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ABSTRACT

Two-dimensional electron systems were realized in [nSb quantum wells with
Alg.geIng 9:Sb barrier layers d-doped with Si. Measured electron mobilities in multiple
quantum well structures grown on GaAs(001) substrates were as high as 41,000cm?/\’s
at room temperature, which is the highest reported value for a semiconductor quan-
tum well, and 380.000cm?/Vs at 6.5K. Simple models can be used to explain the
observed dependencies of the electron density on the quantum well to dopant dis-
tance and on the number of quantum wells. Dopant compensation was studied for
Si ¢0-doped InSb samples grown on GaAs(001) substrates. Hall effect measurements
indicate a sharp decline in electron density with increased substrate temperature,
and, along with SIMS measurements, suggest that the temperature dependence of
the carrier density results from compensation occurring primarily during growth of
the cap layer. Similar behavior was observed in Al.In;_.Sb samples ¢-doped with
Si. The recent achievement of high quality quantum wells now allows for optical and
low temperature experiments that can be used for the characterization of materials

and the study of unique features in the InSb/Al.In;_.Sb system.
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Motivation

InSb has the narrowest bandgap, the smallest effective mass, and the highest intrin-
sic electron mobility of all binary III-V semiconductors. These extreme character-
istics make InSb an attractive material for industrial applications, such as infrared
devices (1, 2, 3], high-speed field-effect transistors [4], and, in particular, magnetore-
sistive sensors [3], which play a key role in position sensing applications. At present.
Te-doped InSb epilayers are paired with rare-earth metal magnets in automotive
position-sensing applications where accuracy and repeatability are critical [6. 7).
These devices exploit a geometrical magnetoresistance where sensitivity is propor-
tional to mobility squared [8], hence, InSb is a natural candidate since its room
temperature mobility in thin films is u =~ 60,000cm?®/Vs. However, InSb also has
a very small bandgap, which makes the carrier density (= 2 x 10%%cm™ at 300K).
and therefore the sensitivity of the device, largely dependent on temperature. To
minimize this dependence, the layers must be doped. The Te-doped sensors con-
sist of a 1.5um-thick InSb layer grown on a GaAs substrate and have an electron
concentration of 8x10'%cm~3 and a room temperature mobility of z=40,000cm?/\’s.
Unfortunately, the accompanying increase in ionized impurity scattering reduces the

electron mobility and, consequently, the device sensitivity.
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Remotely-doped InSb quantum well structures are potentially better suited for
magnetoresistance applications than uniformly-doped InSb epilayers. Increased sen-
sitivity is possible since a high mobility can be maintained (since the carriers are
spatially separated from the dopant) while achieving a high extrinsic electron con-
centration. Also, the temperature dependence of the electron concentration can be
reduced since only very thin layers of InSb are required. resulting in a low ratio of
intrinsic to extrinsic carriers in the well.

Remotely-doped quantum well structures are also used for the study of electrons
confined to two dimensions at low temperature and high magnetic field. Many
studies have been carried out using such semiconductor quantum well structures
as GaAs/AlGaAs and Si/SiGe, and has resulted in the observation of both the
integer and fractional quantum Hall effects. However, the unique properties of [nSb.
including the high intrinsic mobility, large g-factor, and large dielectric constant.
makes InSb quantum well structures an attractive alternative platform for conducting
basic research of quantum transport.

Both the potential (room-temperature) industrial and (low temperature) basic
research applications require the realization of a remotely-doped InSb quantum well.
However, the achievement of such a structure was historically difficult due to the lack
of a suitable barrier material. An initial attempt was made in the late 1980°s using
CdTe as a barrier [9]. CdTe has a nearly identical lattice constant to that of InSb.
but CdTe is a [I-VT material, and cross-doping with the III-V InSb at the interfaces
limited the electron mobility in the well to less than 30,000cm?/Vs {10] at 4.2K.
Experiments in the early 1990's demonstrated that quantum confinement in InSb
wells could be achieved using Al;In;_.Sb barrier layers [11]. In 1994, The University

of Oklahoma acquired an Intevac Gen II Molecular Beam Epitaxy (MBE) syvstem,
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and hired Assistant Professor Dr. Michael Santos and Research Equipment Specialist
Dr. Wing Kwan “Amy” Liu as the chief operators of the III-V system. Following
preliminary studies, the first attempt at an InSb quantum well with Al In,_.Sb
barrier layers was made in early 1995. In August 1995. the author joined the MBE
group.

This work addresses the many growth and materials issues encountered in the
realization of high mobility InSb/ Al In;_.Sb quantum well structures, as well as the
development of simple quantum well models. It also illustrates the structural and

electrical characterization methods used to evaluate sample quality.



Chapter 1

Semiconductor Fundamentals

This introductory chapter covers some fundamentals of semiconductor theory. A
large portion of this work concerns transport measurements of carrier mobility and
density, so the Hall coefficient and the means of experimental determination of carrier
density and mobility are derived starting from the Drude Model. The van der Pauw
technique is also discussed, and, since this work focuses predominantly on quantum

wells, the chapter ends with a discussion of two-dimensional systems.

1.1 Drude Model

The Drude Model [12] is a powerful vet simple classical approximation of electron
behavior in a solid. The crystal lattice as a whole is ignored, and overall electri-
cal properties are deduced by considering the collisions of an average electron with
immobile positive centers in the crystal.

In the presence of an electric field, E, an electron current density, j, will be

induced in a conducting wire according to Ohm’s Law:
E= 4j. (1.1)

The proportionality constant p is the resistivity of the wire and is related to resistance

by R = Lp/A, where L is the length and A is the cross-sectional area of the wire. j

4
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has units of /4 and can be expressed in terms of the concentration of electrons. .V,

the electron charge, e, and the average electron velocity, v. as:

j= —Nev, (1.2)
or,
Nep(t
j= ___E_PL(_l’ (13)
m

where p= mv is the average electron momentum, and m is the electron mass. Be-
tween collisions, the force on a particular electron due to an electric field is given
by:

F= ma= —¢E. (1.4)
Integrating this equation with respect to time gives the final velocity, vg, of the
electron: ve= —etE/m + v,, where v, is the initial velocity of the electron imme-

diately after a collision. Since the direction of motion out of a collision is assumed

to be random, v, averages to zero over the entire electron ensemble. The average

time between collisions is the “relaxation time™ 7, so the average electron velocity
becomes:
eTE -
V= ——, i1
m

which we substitute into Equation 1.2 to obtain:

Ne? .
J=< € T) E:o’E, 11y
m
where
.’VCQT 1 T
g = = -, klt )
m p
or,

o = neyu, (1.8)
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where, in general,

= (1.9)
m

7

where m* is the effective mass' of the carrier, as defined in Equation 1.34: this
generalized value for mass will be used throughout this work. Substituting this

value into Equation 1.5, we get:

v= —uE. (1.10)

This result indicates that u is the proportionality constant that relates average elec-
tron (hole) velocity to applied electric field. This is an extremely important parame-
ter for the design of semiconductor devices as well as for the study of electrons (holes)
at low temperature. Since mobility is also proportional to 7, it is a direct measure
of the amount of scattering occurring in a sample and is therefore an indicator of
sample quality.

To arrive at the equation of motion for electrons in the wire, we once again focus
on a distinct electron. In the time interval ¢ to t+dt, the electron will have a collision
with a probability of dt/7, and therefore a probability of no collision of 1 - d¢t/r. If
the electron does not have a collision in this interval, it will evolve under the influence
of the force, F, due to the electric field. Considering only the fraction, 1 — dt/7. of
electrons that do not have a collision in this time interval?, the momentum at time
t + dt is given by:

p(t +dt) = (1—%) (p(t) + F(t)dt), (1.11;

or, neglecting terms of order (dt)? and taking the limit as dt — 0,

dp p(t) .
=F =7 {1.12
: = (t) N \ )

!'For a free electron, m* = m.
*Electrons that do have a collision in the time interval dt « r will not have gained sufficient
momentum to contribute to the total momentum to first order in dt.
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which is Newton's 2nd law with a frictional damping term, —p(¢)/7.

1.2 Hall Effect
1.2.1 Single Carrier System

Figure 1.1 shows the configuration E.H. Hall used for his 1879 experiment. When
an electric field E; is applied in the +z direction of a long, thin. conducting wire.
a current density, jz, is induced in the +r direction3, with the electrons traveling
in the —z direction. If at some later time a magnetic field, B, is introduced in the

positive z direction, the electrons experience the Lorentz force:
F = —e(v x B), (1.13)

where e is the charge of an electron, and v is the average electron velocity. If B
is in the +z direction (as shown in Figure 1.1), the Lorentz force deflects electrons
moving in the —r direction along the —y direction. In time, this results in a net
negative charge on one side of the wire and therefore an electric field. EY, in the —y
direction, which results in a force on the electrons in the +y direction. Equation 1.13

then becomes (in general):

F =-¢e(E+v x B). (1.14)

Steady-state is reached when enough charge accumulates so that the force in the —y
direction due to the magnetic field equals the force in the +y direction due tu the
electric field.

The accurate solution of the steady-state condition of Equation 1.14 requires that
the z and y components of the current and relevant voltages be decoupled. To achieve

this, the “Hall bar geometry” [13] is often employed. With the z and y components

3The condition that the wire be long and thin eliminates components of the applied electric field
in the y and z directions.
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decoupled, two quantities can be deduced which lead to the determination of carrier
density and mobility in the sample. First. a measurement of £, and j, gives the
(transverse) magnetoresistance, which Hall found to be independent of B.* This
quantity is given by:

p(B) = é (1.13)

Jz

The second quantity arises from the condition that the y-components of Equa-
tion 1.14 equal zero at steady-state, which implies that E is proportional to both ¢,
(i.e. jz) and B. This proportionality constant is known as the Hall coefficient and

is given by:

E
Ry = —2
"7 5.B

For the case discussed above, where electrons are the only carriers, £, points in the

: (1.16)

—y direction, resulting in a negative Rg. If, however, the carriers in the wire were
positive (i.e. holes), E, would point in the +y direction. Since the measured® j, and
B are the same regardless of carrier sign, Ry would, in this case, be positive. Thus.
it is possible to determine the sign of the carriers in the system by knowing the sign
of Ryg.

The carrier density can then be obtained from Rg and Equation 1.12, which for

the case of electron current becomes:

Under steady-state conditions, the current is time-independent. so:

—eE; — WePy — I;_—x = _eEy + WPz — ET_Z =0 (1.18)

*This is generally true for most classical systems, but breaks down in the realm of Quantumn
Physics (See Section 6.2).

3An ammeter cannot tell the difference between negative carriers traveling in the —z direction
and positive carriers traveling in the +z direction. both of which correspond to a current in the +r
direction.
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where w, is the cyclotron frequency and is given by:

We = —. (1.19)

Using Equation 1.6 we can rewrite Equation 1.18 as:
—0E; +wTjy+jr = —0E, — w.Tj: + j, =0. (1.20)

At steady-state, j, = 0, so:

Jjr=0E;, {1.21)

which was the condition before the B-field was applied. and

DT\ . B\ . o
Bo=- (%)= ()= 1:22)
and the Hall coefficient (Eq. 1.16) is, in general:
1
= —-— (1.2
RH .Ve y \ '3)

and therefore the carrier concentration can be discerned by the experimentally known

values of j;. B, and E,,.

1.2.2 Van der Pauw Technique

The calculations performed in Section 1.2.1 were based upon the assumption that the
sample is long and thin, and that the £ and y components of the current and voltages
were decoupled, which are both good approximations when the Hall bar geometry is
implemented. In practice, the realization of the Hall bar geometry is often imprac-
tical for routine measurements. Instead, the simpler van der Pauw [14] geometry is
employed, which uses only four contacts compared to the required five contacts for
the Hall bar geometry. This geometry was used in all the transport measurements

discussed in -his work, unless otherwise noted. Figure 1.2 shows a representative
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i /.
X
+++++++++++ +F+ + + + F

Ex(Applied) / Ey(Induced) jx

Figure 1.1: Hall's setup. n-type current density in the z direction, j,, will be de-
flected by the B field in the = direction, B,. The accumulation of charge creates an
electric field in the y direction, Ey. Steady-state is reached when the repulsive force
of E, equals the deflection force due to B..

99.99% 5 ‘é
Au Wire
Top of Sample
/»\
Annealed D C
In

Figure 1.2: Predominant sample (van der Pauw) geometry for electronic transport
measurements discussed throughout this work.
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square sample along with schematic contacts and associated 99.99% Au leads. See
Appendix A for the complete procedure for making contacts.

Through conformal mapping, van der Pauw {14, 13| demonstrated a technique
for determining carrier mobility and density for a sample of nearly arbitrary shape.
assuming four point contacts arbitrarily spaced on the edge of the sample. The

normalized resistivity of the material is then given by:

ord = 5 (Rance Racos) ; (Lumco) 12

where d is the thickness of the conducting region of the sample. and R, g p is the
potential difference, V)p — V¢, divided by the current passed from contact A to contact
B with no magnetic field, where contacts A-D are defined in Figure 1.2: Rgcp. is
analogously defined. The function f is a factor that, for a homogeneous sample. is

a function of only the relative position of the contacts. and is given by the implicit

relation:
R - R xp(ln 2
AB.CD scos _ _f cosh-! exp(In2/f) . (1.25)
Rigcp + Recpa In2 2
If Rigcp and Rgc,pa are nearly equal, f can be expanded:
Riscp — Recpa)’ In2 Rascp — Recpa )’ (In2)2 .
f ~ 1 pu— - —_— ceen sz;
Riscp + Rec,pa 2 Rascp + Rec.pa 4

For a homogeneous square sample with point contacts equally spaced (i.e. Rigcp =
Rgc.pa). f = 1. and therefore no correction is applied to Equation 1.24.

