the Landau level ahd eB, m is the cyclo-
tron frequency.

As a result of the quantization, all electron states mustdm®amodated in the discrete
Landau levels. ¢e degeneracy of tie" Landau level can hence be calculated by con-
sidering the number of states that would lie betwégfl * andE,} in the absence of a
magnetic eld. For the quadratic dispersion relatien + ki k7 2m , which follows
from Eq. (5.28) iB, 0, it is straightforward to show [1, 62] that the density a&ftst per
unit area of a two-dimensional systemDsE M 2+ 2 per spin state. In this case, the

degeneracy of each Landau level is

(5.30)

124



5 GaSb InAs Heterostructures

per unit area, where OD h eis the Dirac ux quantum? If n. is the electron density per

unit area, the number of lled spin-split Landau levels atieeln eld B, is consequently

Ne Ne Ne

B .
° ouB B L eBh

(5.31)

¢cequantity B, isknown asthe (Landau level) lling factor and correspomalthe num-

ber of electrons divided by the number of ux quanta.

5.6.3 Shubnikov—de Haas-Oscillations

According to Eqg. (5.29), in a magnetic eR} perpendicular to the plane of thehet each
subband splits into a number of Landau levels that are egsphced in Energy by .
eB, m . Each Landau level is further split because of the intevacti zB of the
electron spin with the external magnetic eB, which causes an energy shiEX';l

élg sB,; here gis the Bohr magnetorg is thee ectivegyromagnetic factor of the sub-
band, and a vector with the Pauli spin matrices as its elements. ¢ e esponding density
of states has a peak for each (spin-split) Landau level hwhioroadened thermally and by
scattering; the contribution due to scatteringis , where is the relaxation time. As long
as! . lanc! .  kgT,theresultis adensity of statBsE that oscillates as a function
of energy [1]. If the magnetic el®, is varied, the period! ; +*eB, m of this oscilla-
tion varies and the Fermi enerdy successively encounters di erent Landau levels and a
varying density of states. ¢e density of states reaches amum if E¢ lies between two
Landau levels. If spin splitting is not resolved, this oscatrthe elds for which the lling
factor B, OD ne B; is an even integer, leading to changes in a number of electroni

properties that are periodic in B, with a period

1B; D L (532)

3Not to be confused with the superconducting ux quantum®  h 2e.
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¢.€ periodic change of the magnetic susceptibility is caltbd de Haas van Alphen-e ect,
while the corresponding magnetoresistance uctuatioreskarown as Shubnikov de Haas-
oscillations.

¢e oscillations are a useful tool for the characterizatioh@aShb InAsdhet s. In these
structures, a single B, oscillation frequency is typically observed in the magrestcst-
ance [50, 51], which can be attributed to electron-like netigrbreakdown orbits as ex-
plained in Sec. 5.5.4 and hence corresponds to the InAs ctindiband. In this situation,

Eq. (5.32) provides an accurate estimate of the two-dirarabkelectron density.

5.7 Sample Growth using Metal-Organic Vapour Phase Epitaxy

5.7.1 Motivation

Semiconductor heterostructures can be grown epitaXially the surface of suitable sub-
strate wafers by several di erent techniques. ¢ e most widesed technology is molecular
beam epitaxyrfibg, which uses ballistic beams of atoms or molecules createdttrolled
evaporation of precursor materials in ultra-high vacuuaiy). ¢e samples discussed in
this thesis were grown in Oxford by a variety of vapour phgstagy (vpe) that is known as
metal-organic vapour phase epitaxydvpe) as it uses metal-organic precursor materials.
A third option is liquid phase epitaxyge).

mbeproduces high quality materials and allows excellent rdpoibility and control of
the epitaxial growth down to monolayer accuracits drawback is the reliance amhv,
which not only imposes high demands on the quality of the wanwequipment but also re-
duces its exibility: If the vacuum in the growth chamber israpromised for any reason,
reestablishing it usually takes several weelk®/pecan grow semiconductors with similar
and in some cases better quality while operating at presghe¢ do not present a technolo-

gical challenge. However, monolayer accuracy cannot bieathand reproducibility can

“From GreekdpD'upon, and ttein , “to arrange' In Greelgpbtaxiactually means ‘command:
SAbrupt interfaces, however, may not be thermodynamicatpte.
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be anissue as the growth depends on a large number of paresnétso, the metal-organic

precursors are highly toxiand costly hazard management is necessary.

5.7.2 Principles of Metal-Organic Vapour Phase Epitaxy

movpewas rst described in 1969 blanasevit and Simpson[63]. In this technique, the
substrate wafer is placed in a reaction chamber on a heataglsaholder. A continuous
ow of hydrogen carrier gas, in which a controlled amount bktprecursor materials has
been dissolved, is maintained at the substrate. ¢ e met@amic precursors are cracked by
pyrolysig at the elevated temperatures occurring close to the samplace. Metal atoms
then di use across the low-velocity boundary layer to thbstnate, where they are adsorbed
at the surface and lose any remaining organic groups. ¢e®eigs react to form volatile
organic compounds, while the metals di use along the swfantil they are incorporated
in the crystal lattice.

¢e controlled solutions of the precursors in hydrogen aretalmed by driving dry hy-
drogen gas through bubblers each containing a liquid precur¢ e bubblers are kept at a
well-de ned temperature and the {fjas passing through them takes up precursor molecules
and forms a saturated solution, which is then mixed with phyerogen at the desired dilu-
tion. ¢ e dilution ratio and the ows of the process gases aegulated with the help of mass
ow controllers. Individual precursor solutions can be glly switched into and out of the
mixing manifold that feeds the process chamber.

For epitaxial growth to be possible, the substrate mustée fiom contaminants and ox-
ide. ¢ is can be achieved by creating an oxide layer with deslie properties by etching and
controlled oxidatior® ¢.e oxide layer is then removed by thermal desorption in thevpe
reactor in the presence of either pure hydrogen or the pregss providing the substrate

species with the highest vapour pressure to prevent themsfial loss this element.

8In the proper sense of being quite lethal should they escapeginormal operation.

"from GreekpUr, " re' and |Oeinto dissolve'

8Nowadays, so-called ‘epi-ready' wafers with suitabl@sasfare available commercially, so that this process
need not be performed in the laboratory.
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¢,€ main controlling parameters ofmovpegrowth are the relative ow rates of the process
gases and the substrate temperature, while the uid dynamwithe mixing of the individual
gases and the ow in the process chamber also play an impogart. Di erent reactor
geometries in which the sample holder is oriented eitheafialor perpendicular to the gas

ow can be used.

5.7.3 Growth of Epitaxial GaSb—InAs Heterostardtures in Ox

¢.€ samples discussed in this thesis were grown in@larendon Laboratory  in Oxford

by Nigel Mason andPhilip Shields . ¢ e reactor, which has now been decommissioned,
operated near atmospheric pressure and used a reactiontdramade from glass in which
the sample surface was oriented horizontally and alignedllghto the main gas ow [37].
¢.€ substrate wafers rested on a molybdenum susceptor whiak eated from underneath
by a resistive heater cut from a sheet of manganese metghit®ése fact that the temper-
ature was monitored with a thermocouple, there is a largeautainty of at least 30C in the
measurement of the absolute growth temperature; the repedulity and relative accuracy,
however, was much better unless the replacement of the heatame necessary.

GaSb InAs heterostructures were grown on lattice-misrhatt (by approximately 3 %)
semi-insulating undoped GaAs wafers. Such wafers arelygaicurable commercially,
while good quality GaSb wafers are still expensive. Moreomapitly, GaSb wafers are
inevitably p-type, which is undesirable for electrical measurementepiaxially grown
devices [16,64,65]. Following a thin GaAs layer and a loywéeature heteroepitaxial GaSbh
layer, arelaxed GaSb bu er layer of roughlyr thickness was grown on the GaAs substrate,
creating avirtual substratéor the growth of the heterostructures. Under optimal catains,
much of the strain caused by the large lattice mismatch alGbAs GaSb interface is ac-
commodated by 90mis t dislocations in the plane of the interface [65]. Toget with the
mutual annihilation of threading dislocations during theogvth of the bu er layer [66],

this results in a virtual substrate relatively free of dislions. ¢ e surface morphology of
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such GaSb layers was generally characterized by at eletigstamidal shapes 10 to 30 nm
high and several micrometres wide. ¢@het s grown on these virtual substrates closely
follow the shape of the surface; on the scale of these feattire surface roughness was
not correlated with electrical indicators of the epilayer diyaMhile the pyramids may af-
fect transport in thedhet s by causing a local tilt with respect to the plane of the sampl
and by changing the states at the resulting kink lines, theraiV e ect is assumed to be
small.