In the presence of a magnetic field, B, perpendicular to the sample. Rgp ¢
becomes a linear function of B (classically), and is analogous to E), in Figure 1.1. The

Hall mobility, ug, is then obtained from Equation 1.24 and the slope of Rgp sc(B):

_ARgpacd

= R (1.27
KH B 5 (1.27)
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and the 2-D density is arrived at from Equations 1.8 and the experimentally deter-

mined values from Equations 1.27, and 1.246:

v
R (1.28)

d peuy
1.2.3 Multiple Carrier System

The preceding discussion has assumed a system comprised of only one type of carrier
with constant mobility. This is an idealized case since all actual systems contain
carriers with different properties (i.e. (a) electrons and holes, (b) electrons (or holes)
with different mobilities in different layers of the sample, or (c), a combination of
(a) and (b)). In these cases, the Hall coefficient is no longer given by Equation 1.23.
For the case where both electrons and holes are present, and all of the electrons and
holes have identical mobilities of . and uy, respectively, the Hall coefficient becomes

(16]:

2 2
pu” n’#e =, (1.29)
e(PuH + Nite)”

RH,Qcarrters =

where n and p are the electron and hole 2-D densities, respectively. For most [I[-V
semiconductors, and particularly for InSb, g, > pn. Therefore, Equation 1.29 re-
duces to (approximately) Equation 1.23 for n-doped structures for all temperatures.
For p-doped structures at room temperature, sufficient numbers of intrinsic electrons
are present such that Equation 1.23 remains valid. However. at low temperatures.
a significant number of intrinsic electrons are frozen out and the two terms in the
numerator of Equation 1.29 become comparable. For a sufficiently high acceptor
concentration, Equation 1.29 eventually passes through zero as the temperature is

decreased, causing the apparent density (Eq. 1.28) to pass through a singularity.

5Since almost all of the samples are n-type, electron concentrations are taken to be positive,
and hole concentrations are taken to be negative, in this work.
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This is shown in Figure 1.3 which is a plot of apparent carrier density as a func-
tion of temperature for Si-doped InSb on a GaAs(311A) substrate” (S483). In this
case, the extraction of the relevant parameters in Equation 1.29 requires at least a
four-parameter fit to the data.

The approximation made above that p, and p are each constant is in fact not
the case for actual samples [16, 3, 19], but is a good estimate for the case where
the sample is thick and the large number of electrons in the bulk (i.e. isolated
from both the surface and substrate-epilaver interface) dominate the conduction.
For the simplest case of a single thin epilayer, carriers nearest the substrate will in
general have a lower mobility than electrons in the “bulk” due to imperfections at the
substrate-epilayer interface: this decrease in mobility is more pronounced if there is a
large lattice-mismatch between the substrate and epilayer. Actual systems will also
have either an inversion or depletion layer located near the surface, which will cause
carriers in this region to have a different mobility than that of their counterparts
in the bulk, and depending on the pinning of the Fermi Energyv. inversion layers
may even behave as 2-D carrier gases at low temperature [19]. An electron surface
accumulation layer can be modeled using Petritz's formula [20], and Equation 1.29
can be modified to now include three carrier types [16]:

e (P =V []') - [V,

R Jcarriers = ] 3. i1.30)
N o (P ¥ [2]) + 2] )

Hh
where d,,, is the total thickness of the epilayer?, yu, is the mobility of the electrons

in the accumulation layer, P is the hole concentration, and V; is the product of the

"Wang, et al. demonstrated that Si behaves as an acceptor in GaAs when grown on GaAs(311)A
substrates [17] and is a suitable dopant for achieving a high mobility 2D hole gas in the Al-
GaAs/GaAs system [18].

8dio¢ is used as an approximation since the thickness of the accumulation layer is presumably
much smaller than the epilayer thickness.
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Figure 1.3: Si-doped InSb grown on a GaAs(311A) substrate. The singularity oc-
curring at about T=190K signifies a change in carrier type.
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accumulation layer thickness and concentration. We see that by adding one extra
layer. we increase the number of fitting parameters from four to six. The situation
grows even more complex if, instead of a single epilayer, the sample consists of many
different types of semiconductor, as shown in Figure 5.1. Here. not only have we
increased the number of interfaces. but we now have a situation where the intrinsic
bulk mobilities vary from layer to layer. Since the actual solution is so prohibitive.

simplifying assumptions are made, as discussed in Section 5.4.1.

1.3 Dispersion Relation and Effective Mass

1.3.1 Bloch’s Theorem

The Drude Model (Sec. 1.1) uses simple assumptions to arrive at the properties
of an overall electron ensemble based on the collisions of an “average™ electron.
While powerful in many respects, the theory does not take into account the quantum
mechanical nature of electrons or the overall periodicity of the underlying crystal and
is therefore fundamentally limited. These properties are accounted for in Bloch’s
Theorem [12, 21, 22].

Bloch assumed the electrons are confined to a perfect crystal, and therefore the

potential “felt” by the electron is periodic in 3 dimensions and given by:
U(r+R) = U(r), r1oge

where R is the periodicity of the Bravais lattice. To aid in the ease of solution. Bloch
made the (free electron) approximation that the potential felt by each electron is
dominated by the nuclei in the lattice. and that electron-electron interactions were

negligible. As such, the wave function of a particular electron arises from the time-
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independent solution of the Schrédinger equation:
ﬁ2
HY = (—TVQ + U(r)) v = Ev, (1.32)
2m

where ¢ is the electron eigenstate, H is the Hamiltonian, and E is the electron
energy. Bloch’s Theorem states that the eigenstates are given by a plane wave times
a function with the same periodicity as the reciprocal lattice:

18 4

Unk(r) = e Tunk(r), (1.33)

where k is analogous, but not equal, to the free electron wavevector, p/h.% Instead.
the components of k are the quantum numbers arising from the periodicity of the
crystal potential, and knowledge of the dependence of the electron energy on k
leads to a determination of the band-structure and, therefore, many of the electrical
properties of the material.

It can be shown [22, 21] that electrons in a periodic potential will evolve under
the influence of a force according to Newton's second law only if the electron mass

is normalized as:

) 1 ?E\" ,
where the dispersion relation is given by:
f2k2
E=o—. (1.35)

[f E is a quadratic function of k£ in Equation 1.34. the electron effective mass will be
independent of electron energy. Table 1.1 lists the band edge effective mass at 300K
for some widely used semiconductors.

Table 1.1 also lists some other parameters for various semiconductors, and Fig-

ure 1.4 shows a plot of energy gap as a function of lattice constant.

9tk is not a momentum since the Hamiltonian does not have spatial translation invariance for
a periodic potential, and, therefore, the eigenstates will not be simultaneous eigenstates of the
momentum operator.




CHAPTER 1. SEMICONDUCTOR FUNDAMENTALS 17
InSb | GaAs | InAs Si
Electron Effective Mass (mr) 0.0145| 0.067 | 0.023 | 1.1
Intrinsic Electron Mobility (cm?V~!s~!) (300K) | 80,000 | 8.500 | 33.000 | 1,500
Hole Effective Mass (cm*V~!s™}) 0.4 0.5 0.4 0.5
Intrinsic Hole Mobility (cm*V~!s~!) (300K) 1.250 | 400 160 480
Bandgap (eV) (300K) 0.18 | 142 | 036 | L.11

Table 1.1: Electrical properties of various semiconductors.
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Figure 1.4: Energy gap as a function of lattice constant for several semiconduc-
tors. InSb has the smallest energy gap and the largest lattice constant of all ITI-V

semiconductors.
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1.3.2 3-D Density of States

For a Bloch electron (Sec. 1.3.1) that is unconfined in the r, y and : directions, the
density of states, D.,(E), for a constant effective mass in either the conduction or

the valance band is given by [23]:

Yy ®y 3/2
D..(E) =( ! )(-‘-ﬁ";‘—) EY?, (1.36)

In?

which depends explicitly on the electron energv. and. due to the dependence on
effective mass, the density of states in the valance band is tvpically larger than in
the conduction band. The concentration of electrons at T = OK is then obtained
by integrating Equation 1.36 through all energies up to the Fermi Energy, E¢. for a

constant effective mass:

. Er 1\ [2m Eg1%/2 -
.we=/0 D(E)dE:(W)[ >, "”} . (1.37)

1.3.3 Kane’s Model

The case of a parabolic dispersion relation is a good approximation near the bottom
of all ITI-V semiconductor conduction bands, and for semiconductors with bandgaps.
E,, that are large. However, for semiconductors with small Eg,'such as InSb. in-
teractions between the conduction, light hole. heavy hole, and spin-orbit split-off
bands cause the dispersion relation for the conduction band to become increasingly
non-parabolic as E is reduced. These interactions were first modeled by Kane, and
the model is known as the k- p or 4-Band Model [24]. A simplified version, the 2-
Band Model, ignores spin-orbit splitting and takes into account only the conduction
band and one of the hole bands. This approximation is valid in the region between
the bottom of the conduction band and the inflection point which occurs between

the conduction band minimum and the Brillouin zone boundary [25]. The 2-Band
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effective mass is given by [26]:

m"(E) = mp (1+£) . (1.38)
E,

where my. is the electron effective mass at the [-point of the conduction band.

1.4 The Square Quantum Well

1.4.1 Solution of Energy Levels

If the electron remains unconfined in the r and y directions, but is now confined in
the = direction by an infinite potential barrier at +a/2, where the potential is zero
for | z |< a/2, an exact solution to the Schrédinger equation exists for a constant

effective mass, giving the allowed quantized electron energies (23]

2m2h? .
E = gl (1.39)

where 7 = 1, 2, 3... denotes the energy level. The total electron energy then becomes:

y

Etot=Ei+2Lnj_'(kg+k2)y (1.40)

where k; and k, denote the wavevectors in the unconfined r and y directions. If «
is sufficiently small, the electrons are “trapped” in an approximate plane, creating a
two-dimensional electron gas (2DEG).

An approximation to the square well can be physically realized by sandwiching
a low bandgap material between a higher bandgap material. However. in this case.
the potential felt by the electron at the edge of the well is no longer infinite, and the
Schrédinger equation requires the solution of a transcendental equation to arrive at
the allowed electron energy levels [27]. However, if the barrier height is sufficiently

high, Equation 1.40 is a good approximation.
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For the case where there is more than one electron in the quantum well. electron-
electron interactions alter the potential felt by each electron from that of the original
“square well. The resulting potential can then be solved self-consistently [28]. in
which Poisson’s equation and the Schrodinger equation are solved iteratively until
the change in the calculated potential per iteration drops below some prescribed

value.

1.4.2 2-D Density of States
For the situation described in Section 1.4. the density of states becomes:

.
DZD — m
parabolic — TFLQ.

(1.41)

Hence, in a 2DEG, the density of states is energy independent for semiconductors
with a parabolic dispersion relation (i.e. m* is independent of energy). However. m*
has energy dependence in semiconductors with small £, (Sec. 1.3.3). and therefore

the density of states for a non-parabolic dispersion relation becomes:

- E
p®_ z——(1+2— 1.42)
—parabolic 2 : \
wh E,
and the carrier density at T = OK is obtained from:

E
n=/ " D?P(E)dE. (143
0




Chapter 2
Molecular Beam Epitaxy (MBE)

The 1950s and 1960s saw remarkable advances in the study and realization of semi-
conductor devices. As device performance and speed became affected by structural
quality and size and more complicated and precise design parameters were desired,
thin-film deposition technologies were developed. What we would recognize today
as Molecular Beam Epitaxy (MBE) was first used in the 1970's, and differed from
previous thin film techniques, such as liquid phase epitaxy, chemical vapor depo-
sition, and sputtering, by the relatively high control of growth conditions. MBE
occurs via the reaction between one or more thermal molecular/atomic beams and
a crystalline substrate surface. Growth under Ultra-High Vacuum (UHV) condi-
tions (< 107%Torr) allows for a low unintentional impurity density (< 10 cm™).
and the in situ monitoring of crystalline quality through techniques such as Re-
flection High-Energy Electron Diffraction (RHEED), Auger Electron Spectroscopy
(AES), and X-ray Photoelectron Spectroscopy (XPS). MBE is therefore employed
where precise control of layer thickness, sample purity, and alloy concentration is
critical [29, 30, 31].

The experimental set-up for MBE is shown schematically in Figure 2.1. Source

material is evaporated from effusion cells, and the material is “directed™ at the sample

21
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Effusion Cells

Shutter

oS Flourescent Screen
Electron Gun Py w/ RHEED Pattern

Hold
Sample Holder @ Sample

Heater and Thermocouple

Figure 2.1: Schematic set-up for MBE. The molecular beam emerging from an effu-
sion cell is turned “on” and “off” by the shutter. The electron gun and fluorescent
screen comprise the RHEED equipment (Sec. 2.2). The sample is heated from behind
and can be rotated to minimize any inhomogeneities in the molecular beams.
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surface by opening one or more effusion cell shutters. The sample is radiatively
heated from behind, and a thermocouple is placed near the back of the sample
block. Also shown in Figure 2.1 is an electron gun and fluorescent screen. which
is used for RHEED experiments as discussed in Section 2.2. The sample is rotated
(3-4RPM in this work) to minimize inhomogeneities in the Hux of the impinging
molecular beams.

Two different types of sample holders are typically used in MBE. The first is
known as an In bonding block, in which the substrate is held in place by the surface
tension of molten In. The second, or non-In bonding block, holds the sample firmly
in place after it is inserted between two plates. In the latter type of block, a sapphire
plate is placed behind the sample to disperse the heat and provide for homogeneous
heating of the sample, which is a key advantage over the In bonding block. Both types
of blocks were used in this work, with better growth occurring on the non-In bonding
blocks. Since residual In remains on the back of the sample after growth using an
In bonding block, the non-In bonding block is desirable for optical experiments

involving transmission.

2.1 MBE Growth Modes

There are three basic growth modes for MBE [29]. The first is “layer-by-laver”. or
Frank-van der Merwe, growth. In this mode. the impinging atoms/molecules are
more tightly bound to the substrate than to each other, causing the first layer ot
atoms to cover the substrate before the next layer is significantly started. [f rhe
second and ensuing layers are somewhat less tightly bound than the preceding laver.
but still stronger than the binding energy in the bulk of the deposited material. then

layer by layer growth is maintained. Frank-van der Merwe growth is often seen for
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semiconductor growth on semiconductors.

If the opposite case is true, in which the impinging atoms are more tightly bound
to each other than the substrate, then “island”. or Volmer-Weber. growth is observed.
Here, small clusters of atoms nucleate on the substrate and expand into islands
as more material is deposited, until eventually the bases of the islands spread to
completely cover the substrate.

The final mode, “layer plus island”, or Stranski-Krastinov, growth, is a com-
bination of the first two modes. Here, the first layer(s) is (are) deposited, after
which layer-by-layer growth is energetically unfavorable, and islands are formed on
top of the initial layer(s). This mode is observed when some mechanism, such as
lattice dislocations, exists to alter the monotonic decrease in binding energy with

each successive layer from that of the substrate to that of the deposited bulk [29]

2.2 Reflection High Energy Electron Diffraction
(RHEED)

The condition of the crystal surface is of utmost importance prior to and during
epitaxy. One way of evaluating surface quality is through a technique known as Re-
flection High Energy Electron Diffraction (RHEED), which is schematically shown
in Figure 2.1. High energy electrons (3-40keV) are directed at the substrate at a L,
angle of incidence (1° — 3°); the low angle of incidence ensures that penetration ..
the bulk of the sample is minimal [32]. The ensuing diffraction pattern is then inter-
preted from a phosphorus screen. The diffraction pattern gives information relating
to the crystalline quality and temperature (Sec. 2.2.1 and 2.2.2), and oscillations in
the diffraction intensity provide the growth rate (Sec. 2.3.2) if near layer-by-laver

growth conditions are realized.
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2.2.1 Origin of the RHEED Pattern

If we consider only the topmost array of atoms on a “flat” surface, we have a two-
dimensional system in which the third dimension is missing in real space. Therefore.
the third dimension is undefined in reciprocal space. and the surface is represented
in reciprocal space by a set of rods. These rods have a non-zero width due to thermal
vibrations and lattice imperfections, and the Ewaid sphere (Sec. 3.1) has a non-zero
thickness due to the dispersion in both incident electron energy and direction of
the electron beam. In RHEED experiments, an electron energy is used such that
the Ewald sphere radius is much larger than the spacing of the rods (Sec. 2.3.2).
The combination of the non-zero widths of the rods and Ewald sphere combined
with the small curvature at the boundary of the Ewald sphere results in a broad
range of overlap in reciprocal space where the Bragg (Laue) condition is satisfied
(Sec. 3.1). Therefore, a streaky RHEED pattern is exhibited for a “good™ 2-D-like
surface. The pattern becomes increasingly spotty as the surface becomes more 3-
D-like (i.e. less “rod”-like and more “point”-like in reciprocal space), thus RHEED

provides important information about the quality of the sample surface.

2.2.2 Surface Reconstruction

Atoms on the surface of a covalently bonded semiconductor, such as InSb, will have
incomplete, or “dangling”, bonds compared to the atoms in the bulk of the s¢mi-
conductor. Hence, surface atoms of a crystalline solid will rearrange themselves in
a periodic fashion, or “surface reconstruction”, and form bonds with neighboring
atoms to reduce the number of dangling bonds and therefore the overall energy!: it

has been postulated [33] that the only intrinsic surface reconstructions for [nSb are

1 The same phenomenon also occurs in amorphous or polycrystalline materials. but the surface
atoms will in this case lack a long range periodicity.




CHAPTER 2. MOLECULAR BEAM EPITAXY (MBE) 26

the (2x4)/c(2x8) Sb-dimer-terminated and the (4x2)/c(2x8) In-dimer-terminated
structures. Since the periodicity of the surface reconstruction is correlated to the
periodicity in the bulk [29], a clear picture of the relative orientation of surface atoms
provides information about the crystallinity, and therefore quality, of the underlying
crystal.

Substrate surface temperature is of critical importance during MBE. The sub-
strate surface needs to be sufficiently hot to allow for the hopping diffusion of atoms
into low energy sites, but the substrate needs to be sufficiently cool to prevent ex-
cessive desorption of surface atoms and to prevent the bulk diffusion of dopants
and other atoms across heterojunctions. Since surface reconstructions are an energy
minimization mechanism, different reconstructions (phases) will occur in different
temperature regimes. As a result, the temperature at the surface of a semiconduc-
tor can be deduced independently of thermocouple reading by monitoring changes
in surface reconstruction (phase). This is particularly important for the growth of
a narrow-bandgap material on a wide-bandgap material (e.g. InSb on GaAs). As
shown in Figure 2.1, the substrate is radiatively heated from behind. and the ther-
mocouple is located behind the sample. Before growth, photons of energy greater
than the substrate bandgap will be absorbed which results in the heating of the
substrate. Upon subsequent growth of a narrow-bandgap semiconductor, the epi-
layer will absorb radiation across a wider spectrum range, resulting in a temperature
disparity between the surface (where epitaxy occurs) and the back of the substrate
(where temperature is measured). Shanabrook et al. [34] demonstrated that for
InAs or GaSb grown on GaAs, the surface temperature increases by nearly 150°C
for a thermocouple temperature increase of only 10°C for a layer thickness of 1um.

Since InSb has a smaller bandgap than both InAs and GaSb, we expect an even
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greater deviation in epilayer vs. thermocouple temperature. The monitoring of sur-
face reconstruction through RHEED is therefore extremely important for accurate
temperature measurement in our material system.

Atoms impinging on the surface during epitaxy will fill the sites that are the most
readily available, where available sites are determined by the surface reconstruction.
It is therefore important to reproducibly prepare the sample surface to that which
provides for the best growth conditions. We have found that the surface resulting
in the best growth of InSb is the pseudo-1 x 3, hereafter denoted as ‘1 x 3°.2 In
addition, knowledge of the available sites is important since the incorporation of
(group I'V) dopants is sensitive to the available sites on the surface. Knowledge
of the reconstruction is therefore important to avoid unwanted autocompensation
effects. This topic will be addressed in Chapter 4.

The group-V /group-III flux ratio is of critical importance. Excess group-\" atoms
(i.e. atoms that have not yet bonded with a group-III counterpart) on the surface will
desorb, while excess group-1II atoms will remain on the surface {36]. For the case of
InSb growth, excess In on the surface will be incorporated into the sample. resulting
in one or more of the following: In droplets. complexes involving both In and Sb. Sb
vacancies, and In incorporation in Sb sites. As a result, the group-V/group-III flux
needs to be larger than unity for the stoichiometric growth of ITI-V' coumpounds.
but small enough for the group-III atoms to reach equilibrium sites, such as step
edges, before bonding with group-V atoms. In short, the group-III flux determines
the growth rate, and the group-V flux determines the degree of stoichiometry.

Figure 2.2 shows a phase diagram of the InSb surface in a plot of the ratio of

*RHEED studies suggest that the 'l x 3’ diffraction pattern arises from the combination of
different 2 x 4 phases (33]. Recent STM experiments suggest that the ‘I x 3’ is actually a disordered.
“worm-like” (1x3){35].



(N]
w

CHAPTER 2. MOLECULAR BEAM EPITAXY (MBE)

incident beam fluxes as a function of OU III-V chamber thermocouple tempera-
ture (37]. The surface reconstruction depends only weakly on flux ratio when it
is much greater than unity, but has a stronger dependence for a small ratio. The
flux ratio and growth rate leading to optimal growth are determined experimentally.
We have used a nominal flux ratio of 1.2 and a nominal growth rate of .8 ML/s
throughout this work.

Finally, using the Ewald sphere construction and the Bragg equation (Eq. 3.1},

one can deduce the surface atom periodicity, d, by measuring the position of the

d= (%) , (2.1)

where L is the distance between the sample and the fluorescent screen, and D is the

diffraction streaks:

distance between streaks in the observed diffraction pattern.

2.3 MBE at OU

The University of Oklahoma utilizes an Intevac Modular Gen I with two-growth
chambers and a shared central analysis chamber. The analysis chamber contains XPS
and AES equipment and isolates the III-V (Physics) and I'V-VT (Electrical Engineer-

ing) growth chambers from each other to reduce the effects of cross-contamination.

2.3.1 Pumps

Pressure in the growth chamber is maintained below 1x10~'"°Torr when idle {and
below 5x 10~ Torr during growth) through the use of a number of pumping mech-
anisms [36, 38]. The first is the encapsulation of the growth chamber in a shroud
cooled by a liquid nitrogen bath. Molecules of low energy collide with the sides of the

shroud and adhere to the walls, resulting in a lower pressure. The second (cryogenic)
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pumping mechanism operates on the same principle as the first: a refrigerator which
uses compressed He gas as a refrigerant is maintained at <10K, causing most gases
(e.g. Na, Oq, CO1) to condense and remain trapped. The pump can reach pressures
as low as 1 x 10~ Torr and is regenerated by warming the cold stage and pumping
away the evaporated material.

Next, we use an ion pump, in which constituent atoms are ionized by collisions
with electrons generated from a dc discharge. The ions are then accelerated across
a potential difference of about 5kV and collide at high energy with a strip of Ta
foil where the ions are absorbed. For pressures above about 10~%Torr, the electrons
cannot generate enough kinetic energy for an ionizing collision, so the system is
first roughed by a molecular drag pump, which consists of a turbine rotating at
high speed: this type of pump can reach pressures below 1x10~*Torr. However. the
mean free path of the discharged electrons in the ion pump below 1 x 1074 Torr is
long, resulting in a low probability of an ionizing collision between an electron and
constituent molecule before the electron leaves the pumping area. To pump below
10~*Torr with an ion pump, a magnetic field of about 0.1T is applied perpendicular tv
the electron trajectory to lengthen the electron path, which increases the probabilirv
of an electron/molecule collision that would ionize the molecule. lon pumps with
this type of configuration are capable of reaching below 1x10~'Torr.

Finally, we have a titanium sublimation pump (TSP) in the buffer and growih
chambers, in which titanium is thermally evaporated onto the chamber walls. Ti-
tanium getters large quantities of reactive gasses either through the formation ot
surface compounds, such as TiO, or through the absorption of active gases. After
the titanium becomes saturated, another thermally evaporated coat can be applied

on top of the previous coat.
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Mechanical and diffusion pumps are not used in the system to eliminate the

potential for contamination through the backflow of pump oil.

2.3.2 Determination of Growth Rate

One of the primary advantages of M BE over other deposition techniques is the precise
control of layer thickness, so the determination of growth rate is of fundamental
importance. Growth rates for MBE are typically about 1ML/s (or about 3A/s)
which can be calibrated through RHEED by observing oscillations in the specular
beam intensity. We use an electron beam energy of 9.5keV which corresponds to a
de Broglie wavelength of about 0.13A, which is small compared to the bulk lattice
constant for InSb of 6.4794A. This results in an Ewald sphere (Sec. 3.1) that is much
larger than the inter-rod spacing in reciprocal space (Sec. 2.2.1).

In the idealized case of Frank-van der Merwe growth (Sec. 2.1), a completed
monolayer will result in the most intense diffraction pattern since the observed in-
tensity is directly related to the smoothness of the sample surface. As material is
deposited on the surface, the sample becomes increasingly ~“rough”, and the inten-
sity decreases, reaching a minimum intensity at 0.3ML. The intensity then increases
back to the maximum value as the layer is completed. Thus, by measuring the period
between intensity maxima, the growth rate is determined [30, 39].

The sample is first annealed to obtain a flat surface. Atoms impinging on the sur-
face combine to form stable clusters at random locations on the surface: a completed
surface is formed by the merging of the clusters. Most adatoms are desorbed when
they are deposited far from a cluster since they are unable to reach an equilibrium

position at a step edge®. Because of this, one would expect that the first layer grown

3 As a result, one expects that the growth rate is slow at the start of a layer, reaches a maximum
at some point through the completion of the layer as the number and size of the clusters increases.
and returns to the minimum rate as there become fewer voids and the layer is comnpleted {39. 3u!.
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after annealing would be completed before the second layer is significantly started.
However, as growth proceeds, the probability of simultaneous growth of multiple
layers increases, which amounts to the roughening of the surface. As a result. the
surface prior to growth exhibits the most intense reflection, and as growth begins.
the specular beam intensity oscillates and the amplitude of oscillation decays as the
surface becomes rougher due to the existence of multiple partial lavers. Eventually.
the specular beam reaches an approximately constant intensity. When growth is
stopped, the intensity quickly increases as the surface is annealed [30. 39].