Trimethylgallium ¢gm Ga), trimethylantimony {m Sb), trimethylindium ¢mn), and ter-
tiarybutylarsine (bAs) were used as precursors. For growth of GaSb, the ratiallofign to
antimony at the surface needs to be close to 1 as Sb has awesgdour pressure compared
to Ga and would otherwise be precipitated at the growth froftfurther complication is
caused by the incomplete pyrolysis of the precursors atgtgsaSh growth temperatures,
leading to a growth rate that is dependent on temperatuee kinetically controlled [16, 22].
Fortunately the pyrolysis rate temperature dependendendba andtm Sb are very similar,
so that the precursor ratio required at the gas inlet deperdg weakly on temperature [16].
¢e ‘epi-ready’ GaAs wafers were deoxidized at 650 to T the presence obAs; GaSb
and InAs were typically grown at 525 to 6@and 500 to 528, respectively. However, the
values were a ected by a relatively large absolute uncgytais explained above, and the
optimal growth conditions had to be determined anew a er aigni cant modi cation to
the reactor.

¢e crystal growth could be monitoredh situ with the help of a surface photoabsorption
(spa) setup. Inthis method, a laser is incident on the semicondusurface at an angle close
to Brewster's angle, and the intensity of the re ected ligfth its (electric eld) polarization
parallel to the surface is recorded. In our reactor, a 633asariwas used at Brewster's angle
for GaAs (738 [67]) and the re ected signal was detected by a silicon pdmde using a
lock-in technique [68, 69]. Information on the surface rdugess, surface composition, and
heterostructure layer thickness could be obtairgmhis sensitive to the surface material via

the di erence in Brewster's angle, and to epilayer thicleves interference between light
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re ected from the surface and the heterointerface, whicuits in Fabry-Pérot oscillations.
¢,€ measurement of the layer thickness in particular was apaortant tool in the calibration

of the growth rates.

5.8 Overview of Individual Samples

A number of movpe-grown single- and double-layer GaSb InAs heterostruetsiwith dif-
ferent layer thicknesses were investigated for this thesssexplained in Sec. 5movpe
is strongly dependent on growth conditions, while absol@eroducibility is not assured.
As a result, there is considerable variation in the promertof nominally identical struc-
tures [22].

¢e dhet sare listed in Table 5.1 with their properties. Electrorceorations and, where
available, hole concentrations have been quoted. ¢ e etectnobility . can be estimated
from the sheet resistivity,x O in the absence of a perpendicular magnetic eld as
1 en «x O by settingB, in Eq. (5.24) to zero and assuming . Ny h. (Multiple
parameter ts of Egs. (5.24) and (5.25) to the observedtiatigial and Hall resistivities as a
function of perpendicular eld indicate that, 4 is typically of the order 10.) As explained
in Secs. 5.5.3 and 5.6.1, a more realistic estimated whlldoeexr from the minimal value of

«x In @ high parallel magnetic eld.

As may be expected, the electronic properties will in gdneng slightly between di er-
ent parts of the same epitaxial structures, and this vammatan become quite noticeable for
large samples or ones that were grown under less than optioralitions. No attempt was
made to average over di erent parts of such samples; theegaquoted here correspond to
a single location deemed representative.

¢.€ observed properties of these samples t the expectatiabfprward in Sec. 5.5.2 that
the electron hole-ratio is strongly a ected by the presenaf nearby surface states: ¢e
samples of thex37x varying cap thickness series show a decreasing hole shrestyckes

the cap thickness decreases from approximat@§QlA to 800 A. Even thinner cap samples
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Sanple twell tcap NsdH Nh XX 0 XX B
A A @10%=m) (10=m) (=) (=)

ox3735 250 600 A 220

ox3729 250 800 78 37 40

ox3730 250 1000 80 52 40

ox3733 250 1200 79 61 56

ox4256  (300) (L0OO) 80 40

ox4338  (300) 16 0 256

ox4340 (300) (1200) 70 186

ox4434 (300) (700) re) 74

ox4529 300 1000 77 66

ox4530 300 700 B 1P

ox4531 300 500 1b 75

ox4532 300 680 n 110 47

ox4532 300 380 120 81 59

ox4576 300 1500 67 141 124

ox4576 300 600 B 187

Table 5.1dhet samples grown bsnovpe Most InAs well and GaSb cap thickneskgsg, and
tcapWere estimated frorapatraces and are accurate to about 5 %; values in brackets
were deduced from the growth rate and are accurate to abotb.2@e carrier
concentratiomsgy Was calculated from the frequency of the Shubnikov de Haas-
oscillations in the perpendicular eld magnetoresistamee corresponds to the
electron concentrationy; it is accurate to about 213°cm 2 for a speci ¢ piece of
the sample. Both the zero eld value and the minimal value pagallel magnetic