The number of monolayers grown before the oscillations decay to zero varies for
different binary systems. After about 1um of GaSb* is grown directly on GaAs. we
typically measure between 12 and 15 oscillations. If we then grow a subsequent lum
AlSb layer, we typically can measure about 20 periods. Finishing with a 1um InSb
layer, we nominally measure 7 periods.

The reason for the deviation in the number of measured oscillations amongst
these materials is currently under investigation, but likely has a direct link to the
relaxation due to the large difference in lattice constant between these materials.
GaSb differs in lattice constant by about 7% from that of GaAs (Fig. 1.4). s0 a
large number of defects are likely to be present. AISb has an almost identical lattice
constant to GaSb. Since fewer defects propagate as a layer is grown more thick.
a higher crystalline surface is likely available. And since we always grow AISb un
GaSb, it is expected that the AlSb layer will be of higher quality than the GaSb layer.
resulting in more Frank-van der Merwe-like growth (Sec. 2.1). Finally, InSb differs in

lattice constant by about 15% to that of GaAs. It therefore has defects propagating

‘For AISb, GaSb, or InSb grown on a layer of largely differing lattice constant. the RHEED
pattern is spotty for the first several minutes, indicating island growth predominates. Eventually.
the islands coalesce to form a relatively smooth surface. A buffer layer of Lum has proven sufficient
to achieve a smooth surface.
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through the GaSb and AISb layers as well as defects due to the relaxation occurring
at the AISb-InSb interface.

The growth rate is obtained through the procedure outlined above by capturing
the RHEED image with a Panasonic Model WV-BP104 CCD camera and KSA
RHEED 300, version 3.0, software. The growth rate as a function of beam flux. or
Beam Equivalent Pressure (BEP), is then obtained by rotating an ion gauge into the
path of the individual molecular/atomic beams after the growth rate is determined.
The ion gauge ionizes the constituent atoms/molecules in the beam. and the ions are
then collected on a cathode plate, which results in a current that can be correlated
to a partial pressure [30]. Since the growth rate measurement procedure outlined
in the preceding paragraph often takes days®, the monitoring of BEP for each cell

provides an estimate of the growth rate on a daily basis.

2.3.3 Source Material/Effusion Cells

All of the samples in this work were grown in the III-V chamber. which allows for
a maximum of 8 source effusion cells. For each growth run. we currently have the
option of In, Si. Al, Ga, Be, uncracked Sb, an EPI Sb cracker. a GaSb source Sb
cracicer, and As cells; the As cell has as of yet not been installed due to concern
over As contamination of InSb and Al;In,_,.Sb layers. Since sample purity depends
directly on the purity of the source material, we buy high purity source material
from various vendors: In (YN RASA), Al (6N Ulvac), Sb (6.5N Dowaj. Ga (7N
Eagle-Picher) and Si (Silicon Sense).

It is desirable to use less than the maximum number of cells in order to allow

for viewports to be installed. This allows us to view, through the reflection off a

5[t is difficult, particularly for InSb, to prepare the substrate surface through growth and an-
nealing, isolate the correct substrate temperature, and determine the proper group V/group [I]
flux ratio that will best approximate Frank-van der Merwe growth.
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substrate, the existing effusion cells and shutters to check for blockages. shutter mal-
functions, and the amount of remaining source material. It is particularly important
to see inside the Al cell. Al wets to the Pyrolytic Boron Nitride (PBN) crucible and
tends to flow uphill as it is melted and spill over the edge of cell. As a result. the
Al temperature is ramped slowly (= .02°C/s) until the Al is melted. and thereafter
ramped at a nominal rate of .1°C/s; other cells are nominally ramped at 1°C/s.

In addition, the density of Al changes significantly as it passes through the liquid-
solid transition, which increases the stress on the PBN cell during solidification which
could lead to the cracking of the crucible: the greatest risk of this occurs during a
power outage. Once cracked, a subsequent melt of the Al would result in a leak. To
accommodate this risk, we use a double walled crucible, so any leakage through a
crack in the inner wall will be confined by the outer wall. Evidence for a leak can
then be obtained by visually inspecting the crucible once the chamber is opened.

The Sb cracker cell consists of a tantalum effusion cell leading to a long (=
6in) “cracking” tube which is heated to a high temperature (nominally 900°C) which
disassociates Sby into 2xSb, and 4xSb. Cracked Sb has been shown to result in
better stoichiometric growth for the growth of GaSb than Sby [40] and improved
optical efficiency in GalnSb/InAs superlattices [41]; the uncracked Sb cell was not
used for any of the samples discussed in this work. All of the other effusion cells are
standard PBN Knudsen cells [29, 36].

Effusion cell temperature set-points corresponding to the same growth rate vary
between growth runs due to a number of factors, including the amount of source
material in the crucible and partial blockage of a cell by a shutter. Effusion cell
temperatures for a given growth rate are typically: In=840°C (0.8ML/s), Al=1040"C
(0.09ML/s), Sb=455°C(bulk)/900°C(cracker) (1ML/s). Si=1305°C (doping densitv
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of 8x10'%m~2%s"!), and Ga=950°C (0.8ML/s).
2.3.4 Preparation of GaAs Substrates

Substrate quality is obviously also of great importance in the realization of high
quality samples. Epi-ready (etch pit density < 5000cm~2) and mechanical grade
(possible micro-twin or lineage on up to 20% of wafer surface) Semi-Insulating (SI)
GaAs substrates are purchased from American Xtal Technology (AXT). The nominal
orientation is (001) with a £0.1° offcut. but we have also carried out experiments with
a 2 offcut and also with (311)A oriented substrates (see, for example, Sec. 1.2.3). SI
GaAs substrates are required to eliminate a parallel conduction path at all temper-
atures during routine Hall measurements (Sec. 1.2.3), to minimize our daily growth
cost, and for potential industrial applications (Chap. 3).

Epi-ready substrates require no chemical preparation prior to loading if thev
are loaded within 3 months of their creation. Mechanical grade substrates are of
somewhat lower quality, and the manufacturer recommends a wet chemical etch (see
Appendix B) prior to loading to remove the native oxide and carbon contaminants.
In general, we have found that this etch is not necessary and that small processine
errors result in large etch pits on the surface. However, “old” wafers are etched 1o
remove excess surface oxide and contaminants to increase sample quality and reduc:
residual chamber contamination.

The native oxide of GaAs is typically desorbed at an OU thermocouple range ot
600-650°C, well below the 1238°C melting point of GaAs, after a temperature ranp-
ing period of about one hour. The temperature is ramped slowly to avoid excessive
outgassing of the substrate and substrate block. Evidence of an acceptable substrate

surface arises from a RHEED pattern demonstrating a (2x4) surface reconstruction.
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Since we have not installed an As cell to provide an As overpressure, the best starting

surface we can obtain has facets on the streaks on the [1 T 0] azimuth.

2.3.5 Preparation of InSb Substrates

Both p-type (Cd doped) and n-type (undoped) InSb wafers are purchased from John-
son Matthey with etch pit densities < 40cm™2. InSb substrates are not useful for
room temperature electrical measurements since high-mobility intrinsic electrons in
the substrate dominate the conduction due to the small bandgap (Table 1.1), even
for p-type substrates (Sec. 1.2.3). However, InSb substrates are useful for compar-
ative structural studies (Chapter 3) and potentially for low-temperature electrical
measurements, where k7T can be made significantly smaller than the bandgap of the
substrate.

Difficulties arise in the thermal desorption of the InSb native oxide due to the low
melting point of InSb (525°C) and the low vapor pressure of one of the oxide species.
In,O3 [42]. We typically observe a "'1x3° RHEED pattern without arrowheads on
the streaks, indicating the oxide desorption is complete [43], at an OU thermocouple
reading of 450-300°C after a temperature ramping time of about four hours. The
temperature is ramped slowly in this case to avoid temperature overshoot. which
would result in the melting of the substrate.

All of the InSb substrates are etched using a modified CP4A [44. 43| bath isce
Appendix C), which produces a passivating oxide that is least difficult, of those
tested, to thermally desorb. This is also required since thermal desorption alone is
ineffective in eliminating high concentrations of carbon contaminants® {46, 47}.

There are two other common in situ oxide removal techniques. The first is the

cyclic process of ion bombardment of the substrate followed by annealing. This

®Carbon is a group-1V element and would act as a dopant in our III-V layers.
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method is highly effective in removing the oxide and carbon contaminants, but is
known to form In droplets on the surface due to preferential sputtering and can result
in crystallographic damage [48] and modify the electrical properties of the surface
layer [46]. The second, and highly successful, in situ technique is that of using a
hydrogen plasma for the removal of the oxide [49]. Neither of these methods are

currently used at OU.
2.3.6 Outgassing

Substrates are initially loaded into the entry/exit chamber and outgassed at 200°C
for at least two hours at a pressure of about 10~"Torr. The substrates are then
transferred into the buffer chamber where each substrate is outgassed at 350°C for
at least 24 hours at a pressure of about 107'%Torr before being transferred into the
growth chamber. Once in the growth chamber. the substrate is outgassed at 375°C
at a pressure less than 10~ Torr for at least 12 hours.

After each of the growth chamber openings, all three chambers are baked for
at least three days at a nominal temperature of 200°C. Following this, each of the
effusion cells are outgassed for at least two hours at a temperature at least 10°C
above their maximum intended operating temperature. Before each growth. each
cell is again outgassed at 10°C above their intended temperature for the day for at

least ten minutes.
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Figure 2.2: Incident flux ratio as a function of OU Thermocouple reading. e obtain
the best stoichiometry on the pseudo-(1 x 3) surface with a flux ratio of about 1.2.



Chapter 3

High Resolution X-Ray Diffraction
(HRXRD)

HRXRD differs from X-Ray Diffraction (XRD) in the precision of the angular posi-
tions of the sample and detector, as well as the mono-energetic and mono-directional
incident x-ray beam. It is a powerful, non-destructive, ez situ method that reveals
information such as layer thickness (i.e. growth rate), alloy composition. crystalline
and interface quality, and strain {50, 51, 52, 33, 34].

Fig. 3.1 shows the experimental arrangement for a diffraction experiment. The
angle w defines the incident angle of the x-ray beam with respect to the sample
surface, and 26 is the angular position of the detector with respect to the incident
beam: 20 = 0 corresponds to a detector position directly across from the x-ray source.
To align the sample and to allow for a wide variety of diffraction planes, the sampie
can also be adjusted by the angles (not shown) @ (rotation of the sample about the
y-axis in Figure 3.1) and v (rotation of the sample about the r-axis in Figure 3.1;.

All the HRXRD work discussed herein utilized a Philips HR-2 High Resolution
Diffractometer with a four reflection Ge(220) incident beam monochrometer and an
incident beam power of 1200W, corresponding to an unobstructed beam-to-detector

(w = 26 = 0) count rate of about 600,000counts/second (cps), and a minimum

38




CHAPTER 3. HIGH RESOLUTION X-RAY DIFFRACTION (HRXRD) 39

FWHM resolution of 14 arcsec. All the scans and sample alignment were controlled
using Philips PC-MRD Software, version 1.2. The minimum step size for . and
20 are 0.00025° and 0.001°, respectively. The incident x-ray wavelength is A =
1540597 corresponding to the CuKa; transition [55]. The detector without a slit
will allow all radiation within a window width of :A\26 = 2° to pass. Since this results
in the unwanted blurring of closely spaced peaks during some scans (Sec. 3.2). slits
are available to lower the angular detector width down to a minimum of A2 = (0.14°.

Dynamic simulations [51, 56, 57, 58] of the measured structures were carried
out using Philips PC-HRS Simulation Software, version 1.30. Dynamic simulations
take into account such factors as the extinction of the beam as a function of depth
in the sample!, absorption, and multiple reflections. The simulation accounts for
only strained structures, so alternate means of interpreting relaxed structures are
discussed below.

Since [ have vet to find a satisfactory reference on HRXRD. this chapter will
discuss representative data obtained with our system, but will focus on the theory

of diffraction, procedure for obtaining specific information, and the analysis of data.

3.1 Condition for Constructive Interference

For the case of elastic scattering, in which light or particles of wavelength \ i
incident upon a set of planes of spacing dy, the angle of incidence®. . for maximur:

constructive interference is given by the solution of Bragg’'s Law [21, 60, 31]:

2dpsinf = nA, (3.

! The extinction length for most semiconductors is on the order of about 10um. For the case ot
no absorption, a penetration into the crystal equal to twice the extinction length results in retiection
of 93% of the radiation (39].

*Since w defines the angle of the incident x-ray beam with respect to the sample surface. 4 = -
only for diffraction using planes parallel to the sample surface.
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where n is an integer and denotes the diffraction order. An equivalent representation
for Bragg's law can be developed for reciprocal space [21]. If a. b. and c are the
fundamental lattice vectors in real space, then the fundamental lattice vectors in
reciprocal space are given by:

b xc

A= zwmc—), (3.2)
B= Zﬁa—-ii)%c?’ (3.3)
C= 2#%, (3.4)
and constructive interference occurs when the Laue condition is satisfied:
ke — ki =hA + kB + [C = Gy, (3.3)

where k; and k. are the incident and scattered vectors defined in Figure 3.1. where
| k |= 27/A, and Gy is a reciprocal lattice vector. For elastic scattering, | k; '=

| ks |, and:

—

—5 | Guwa [*- (3.6)

ki - Gn =
The radius of the “Ewald sphere” is then given by | k, | (=] k, |). Hence, Equa-
tion 3.5 indicates that if the Ewald sphere intersects two points in reciprocal space
separated by Gy, diffraction is possible from the (hkl) set of planes and the corre-
sponding angle of incidence is given by the solution of Equation 3.6. Alternativelv.
in the geometry of Figure 3.2, constructive interference will occur whenever the tip
of the k, vector overlaps a reciprocal lattice point.
Figure 3.2 shows a representation of reciprocal space along with the Ewald sphere.
For clarity, the points representing only one layer are included. For each additional

layer, an additional lattice is added, as in Figure 3.4. For a given x-ray experiment.

k;, which determines the radius of both the Ewald sphere and therefore the large
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semi-circle, and beam power are kept constant, and the Laue condition is met by
altering w (incident angle) and/or 26 (detector angle), which are defined in Fig. 3.1.
In our system, a detector position of 26 = 180° is not possible since this would require
an overlap between the detector and x-ray generator. As a result, the maximum

angular position for our detector is 26 = 160°.

3.2 Types of HRXRD Scans

For an actual crystal, the reciprocal iattice points have a non-zero size due to thermal
vibrations, lattice imperfections, and the finite thickness of the layer. Therefore, the
Laue condition (Eq. 3.5) can be satisfied over a relatively large area surrounding
each of the reciprocal lattice points. In order to probe these points, a number of
different types of scans are available.

As seen from Fig. 3.2, a scan in which 20 is fixed and w is swept (w scan). or
“rocked”, through a prescribed range amounts to “rolling” the Ewald sphere about
the origin, and therefore sweeps the tip of the kg vector through an arc of constant
radius in reciprocal space. Conversely, if w is swept through a prescribed angle and
26 is rotated twice as fast in the same direction (w — 26 scan), this amounts to a
scan that sweeps the tip of the k, vector radially from the origin in reciprocal space.
The two scan directions are perpendicular to each other, and therefore » and » — 26

scans play the roles in polar coordinates of ¢ and p, respectively.

3.2.1 w Scan (Rocking Curve)

An w scan is predominantly performed for calibration of the apparatus, to determine
alloy composition, and to evaluate sample quality by observing the shape and mea-

suring the full width at half maximum (FWHM) of the resultant peak [51]. However.
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Ge(220) 4-Bounce
Monochrometer

Detector

Figure 3.1: Experimental set-up for x-ray diffraction. The x-rays are sent through
a monochrometer before impinging on the sample. k; is a constant for a given
experiment, but w and 26 can be varied. The sample can also by rotated about the
r-axis (¥) and y-axis (o).

® scan sampled area EWALD SPHERE
(not to scale)
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00
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Figure 3.2: Reciprocal space map, using the Ewald construction, of the accessible
points in the reciprocal lattice. The incident and scattered beams are denoted as k;
and k,, respectively. The large semi-circle is limited by the energy of the incident
x-ray beam, and the inaccessible regions correspond to an incident angle of —180 <
w < 0° and a scattered angle of —180 < 26 < 0°. Constructive interference will
occur when the tip of the ks vector overlaps a reciprocal lattice point.
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caution is required in the interpretation of the FWHM. First, since the peak becomes
more d—function like as more layers contribute to the diffraction. the FWHM value
should be quoted only in conjunction with the layer thickness [60]. Second. an «
scan represents only a pseudo one-dimensional cross section of the actual profile (i.e.
along an arc of constant radius) of the reciprocal lattice point being scanned. A
more complete evaluation of a diffraction peak can be obtained by performing an
area scan (Sec. 3.2.4).

Due to the non-zero reciprocal lattice point size, an w scan with a detector window
allowing only a small angular range, which would probe only a small “stripe” in
reciprocal space, would likely miss the region of the “point” corresponding to the
maximum signal. As a result, a false FWHM would be detected and a false angular
peak position, w, would be measured, leading to a false determination of, say, alloy
concentration. To avoid this, rocking curves are performed without a detector slit in
order to collect all of the radiation scattered by the sample for a given value of ..}
This is tantamount to the sweeping through a “stripe” in reciprocal space of radial
width A28 = 2°, as shown in Fig. 3.2.

As discussed in Chapters 5 and 6, accurate determination of £ in an Al.In,_.Sb
layer is of utmost importance for our material system since the amount of Al in
the barrier affects the barrier height and the strain and therefore the number and
energy of the quantized levels in the well (Sec. 1.4). Aluminum concentration can be
initially calibrated using the technique of RHEED oscillations (Sec. 2.3.2). However.
conditions may change between calibrations, and HRXRD offers an ez situ means of

determining the actual Al concentration in a sample.

3This will occur if the system is at least nearly relaxed (Sec. 3.2.4), the system is calibrated.
and the radial spread in the reciprocal lattice point(s) is (are) less than 2°, since the ks vector in
Fig. 3.2 spans A28 = 2° in the absence of an entry slit on the detector.
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Figures 3.3a and 3.3b are typical w scans showing reflected intensity as a function
of (arbitrary) angle of incidence of the (004) and (1 T 3) planes. respectively. The
left and right peaks correspond to the InSb and Al;In;_.Sb lavers. respectively.
shown schematically in Figure 3.3c; the peaks corresponding to the AlISb laver and
the GaAs substrate are not shown. A reciprocal space map of the (1 T 5) planes
indicates that each layer in the structure is completely relaxed (Sec. 3.2.4). and
therefore a simulation of the structure cannot be performed with our simulation
software. Instead. the alloy concentration can be obtained by an . scan since the

separation of the peaks is < 2°.

To determine z, both peaks are first shifted by an amount:
AW = WnSbknown = VInSbmeas; (3.7)

where winsbinown iS the calculated value obtained by the solution of Equation 3.1
using the known lattice constant of InSb, and winsp.meas is the measured angular

position of the InSb peak. The spacing of the planes, d. is then given by:

A

P i

2 Sin(;"".-&l[nSb.meas + -AW') '

o
(S

where w ii/nsh meas IS the measured peak position corresponding to the alloy. For
diffraction using the (00!/) planes (i.e. planes parallel to the surface). the lattic.

constant of the alloy, a,oy. is given by:

-~

Qalloy =lxd.
The alloy concentration can also be obtained by the solution of Vegard's Law:
Qalloy = @rnss X (1 — ) + auss X (2), (3.10)

where a;,s5 and aysp are the known lattice constants of InSb and AlISb. respectively.
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of the structure shown in (c) (S516). The left and right peaks correspond to InSb
and Al;In,_.Sb layers, respectively.




CHAPTER 3. HIGH RESOLUTION X-RAY DIFFRACTION (HRXRD) 16

Since w denotes the angle between the incident beam and the sample surface.
diffraction using planes that are not parallel to the substrate surface (asymmetric
planes) requires that Equations 3.9 and 3.10 be modified. Assuming no tilt ex-
ists between the layers (which was verified using an area scan of the (004) planes
(Sec. 3.2.4)), and since we have a completely relaxed structure, we can calculate
the angle between the (115) planes and the substrate surface, Aw,sym. using vector

notation:
(-1,-1,3]-{0,0,4]
[{-1,-1,3] il [0,0,4] |

Awqsym = arccos ( ) = 15.79317°. (3.11)

which is added in the sine term in Equation 3.8.

Three additional asymmetric scans corresponding to the (11 3), (11 5), and (T 1
5) planes were obtained (not shown), giving the lattice constants listed in Table 3.1,
along with the calculated Al concentration, z. Since tilt has been ruled out, a large
disparity in lattice constant between these four scans would indicate an asymmetric
distortion of the unit cell [60].

Also listed in Table 3.1 are the parameters calculated for the scan shown in
Fig. 3.3 and three additional (004) scans (not shown) corresponding to sample ro-
tations of ¢ = 90°,180° and 270°. The calculated lattice constant is again nearly
equal between the four scans. Using Equation 3.10 (modified for the (113) scans).
an alloy composition can be obtained for each of the eight scans. The average al-
loy compositions of the (| 1 || 1| 3) and (004) scans are calculated to be 8.697 and
9.08%, respectively, which agrees well with the attempted alloy concentration of 9'%.

The minor discrepancy in the calculation between the two sets of planes is possi-
bly due to the InSb layer being slightly strained, but is likely due to the width of the
peaks, which makes determination of the maxima difficult. Since all of the layers are

relaxed, one would expect a large number of defects to be present throughout the
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structure, which is manifested by a broad HRXRD profile. In addition, extinction
effects result in the alloy peak being much less intense than the InSb peak. fur-
ther hampering the determination of peak location. The alloy peak could be made
stronger by growing a thinner InSb layer, but this has resulted in a structure in

which the InSb layer was not completely relaxed.

3.2.2 w—26 Scan

The w — 26 scan is defined by the relation:

d(26) ‘)dw 219
o T (3.12)

i1

for all scans. In general,

2 #2 x w. (3.13)

However, for scans using the [00!] planes, 26 =2 x w.

The w — 26 scan is used in like fashion to the rocking curve, but is used to scan
peaks that are separated by more than 20 = 2°?, and, with the use of a detector
entrance slit, can provide resolution of closely spaced peaks. The utility of this.
for example, arises from the fact that the knowledge of the separation between an
alloy peak and, say, the known substrate peak allows for the calculation of the alloy
composition (Sec. 3.2.1). An w — 26 scan is technically not a rocking curve since the
detector is moving, but can be used if the structure is relaxed and the reciprocal
lattice points are small compared to A2§. The width of the peak obtained trom
this measurement will provide information about the width of the reciprocal lattice
point in a direction radial to the origin in reciprocal space, as opposed to information
about the circumferential width obtained from a rocking curve.

An w — 26 scan can be used with a slit to determine alloy concentration only if

the HRXRD apparatus is properly calibrated (Sec. 3.2.3) and all of the reciprocal
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lattice point maxima fall on a line that passes through the origin. This alignment
of points is generally not the case (Sec. 3.2.4). so a slit should typically be avoided.
However, a slit is usually required to resolve peaks in which the spacing of the peak
maxima is smaller than half the FWHM of one of the peaks. The smallest available
slit for our system allows radiation within a A28 = 0.14° range, so this technique
is effective for peaks separated by less than A28 = 0.14° only if the FWHM of the
individual peaks are less than, in general, (peak spacing/2).

The w - 26 scan using a detector entry slit is useful in performing reciprocal space

maps, as discussed in (Sec. 3.2.4).

3.2.3 26 Scan/Calibration Procedure

As discussed in the previous section, the smallest detector slit in our system is
A28 = 0.149, so every 26 scan in which the detector intercepts scattered radiation
consists of a plateau with FWHM2> 0.14°, depending on the slit, where the only
variation between scans for a given slit is in the measured intensity. As a result. the
28 scan is not useful insofar as garnering information about the sample. but is usetul
in our apparatus as a means of calibrating the system.

To calibrate the system, an w scan is performed on a peak (usually the substrate
or a Si wafer provided with the system for the purpose of calibration) whose angle uf
diffraction is “known” by the solution of Equation 3.1. Following the initial scan. the
sample is “parked” at the w corresponding to the maximum measured intensity. A
26 scan is then performed without a slit on the detector, and the measured intensity
as a function of 26 is a plateau that is in this case 2° wide. The detector is then
“parked” on the middle of this plateau, and the process is repeated, each time using

a smaller slit on the detector. This procedure “nudges™ the tip of the kg vector unto
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the maximum of the reciprocal lattice point. When the smallest slit has been used

repeatedly without a necessary change in either w or 26. the system is calibrated.

3.2.4 Area Scan (Reciprocal Space Map)

In the absence of a detector slit, both the w and the w — 26 scans discussed above
measure the cumulative diffraction intensity originating from a relatively large re-
gion in reciprocal space. As discussed in Sec. 3.2, the quality and thickness of the
sample have a direct bearing on how ~point-like” the reciprocal lattice puints ap-
pear. Moreover, information can be obtained relating to the type of imperfection
occurring in a particular layer. Table 3.2 [61] lists some defects and the direction
of the associated reciprocal lattice point broadening. The rocking curve and . — 26
scan give information on the point size from the determination of the FVWH)I. but
these measurements are only a one-dimensional cross-section of the actual profile.
Area scans (reciprocal space maps) allow us to probe the full size and shape of the
reciprocal lattice points.

In addition, reciprocal space maps allow for a relatively easy determination of
whether a layer is strained, partially strained, or relaxed. A completely strained
layer has a lattice constant equivalent to that of the underlying layer in the plane
parallel to the substrate?. As a result, for growth on a (001) oriented substrat.
the reciprocal lattice points of a completely strained laver will be aligned alony 11
[001] direction with the reciprocal lattice points of the underlying layer, as shown
Figure 3.4a.

Conversely, a fully relaxed layer has no distortion of the reciprocal lattice. Since.

for our structures, the sub-layer and epilayer have the same Bravais lattice. the

*This strain will also cause a deformation of the reciprocal lattice perpendicular to the substrate
as the lactice attempts to conserve volume.
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Diffraction Planes | wheas.AllnSb | “meas.InSb d Average x
(004),0 = Q° 28.56900 28.42182 | 6.44875

(004), 0 = 90° 27.44940 27.29175 | 6.44658

(004), 0 = 180° 27.38336 27.24580 | 6.45074

(004), 6 = —90° 26.23664 | 26.07900 | 6.44659 | 0.0908
(115) 22.57844 22.36312 | 4.96411

(113) 54.21503 53.98417 | 4.96241

(113) 21.44625 21.22240 | 4.96318

(113) 21.40732 21.19515 | 4.96445 0.0869

Table 3.1: Parameters for S516 determined from HRXRD

| Cause of Broadening

Direction of Broadening

Finite Thickness of Layer

Normal to Interface

Lattice Parameter Change

Radial to Reciprocal Space Origin

Orientation Change
(Tilt or Curvature)

Circumferential about
Reciprocal Space Origin

Discontinuities Parallel to Interface
(Islands or Grain Boundaries)

Parallel to Interface

30

Table 3.2: Crystal imperfections and associated direction of reciprocal lattice point

broadening.
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two unit cells in the different materials will have an identical aspect ratio, and the
reciprocal lattice points will therefore be aligned radially from the origin in reciprocal
space, as shown in Figure 3.4b. Finally, the lattice points of a partially relaxed
epilayer will be at a position intermediate between being radially and vertically
aligned with the lattice points of the straining layer.