eld are given for the sheet resistivity. Most measurememtse taken at 2 K.
Values marked with an asterisk)(were measured atSIK. ¢ e data marked with
a dagger,() were measured byakashina [51] at 50 mK; the hole concentration
was estimated from the compensated quantum Hall e ect.
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Sanple ts tsp to teap NsdH xx 0 xx B
A & @ A @) (=) (=)
0ox4536 200 50 200 500 62 118 35
ox4559 200 100 200 ;500 62 212 BO
0x4538 250 25 250 3;400 64 232 178
0x4533 250 50 250 1,500 76 71 62
ox4544 250 100 250 2;600 67 10 (10)
ox4564 300 50 300 1,500 2 124 82
ox4563 300 100 300 1;500 37 128 30
ox4574 300 200 300 1;500 % 82 21
ox4575 300 300 300 1;500 56 82 32
0x4576 300 1500 67 141 r4

Table 5.2: Double well samples grownrbgvpe ¢e InAs well, GaSb spacer, and GaSb
cap thicknessds, t, tsp, andtcq, Were estimated frorspatraces and are accurate
to about 5%. ¢ e carrier concentration was calculated frore trequency of the
Shubnikov de Haas-oscillations in the perpendicular etthgnetoresistance and
is accurate to 2 10%m 2 for a speci ¢ piece of the sample. Both the zero eld
value and the minimal value in a parallel magnetic eld areegi for the sheet
resistivity. Measurements were taken & K.

(ox373, 0x45310x4532) also have an increased electron sheet density. ¢ e behawbu
0x4532and ox4576, which were created frorax4532and 4576 respectively, by removing
part of the GaSbh cap by reactive ion etchinig §, supports this picture: In both cases the
electron sheet density was increased signi cantly.

Table 5.2 shows the double InAs well samples ordered byneezacer thickness. ¢ ese
samples are discussed in detail in Chapter 6. Where avajl#i# minimum of the longi-
tudinal sheet resistivity,x B as a function of the in-plane magnetic eld is invariably
signi cantly lower than the magnitude of the resistivity the absence of a parallel eld,
substantiating the claims about the presence of a minigagema Sec. 5.5.3 on the basis of

previous work.

SWith the exception of the double well sam@g4544 which has an unusually lowgy O .

132



Bibliography

5.9 Summary

¢e broken gappand arrangement of GaSb InAs heterostructures, in whilcl inAs con-
duction band lies lower in energy than the GaSb valence Hagads to charge transfer from
the GaSb to the InAs layers, forming intrinsic populatiorfsnaobile electrons and holes
without the need for doping. For thin InAs wells, quantizatiof the con nement energy
becomes relevant at low temperatures, leading to quasidiw@nsional behaviour as the
carrier wave functions are restricted in the growth direatto a number of states corres-
ponding to discrete subband energies.

Because the electrons and holes in adjacent layers intdrgatid states appear and a
minigap opens in the dispersion relation close to the Ferwel. ¢ e e ect of this minigap
can be seen in the strong negative parallel eld magnetstasce observed in single- and
multilayer structures and in radiative transitions. It istdirectly observed in experiments
probing cyclotron motion because of magnetic breakdowa,tunnelling across the mini-
gap once the cyclotron energy becomes comparable to theasiten energy.

A large number of GaSb InAs heterostructures were grown ixf@d by movpe ¢e
technique allows the creation of high-quality intrinsiagales, but is somewhat unpredict-
able, necessitating careful characterization of indigidgpecimens. Both Landau quant-
ization in a perpendicular magnetic eld via the analysisf&@hubnikov de Haas-oscilla-
tions and a semiclassical transport theory can be used foistpurpose. ¢ e accurate de-
termination of hole concentrations and mobilities, howevemains elusive as the presence
of the minigap severely limits the applicability of the selassical model.

A number of speci ¢ growth samples have been introduced latren to the theoretical

treatment; these samples will form the basis for the disonsa the following chapters.
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