Since the (00!/) reciprocal lattice points (i.e. planes parallel to the substrate
surface) lie along a line that is parallel to the [001] direction and also passes through
the origin, these reflections cannot be used to determine the degree of strain in a
layer. However, tilt between layers results in a relative rotation in reciprocal space
between the layers, which can be observed unambiguously by obtaining a reciprocal
space map of the (00!) reciprocal lattice points of the relevant layers.

An area scan is achieved by a series (usually > 10) of w — 26 scans (Sec. 3.2.2).
In each scan, the range over which 26 is swept remains the same. but the starting
value for w is adjusted by some small value, dw, for each scan. If a detector slit is
used, each scan collects radiation from a "strip” in reciprocal space that is radial to
the origin. The shift of w results in the measured strip being rotated by dw relative
to the previous scan. A scan of the entire point requires that the range of 26 be
greater than the radial width of the reciprocal lattice point(s), and that dw x number
of scans has a greater arc-length than the point(s) being scanned. A contour plot is
then obtained of the intensity with axes representing directions in reciprocal space.
thus giving a profile of the reciprocal lattice points.

Figure 3.5a shows a plot of an area scan of the (115) planes of S516, discussed
in Section 3.2.1, showing all the (115) reciprocal lattice points for each of the four
layers. Figure 3.5b is an enlargement of the InSb and Al;In;_;Sb points. The nearly

parallel lines on either side of the peaks pass through the origin in reciprocal space.
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(1)
(V]

and are used as a guide to the eye in determining whether the maxima of the points
fall on a line that also pass through the origin, as in Figure 3.4a. Since it appears

this criterion is met, we conclude that the structure is relaxed®.

3.3 InSb/Al.In,_,Sb Strained Layer Superlattices
(SLS) on InSb Substrates

Abrupt interfaces are required for many device structures. To characterize interfacial
quality, an Al;In;_.Sb/InSb superlattice was grown on an InSb substrate with a
3um-thick InSb buffer. The HRXRD data (solid line) is shown in Figure 3.6a for the
superlattice structure shown in Figure 3.6b. The w — 26 scan reveals a large number
of sharp satellite peaks (m = 1, 2, etc.) on either side of the central peak (m = 0).
The prominent peak at w = 28.394° is due to the InSb substrate and buffer layer.
From the separation between the satellite peaks and from the location of the central
peak, we deduce a period of 364A and an alloy composition of 12.7%, respectively.
A HRXRD reciprocal space map of the (1 T 5) reciprocal lattice points verifies that
the superlattice barriers are strained to the lattice constant of the InSb substrate.
Once the HRXRD scan is obtained, a simulation is performed which gives both
quantitative information, such as alloy concentration and individual layer thickness.
and qualitative information, such as quality of interfaces and number of defects.

Strain in a layer alters the lattice constant in the planes parallel and perpendicular

to the substrate [60]. The m = 0 satellite peak is assumed to occur at the angle.

5This method of determining the degree of relaxation is largely subjective due to the lack of reso-
lution with our system; increased resolution could be obtained with the addition of a monochromneter
on the detector. Further evidence for relaxation comes from the scans discussed in Section 3.2.1.
If the alloy concentration deduced from the (004) is the same as that deduced from the (113) data.
then the structure is relaxed. Our calculated Al concentration differed slightly between the two
types of scans (9.08% vs. 8.69%), but we believe this is due to the difficulty in determining the
angular location of the peaks, as discussed in Section 3.2.1.
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fm=o, corresponding to the average lattice constant, aqye, of the superlattice in the

[001] direction [51]. This value is obtained experimentally using Equation 3.1:

A
fave = )2 sin by’

(3.14)

where the factor (1/4) arises from the fact that we're using the (004) reflection
planes. In the present case, aq,e is the weighted average of the lattice constants in
the unstrained InSb and strained Al;In;_.Sb layer, respectively, and therefore gives
little direct information about the alloy concentration. However, a,,. can be related
to the unstrained lattice constant of InSb, ag .55, and the known strained lattice

constant in the [001] direction in the alloy, a.ynss,

d d Airns .
Qoye = a9, 1nSh ( I;Sb) + QA AlInSh < "llénbb) s {315)

where dnsp and d.4nss are the actual (average) thicknesses of the InSb and Al.In,_.Sb

layers, respectively. The superlattice period, d, is then:
d = dnse + d.urnss (3.16)

and can be experimentally obtained from the angular difference in position of the
superlattice satellite peaks [51]. From Equation 3.1, we know that 2sin6,,/\ = m/d.
where m is an integer and 6, is the angular position of the satellite peak of order

m. If this function is plotted, the slope is given by 1/d. and:

AAm
= — (3.17)
2Asind v
For the samples discussed here, each layer was intended to have a thickness of /2.
Using dinse = dairnse = d/2 in the simulation provides for a good fit of the simula-

tion to the data if the actual deviation from d/2 is not large [50]. However, HRXRD
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provides sufficient information to input the individual layer thicknesses into the sim-
ulation self-consistently, and therefore allows for an independent determination of
the growth rate.

The unstrained lattice constant in the alloy, ag_4;/nss, rather than a .y, allows
for the determination of the Al concentration. These two values are related to each

other by [60]:

Ci1,41In5b

a0,AlInSh = ( ) (@atrnss = Go.rnss) + Qo,1nsb, (3.18)

Ci1,4trnsy + 2C12, a11nse
where C1; unse and Cia ainss are the stiffness coefficients of the alloy parallel to
and perpendicular to the substrate plane, respectively, and determine the amount of
deformation introduced when the material is strained. These experimentally deter-

mined values are listed in Reference [62]°. For the case of Al In,_Sb:

Cu2),4trmss = Cua),aiss X (2) + Criq2),mse X (1 — 1), (3.19)

which is calculated for a given value of r and substituted into Equation 3.18.
Finally, the average alloy composition, z, can be obtained by the solution of
Vegard's law':

Q0,At7nSh = @o,uus6 X (L) + o rnsp X {1 — I) (3200

or,

(R

[~

= ( Q9 AlinSh — flo.mso)
Qo ALSh — Q9,InsH

The value of ag rnsp is given in Table 1.1. Equations 3.17 and 3.14 provide
the two experimentally known values of d and a,,., respectively, leaving the live

unknown variables of a4irnse, @0 atrnss, dinses dainsy, and r, and four Equations:

SSince a range of values is listed for the constants, intermediate values in the cited range were
chosen: Cyy rnss = .6592, Ci2 rnsy = .3563, and Cy1 asp = .8769, Cra, aisp = 4341,
"Vegard's law is obeyed fairly closely for most alloy systems [51].
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3.15, 3.16, 3.18, and 3.21, leaving one unknown as a parameter. Therefore, a simple
computer program can be written that will self-consistently provide four of the un-
knowns when the fifth, say z, is assumed. The “guessed” value of r is then entered
into the simulation software along with the calculated values of d;,s; and dirnss.
After the simulation is run, a new z is “guessed” until the best simulated fit is
observed.

The simulation is shown in Figure 3.6a (dashed line), and shows very good agree-
ment with our data. The narrow peak widths indicate that the superlattice has
interfaces of very high quality.

In conclusion, HRXRD of SLS structures and the associated simulation provides
not only Al alloy concentration, z, but also an independent measure of the growth
rate under actual sample conditions as opposed to the growth rate procedure outlined

in Section 2.3.2.

3.4 InSb/AlIn,_,Sb SLS on GaAs Substrates

Growth on semi-insulating GaAs substrates is desirable in order to minimize parallel
conduction paths at room temperature, as well as to allow for potential integration
with GaAs devices. Figure 3.7a shows the results of a HRXRD w — 26 scan (solid
line) of an Al.In,_,Sb/InSb superlattice grown on a GaAs substrate, which is shown
in Figure 3.7b. GaSb, AlSb, and Aly.In,_,.Sb buffer lavers were inserted to help
alleviate the effects of the 14.6% lattice mismatch between InSb and GaAs. The
series of peaks between w = 27.5° — 299 arise from the superlattice and adjacent
Al:In;_.Sb buffer layer. From the location of the central peak (m = 0), we calculate
the average lattice parameter of the superlattice and thereby determine an aluminum

alloy composition of 14.5%. We observe several satellite peaks (m = -2, -1.0.1,2,
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etc.); the m = +1 satellite peak is obscured by the dominant peak at w = 28.549°,
which is attributed to the Al.In,_.Sb buffer layer. From the spacing between satellite
peaks, we deduce a superlattice period of 340A. A HRXRD reciprocal space map
of the reflections indicates that the superlattice structure is strained to the lattice
constant of the Al.In;_,Sb buffer layer.

The equations in Section 3.3 used to determine the values that are input into
the PC-HRS Simulation Software can be used, with slight modification, for a SLS
grown on a relaxed Al;In;_.Sb “virtual substrate” epilayer which is grown on a GaAs
substrate, as shown in Figure 3.7. However, as z is changed in the simulation. the
lattice constant of the virtual substrate also changes, leaving four parameters that
must be adjusted in the simulation instead of three.

In this case, it is the InSb layer that is strained instead of the Al In,__.Sb layer.
Therefore, all of the “AlInSb” subscripts in Equations 3.15—3.18 should be changed
to "InSb”, and vice versa. The stiffness coefficients in Equation 3.18 are now simply
the stiffness coefficients of InSb, and Equation 3.19 is no longer needed. Equa-
tion 3.21 remains the same, and the experimentally determined values of a4, and
d are still given by Equations 3.14 and 3.17. The five unknown variables are now
Unshs 0. AtrnShs drnses dainsey, and r, where a;,sp is the strained lattice constant of
the InSb layer in the [001] direction.

The dashed line in Figure 3.7a shows the simulated data. As discussed above. the
simulation software only allows for strained layers, so we performed the simulation
defining the 3um Al;In;_.Sb layer as the substrate. As a result. the broad peak.
which arises from the 1um Al,;In;_,.Sb layer and which washes out the m = +53
and +7 satellite peaks, is not modeled. The widths of the satellite peaks we observe

here are larger than for the superlattice grown on InSb, indicating lower interface




it}

CHAPTER 3. HIGH RESOLUTION X-RAY DIFFRACTION (HRXRD) 5

and/or crystalline quality. A large defect density is expected from the large lattice
mismatch between the substrate and the superlattice. We hope to reduce the defect
density through ongoing attempts to optimize buffer layer composition and growth

procedures.
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Figure 3.4: Representation of reciprocal lattice points for an underlying layer (solid.
small lattice constant) and epilayer (crosshair, large lattice constant) for the case
where the epilayer is (a) strained and (b) totally relaxed.
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Figure 3.5: (a) HRXRD reciprocal space map of S516 shown schematically in Eig-
ure 3.3. (b) Enlargement of the Al,In;_.Sb and InSb points. The peak maxima
appear to fall on a line that passes through the origin, indicating all layers are re-

laxed.
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Figure 3.6: (a) (004) HRXRD w — 28 scan (solid) and simulation (dashed) for a 19
Period Al In;_.Sb/InSb SLS grown on an InSb substrate. An Al alloy concentrariun
of 12.7% was obtained from the simulation. FWHM=90arcsec for the m = 0 peak.
and FWHM=2Tarcsec for the InSb peak. (b) Structure of the Al.In,_.Sb/InSb 3LS

sample.
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Figure 3.7: (a) (004) HRXRD w —26 scan (solid) and simulation (dashed) for a 10 Pe-
riod Al;In;_;Sb/InSb SLS grown on a GaAs substrate. An Al alloy concentration of
14.5% was obtained from the simulation. FWHM=274arcsec for the Alg 25Ings:5Sb
peak. The broad peak obscuring the m = +3 and +7 satellite peaks was not mod-

eled. (b) Structure of the Al In;_,Sb/InSb SLS sample




Chapter 4

Si )-Doping of InSb and
Al;In;_,Sb

4.1 Introduction

InSb has the narrowest bandgap, the smallest effective mass. and the highest intrinsic
electron mobility of all binary III-V semiconductors. These characteristics make InSb
an attractive material for industrial applications, such as infrared devices [1. 2. 3i.
high-speed field-effect transistors [4], and magnetoresistive sensors {3], as well as for
the study of electrons in semiconductors. Moreover, the incorporation of a barrier
material, such as Al.In,__.Sb, in heterostructures fabricated by MBE, can lead to
improved device performance [1] and allows for the fabrication of InSb quantum
wells {63, 11, 64]. The study of n-type doping in InSb is therefore motivated by the
potential for producing high-mobility electrons for device applications (Chap. 5} as
well as for the basic research of quantum transport in this material (Sec. 6.2).

An important step towards achieving such structures is to characterize dopant be-
havior. As discussed in Section 4.3.4, the dopant profile leading to the least amount
of scattering for a remotely doped structure consists of the highest practical dopant

density in the plane of growth [65]. Therefore, the ideal configuration for remotely
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doped structures is to confine all of the dopant to a single atomic plane parallel to
the conduction channel. If a dopant concentration profile as a function of depth into
the sample were made for such a structure, it would resemble the delta-function: a
spike at the dopant plane and zero everywhere else. From this, the name J-doping
was derived. In practice, however, it is difficult to confine the dopant atoms to a
single plane due to such effects as (a) surface segregation/migration, (b) exceeding
the solid solubility limit, (c) diffusion, and, (d) mutual Coulomb repulsion between
ionized dopants [66]. Mechanisms (b) and (d) contribute to limit the density of
dopant in a plane, and (a) and (c) become more significant at higher temperatures.
Surface segregation/migration occurs in one of two ways. First, if an accumulation
layer exists on the surface that is opposite in charge to the ionized dopant, a poten-
tial gradient exists, and the random diffusion process now has an extra component
directed toward the surface. Second, if the dopant atoms have a lower energy on the
solid surface than in the bulk, the atoms will “ride” along on the growth front.

Compared to group-V1 [67, 68] and rare-earth [69, 70] atoms. the use of Si [71.
72, 73, 8, T4] as a donor in InSb is attractive due to its low vapor pressure and
its successful use as a donor in GaAs [36, 66]. However, Si atoms (column-I\" in
the periodic table) can be either donors or acceptors in [II-V materials, dependiny
on whether they occupy group-III or group-V atomic sites. Uniform doping of [n~h
grown by MBE results in n-type conduction across a range of growth conditions 7
However, for a given Si concentration, the electron concentration decreases wirh
increasing growth temperature. Increased autocompensation at higher substrate
temperatures is thought to be responsible for this behavior [71].

In this chapter, I discuss the results of secondary ion mass spectrometry (SINS)

and Hall effect experiments that demonstrate the effect of substrate temperature on
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Si compensation in d-doped InSb and Al;In,_.Sb [75]. These experiments indicate
that the substrate temperature and surface reconstruction during growth of the cap
layer, rather than at the time of doping, are primarily responsible for the observed
carrier-density dependence on substrate temperature.

Additional parameters for the samples discussed in this chapter are presented in

Appendix D, along with data for additional d-doped samples.

4.2 Experiment

Substrate temperatures were calibrated through observation of the change in the
static (Sb flux only) RHEED pattern upon crossing the transition temperature, T..
Below T}, (= 380°C for InSb [76]). a c(4x4) surface reconstruction is observed from
RHEED patterns. Above Ti-, an InSb surface has a pseudo-(1x3), hereafter denoted
as '1x3’ (Sec. 2.2.2), reconstruction while an Al In,__.Sb surface has a (1x3) recon-
struction. The surface reconstruction in Alggglngg;Sb samples changes to "1x3
for a substrate temperature of = T, + 20°C. InSb (Sec. 4.3) and Alggglng 4y Sb
(Sec. 4.4) buffer layers were grown on SI GaAs(001) substrates at a temperature of
Tir +30£5°C, and all InSb and Alg.gglng.¢1Sb layers were grown with an Sb/group-III
flux ratio slightly larger than unity and a nominal growth rate of 0.8ML/s. Doping
was performed with an Sb overpressure to encourage Si incorporation in In sites and
a Si effusion cell temperature of 1305°C. All samples except those discussed in Sec-
tion 4.3.4 had a doping time of 50s. All the d-doped samples were grown on GaAs
substrates in order to minimize parallel conduction paths.

Hall effect measurements at magnetic fields up to 0.5T were performed on square
samples with 4mm edges to determine carrier density using the van der Pauw ge-

ometry (Sec. 1.2.2). Electrical contact was made at each corner of a sample (See
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Fig. 1.2), as discussed in Appendix A. Ohmic contact was checked through ob-
servation of linear current-voltage characteristics in four-point measurements. 77K
measurements were obtained with liquid N», and variable temperature experiments
were carried out using an APD Cryogenics HC-2D-1 Helium Compressor with a DE-
202A Two-Stage Expander. Data were obtained via software originally written by
the author and J. Winesett using LabWindows, version 2.1, and improvements to
the software were made by the author, F. W. McKenna, N. M. Cunningham. and R.
C. Meyer using LabView, version 4.0.1.

SIMS measurements were performed at Evans East using a 2 keV' Cs+ bombard-
ment of a Si-implanted GaSb standard at 60° incidence. Because a Si-implanted
GaSb standard was used (since an InSb standard sample was not available), only

relative areal densities of Si atoms will be discussed.

4.3 Si /-Doping of InSb
4.3.1 Transport

Three series of -doped samples were grown to study Si compensation in InSb. Each
sample consists of a 3um InSb buffer layer followed by a Si d-doped laver and a
3100A InSb cap layer. A simple electrostatic model' predicts that surface pinning
of the Fermi Energy removes a small density of electrons (about 7x10'%cm~? when
pinned at the valance band edge) from the o-doped layer. Due to the thick InSb
buffer layer, an even smaller density would be removed by possible pinning at the
substrate interface. Since the unintentional background doping is p-type and the
intrinsic carrier density is very small at 77K [77], the measured carrier density at

77K is assumed to be entirely due to the d-doped layer; variable temperature Hall

1See, for example, Section 5.4.1.
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effect measurements on these samples indicate that the carrier density below about
100K is constant.

The first series of samples demonstrates the effect of substrate temperature on
carrier density. For each of the samples, the substrate temperature during growth of
the 3100A InSb cap layer, T.,p, was the same as the substrate temperature during
o-doping, T5. However, T5(= T,,,) was varied for each of the nine samples that
comprise this series. The filled circles in Figure 4.1 show the 77K electron mobility.
1, which will be discussed in Section 4.3.3. and density, n, as a function of T; for eight
of the nine samples. For T well below T}, , the carrier density maintains a roughly
constant value of 4x10'2cm~2. The doping efficiency in this temperature regime
is the same when T; = Ty — 90°C (not shown, different growth run)?, independent
of growth rate at least from 0.8 to 1.6 ML/s (not shown, different growth run)3.
and equal to that observed in our uniformly Si-doped InSb layers grown at similarly
low temperature. However, for temperatures above T3, the carrier density decreases
strongly with increasing T and eventually becomes p-type for the ninth sample in
the series, which was doped at T +40°C (not shown)*. Preliminarily, this transition
from n- to p-type suggests that desorption of Si at the time of doping and/or dopant
compensation is occurring for growth at substrate temperatures in excess of T,,.

In GaAs uniformly doped with Se {78], a reduction in carrier density is due to in-
creasing Se desorption from the GaAs surface with increasing substrate temperature.
To explore the possibility of Si desorption and to edify the relative importance of T;
and T.qp, a second series of samples was grown. All three samples in this series were

grown with the same low T,,, = T, —20°C but with different values of T;. The open

*See S439 in App. D.
3See S485 in App. D.
4See S313 in App. D.
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Figure 4.1: (a) Carrier density and (b) "mobility at 77K for Si d-doped InSb as
a function of sample temperature at the time of d-doping. Solid circles represent
samples grown with Ty = T.ep. A sample grown at T, + 40°C (not shown) had a
p-type carrier density of 4 x 10''em~2. Open triangles represent samples grown with
Teap = T — 20°C. The solid and dashed lines are fits to the data. The decrease in
mobility as carrier density decreases is evidence for autocompensation (Sec. 4.3.3).
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triangles in Figure 4.1 show the measured electron density as a function of T;. Note
that the measured electron densities in these are several times higher than in samples
where both T5 and T.,, are high (solid circles directly below open triangles) but are
not much lower than when both temperatures were low (Sample A). The ability to
achieve a relatively high electron concentration by lowering the substrate tempera-
ture prior to growth of the cap layer indicates that Si desorption is not primarily
responsible for the 75 dependence. It is also evident that T5 and the surface recon-
struction at the time of doping is of minor importance while T,,, has the dominant
influence on carrier density. To test this hypothesis even further, another sample
was grown with T; = T, — 20°C and T, = T}, + 30°C (not shown)>. This sample
was p-type, and we therefore conclude that temperature-dependent compensation
occurs primarily during growth of the cap laver and not at the time of doping.

To determine whether compensation occurs due to simple diffusion, a sample
identical to Sample A (T5 = Tp = Ty — 20°C) was grown but with an n situ
anneal performed after growth while leaving the Sb shutter open®. The sample was
annealed at T}, + 40°C for a time equal to that needed to grow the d-doped and cap
layers. which is about 18.5 minutes. The measured carrier density of 3.70x10%*¢m ™
is only slightly lower than what was obtained for Sample A. Hence. simple diffu~ic.n
is not the dominant mechanism for compensation.

A third series of samples was grown to confirm that compensation occurs durins
growth of the cap layer and to determine the number of InSb monolayers followine
doping required to saturate the compensation. Each sample was grown at T;.\ =
Ty +30°C and Tegp-n = T;r —20°C, where .V is the number of additional monolavers

of InSb grown at high substrate temperature on top of the d-layer. Figure 4.2 shows

5See S320 in App. D.
5See S338 in App. D.
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the dependence of the measured carrier density on V. Samples B and C. shown in
both Figures 4.1 and 4.2, have V = 0 and NV = 957, respectively. We observe that
"covering” the dopant with 53 MLs of InSb results in only a 2% lower carrier density
than in Sample B, while 20MLs and 50MLs of coverage result in a reduction in
electron concentration of about 20% and 66%, respectively, from that of Sample B.
Since Si desorption and diffusion play, at most, only minor roles, these data indicate
that the observed compensation occurs during surface segregation of the Si atoms

during growth of the cap layer.

4.3.2 SIMS

To verify that surface segregation occurs for high T,,,, a sample containing several
0-doped layers was grown for SIMS measurements. For the two d-doped lavers closest
to the surface, a plot of Si concentration in relative units is shown in Figure 4.3a as
a function of depth. The first d-doped layer, labeled I in Figure 4.3a, was deposited
at Ty + 40°C. The InSb layer that immediately followed this d-doped layer was also
grown at T,, + 40°C. The second d-doped layer, labeled II in Figure 4.3a, and the
InSb layer that followed were deposited at T;, — 20°C. The similar areas under both
peaks confirm that Si desorption is not primarily responsible for the temperature
dependence of the carrier density.

Peak I, corresponding to the higher temperature layer, is wider and less intense
than peak II. Systematic profile broadening for SIMS is dominated by a combinaticr
of a symmetrical broadening about the maximum (which worsens with depth) due to
surface roughening and an asymmetrical broadening toward the substrate (which is
independent of depth) due to atomic-mixing effects [36]. Perhaps due to the softness

of InSb, SIMS depth resolution is worse for InSb? [79] than for other ITI-V materials.

“See Ref. [67] for another example of SIMS of InSb.
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Figure 4.2: Carrier density in InSb as a function of number of monolayers. .V, grown
on top of the d-doped layer at T, + 30°C before reducing the substrate temperature
to T — 20°C for the remainder of the cap-layer growth.
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Figure 4.3: (a) SIMS profile of Si concentration as a function of depth for two 0-
doped layers near the InSb Surface (S351). (b) Peaks I (solid) and II (open) are
normalized to the same height and plotted with their peaks aligned. The relative
broadening of peak I toward the surface suggests Si surface segregation.
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To better visualize the data, peaks [ and I were normalized to the same height and
plotted with their peaks aligned, as shown in Figure 4.3b. The broadening of peaks [
and IT toward the substrate appears similar but peak [ is noticeably more broadened
toward the surface than peak II. This is consistent with Si segregation toward the
surface for layers grown at high temperature. However, the width of peak I could

also be due, at least in part, to increased surface roughening.

4.3.3 Possible Compensation Mechanisms

A mechanism leading to the observed temperature dependence of the carrier density
could depend on the number of In sites available to Si atoms on the surface. Recent
scanning tunneling microscope images indicate that the InSb c(4x4) surface recon-
struction is completely Sb terminated, while the '1x3’ reconstruction contains 1/3
Sb sites and 2/3 In sites [35]. This suggests that the observed carrier dependence
may be due primarily to autocompensation arising from site competition during sur-
face segregation, which is a phenomenon that becomes more significant at higher
temperatures [36].

Further evidence for the existence of autocompensation comes from a plot of the
77K mobility as a function of substrate temperature at the time of doping for the
first series of samples shown in Figure 4.1. A trend toward an increase in mobility
as density increases is consistent with autocompensation. Since all of the samples
contain the same concentration of Si atoms, autocompensation would result in the
same number of ionized Si atoms (i.e. scattering centers) in each sample, but a net
decrease in the number of electrons. This results in decreased electron screening and
a corresponding increase in scattering, which results in a lower mobility. However.

additional experiments are required to distinguish between this mechanism and other
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possibilities, such as electrically inactive Si complexes and Si pairs. that have been

observed in d-doped GaAs with Si densities above about 1x103cm™2 [80].

4.3.4 Maximum é-Doping Density

As mentioned above, and demonstrated in Chapter 5, high mobility quantum wells
can be realized by remote doping. Frank Stern calculated, for the case of 2-D con-
finement in a remotely doped GaAs/Ga,_.Al;As heterojunction, the remote doping
configuration leading to the least amount of remote ionized scattering is realized
by the highest practical doping density in the barrier {65]. As mentioned at the
end of Section 4.3.3, the highest practical Si doping density for GaAs is less than
1 x 10'3¢m~2%; structures requiring more than 1 x 103cm~2 can no longer employ
d-doping.

To determine the 2-D density limit for InSb, a final series of d-doped InSb struc-
tures was grown to characterize carrier density, n, as a function of time that the Si
shutter remained open, ¢4, as shown in Figure 4.4. All of the samples were doped at
Ts; = T, — 20°C with a Si cell temperature of 1305°C. The line is a linear fit of the
points S452-S487 and is forced to pass through zero. We observe that the measured
density is a linear function of the doping time up to a density of at least 8 x 10'2cm =+
which, if all of the electrons were “transferred” to a 2204 well (Chap. 3), would coi-
respond to a high® well concentration of 3.6 x 10'3cm=3. However. S497. doped t.1
257s, falls well below the line fitted to the other points. This is most likely due 1o
factors such as autocompensation, Si complexes, and inactive Si pairs, as discussed
in the previous section.

The linear behavior below 8 x 102cm™2 in Figure 4.4, combined with a constant

8 Undoped InSb has an intrinsic room temperature density of about 2 x 10'5cm =3, as discussed
in Chapter 5.
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Figure 4.4: 77K (a) carrier density and (b) mobility as a function of doping time for
d-doped InSb samples grown at T; = T, = T} — 20°C and a Si cell temperature
of 1305°C. The line is a linear fit for the points S452-5487 and is forced to pass
through zero. We observe a linear carrier density as a function of doping time up to
at least 8 x 10'2cm~2. We attribute the deviation from linearity in sample S497 to
compensation occurring at high Si densities.
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measured density for dopant layers grown at —90°C < T, < Ty (Fig. 4.1). implies a
100% (Donor:Si) ratio when doped below T.. However, this contradicts SIMS results
using a GaSb standard that indicate the ratio is closer to 15%. This discrepancy is

under investigation.

4.4 Si 5-Doping of AlInSb

Dopants in InSb quantum-well heterostructures are often placed in the barrier ma-
terial [63, 64]. To explore compensation in Si d-doped Al In;_.Sb, a fourth series
of samples was grown. Each sample consists of a 3um Alggelnge1Sb buffer laver
followed by a Si d-layer and a 3100A Alggolng.e1Sb cap layer. The 77K electron
density and mobility as a function of T is shown in Figure 4.5 with samples grown
with Ty = T, represented by filled circles. A distinct decrease in the measured
mobility and carrier density is observed as Tj is increased above Ti,. in like fashion
with the InSb samples. The two samples shown as open triangles were grown with
the same low Ti,p(= Tir — 20°C) but with different values of T;. Again. the behavior

is qualitatively similar to that which is seen for the d-doped InSb samples.

4.5 Conclusions

Dopant compensation was studied for Si d-doped InSb samples grown on GaAs(001)
substrates. Hall-effect measurements indicate a sharp decline in electron density
with increased substrate temperature when doping and cap-layer growth occur on
the "'1x 3’ surface reconstruction, while little temperature dependence is observed for
doping and growth on the c¢(4x4) surface reconstruction. Hall-effect measurements
on samples grown with the substrate temperature differing between the dopant and

cap layers rule out simple diffusion and desorption of Si atoms, and, along with SIMS
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Figure 4.5: 77K (a) carrier density and (b) mobility in Alggelng¢,Sb as a function of
sample temperature at the time of d-doping. Solid circles represent samples grown
with Ty = Tp. Open triangles represent samples grown with To,p = T — 20°C.
The solid and dashed lines are fits to the data. The decrease in mobility as carrier
density decreases is evidence for autocompensation (Sec. 4.3.3.
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measurements, suggest that the temperature dependence of the carrier density results
from compensation occurring primarily during growth of the cap laver. Autocom-
pensation is the most probable mechanism, but other experiments are required to

distinguish between this and other mechanisms. Similar behavior was observed in

Alg.g9Ing 91Sb samples d-doped with Si.



Chapter 5

High Mobility InSb Quantum
Wells

5.1 Introduction

The intrinsically high mobility of electrons in narrow-gap semiconductors makes [nSb
thin films attractive for the basic research of quantum transport in this material. as
discussed in Section 6.2, as well as for industrial applications, such as magnetic-tield
sensors. At present, Te-doped InSb epilayers are paired with rare-earth metal mag-
nets in automotive position-sensing applications where accuracy and repeatability
are critical [6, 7]. These devices exploit a geometrical magnetoresistance where sen-
sitivity is proportional to mobility squared [8], hence, InSb is a natural candidarte
since its room temperature mobility in thin films is g =~ 60,000cm?/Vs. Howeror.
InSb also has a very small bandgap, which makes the carrier density (=~ 2x 10"cr: ~
at 300K), and therefore the sensitivity of the device, largely dependent on temper:-
ture. To minimize this dependence, the layers must be doped. The Te doped sensur~
consist of a 1.5um-thick InSb layer grown on a GaAs substrate and have an electron

concentration of 8x10'%cm™3 and a room temperature mobility of 2=40,000cm?, \'s.

Unfortunately, the accompanying increase in ionized impurity scattering reduces the
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electron mobility and, consequently, the device sensitivity.

Remotely-doped InSb quantum-well structures are potentially better suited for
magnetoresistance applications than uniformly-doped InSb epilavers. Increased sen-
sitivity is possible since a high mobility can be maintained (since the carriers are
spatially separated from the dopant) while achieving a high extrinsic electron con-
centration. Also, the temperature dependence of the electron concentration can be
reduced since only very thin layers of InSb are required, resulting in a low ratio of
intrinsic to extrinsic carriers in the well.

The achievement of an InSb quantum well was difficult due to the lack of a
suitable barrier material. An initial attempt was made using CdTe as a barrier {9].
As shown in Figure 1.4, CdTe has a nearly identical lattice constant to that of InSb.
However, CdTe is a II-V] material, and cross-doping with the ITI-V InSb at the
interfaces limited the electron mobility in the well to less than 30.000cm?/\’s {10]
at 4.2K. Recent experiments have shown that quantum confinement in InSb wells
can be achieved using Al;In;_,Sb barrier layers [11], and that remote doping can be
accomplished with Si d-doped layers [50, 64].

In this chapter, I discuss the electrical properties of InSb quantum-well struc-
tures with Al.In,_,Sb barriers grown by MBE on GaAs(001) substrates. Mobilities
up to 41,000cm?/Vs at room temperature and 380,000cm?/V’s at 6.5K are observed
in Hall-effect measurements. Although the room-temperature mobility is the same
as in the uniformly-doped InSb mentioned above, the electron concentration in the

3, is several times larger. Morphological characteri-

quantum wells, 2.4x107cm™
zation by atomic force microscopy indicates that defects propagating through the
wells and the corresponding roughness at the well/barrier interfaces may be a fac-

tor limiting the electron mobility. Increases in both the mobility and the electron
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concentration are anticipated from modifications to the layer structure.

5.2 Experiment

All InSb/Al;In;_.Sb growths were performed in an Intevac Modular Gen IT molecular
beam epitaxy system that has been described in Section 2.3. Growth rates for InSb
and AlSb were calibrated and Al;In;_.Sb composition was deduced from temporal
oscillations in the intensity of reflection high energy electron diffraction (RHEED)
pattern (Sec. 2.3.2) and verified through high resolution x-ray diffraction (Chap. 3).
An Al;In;_.Sb alloy composition with x=0.09 was maintained to keep the lattice
mismatch to InSb below about 0.5% while allowing for a sufficiently large barrier
for the electrons in the quantum wells [11]. Delta-doping (Chap. 4) was performed
under an Sb flux and at a Si cell temperature of 1273°C (approximately 5.3x 10! net
donor atoms cm~2s~!). Substrate temperatures were calibrated through changes in
the static (Sb flux only) RHEED pattern upon crossing the transition temperature,
T, =390°C [76], at which the Al;In,_,Sb surface reconstruction changes between
c(4x4) and pseudo-(1x3).

The nominal layer structure used for all of our quantum wells is shown in Fig-
ure 5.1, where .V denotes the number of quantum wells. The samples discussed herein
differed in the number of quantum wells and the inclusion or omission of d-doped
layers (a), (b), and (c). Growth was performed on semi-insulating GaAs substrates.
rather than InSb substrates, to prevent parallel conduction through the substrate.
Because the equilibrium lattice constant of GaAs is about 15% smaller than that of
the Alggelngg1Sb barrier material, a 1um buffer layer of AlSb, which has an interme-

diate lattice constant, was grown directly on the GaAs substrate' [81]. A 1um-thick

'A lum GaSb layer, which has approximately the same lattice constant as AlSb, was grown
between the GaAs and AlSb layers for several samples without a significant difference in carrier
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AlzIn,_.Sb layer was grown next, followed by a 10-period 25.—\-AIIInI_ISb/‘ZSA-InSb
strained layer superlattice for dislocation filtering and surface smoothing [82, 83]. A
3pum Al;In;_,Sb buffer layer was grown to promote full lattice relaxation as well
as to isolate the carriers in the well from scattering centers associated with this
relaxation®. High resolution x-ray diffraction measurements have demonstrated the
effectiveness of GaSb, AlISb, and Al;In,_ Sb buffer layers [50]. The Al.In;-.Sb buffer
layer was grown at Tj; + 50 £ 5°C, since growth on a pseudo-(1x3), as opposed to
c(4x4), surface reconstruction results in better pseudomorphic growth.

Electrons are supplied to each strained InSb quantum well by Si §-doped layers
in the adjacent Al;In;_ Sb barrier(s). Each of the NV quantum wells is nominally
2204 thick. All layers following and including the last 0.1um of the Al;In;_.Sb buffer
layer were grown at a substrate temperature of T;, — 30 +£5°C in order to minimize Si
compensation (Chap. 4) [50, 75]. Additional Si atoms were included in the J-doped
layer nearest to the surface in order to provide electrons for surface states. An InSb
cap was added to prevent possible oxidation of an Al In,_.Sb surface.

Hall effect measurements at magnetic fields up to 0.5T were performed on square
samples whose edges are about 4mm long to determine carrier density and mobility.
Electrical contact was made at each corner of a sample (See Fig. 1.2), as discussed
in Appendix A. Ohmic contact was checked through observation of linear current-
voltage characteristics in four-point measurements. Resistivity was determined from
van der Pauw measurements (Sec. 1.2.2) [14], and variable temperature experiments
were carried out using an APD Cryogenics HC-2D-1 Helium Compressor with a DE-

202A Two-Stage Expander. Data were obtained via software originally written by

density or mobility.
2Samples grown with only a lum buffer layer exhibited mobilities at least 50% less than those
structures with a 3pgm buffer layer.
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Figure 5.1: Nominal layer sequence for the remotely-doped quantum well structures.
N denotes the number of quantum wells, and z = 0.09 was used in all samples. The
samples discussed herein differed in the number of quantum wells and the inclusion
or omission of d-doped layers (a), (b), and (c).
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the author and J. Winesett using LabWindows, ver. 2.1, and improvements to the
software were made by the author, F. W. McKenna, N. M. Cunningham. and R. C.
Meyer using LabView, ver. 1.0.1.

Samples for which atomic force microscopy was performed were scanned in air
using a Topometrix atomic force microscope (AFM) running in non-contact phase
mode. The high-resonant- frequency silicon tip had an aspect ratio of approximately

3:1 and a radius of curvature less than 2004.

5.3 Limitations on Well Width

To determine the appropriate thickness for the quantum wells, a series of samples
with V =1 was grown. These samples were nominally grown as shown in Figure 5.1
with d-layers (a) and (c) omitted, along with the 1000A AlggeIngg; Sb shown between
d-layers (a) and (b). In this series, d = 400A was used for each of the samples. o-laver
(b) had a net donor density of 1.6 x10'2cm?, and the only parameter that was changed
was the thickness of the well, dyey. The Matthews and Blakesly critical thickness [341.
te, which determines how thick an epilayer can be grown before relaxation begins. is

given by the solution of:

-

a(l — v/4{In(t.v/2/a) + 1] -
2\/§7rtc(1 +v) ’ ‘

where a is the lattice constant of the sub-layer, v is Poisson’s ratio®, and = = M«

g

is the strain in the layer, where Aa is the difference in lattice constant between 1he
two layers. The calculated critical thickness for InSb grown on Alggglngg;Sh. using
v = 0.33, is slightly greater than 600A. A more detailed model was developed by
Houghton, et al. [85]. They followed Matthews and Blakesly but incorporated more

terms relating to the energy of relaxation in a calculation of the critical thickness of

3Poisson’s ratio is approximately 1/3 for most semiconductors.
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Ge;Sii—./Si heterostructures. Using this treatment, Barnett, et al. [86] performed
relaxation studies of the InSb/Al.In,_.Sb system, which showed good agreement
with the Houghton model, and predicts ¢t. = 400A for InSb/Alg.gsIng g1 Sb.

Figure 5.2a shows a plot of the measured 77K mobility as a function of dy..-
We see that for 2004 < dy.y <4004, the mobility is roughly constant. However. for
dyelt = SOOA, a significant drop in carrier mobility is observed. Relaxation occurring
in the quantum well would result in a lower mobility due to misfit dislocations as ¢,
is exceeded. If this is the dominant mechanism leading to the large drop in mobility,
the apparent critical thickness, 400A < ¢. <5004, agrees well with the value predicted
by Barnett, et al. These data are qualitatively similar to that reported by Bolognesi,
et al. [87] for InAs/AlISb quantum wells.

A wider well could also increase the number of populated subbands. Calculations
by Bolognesi, et al. predicted only a single occupied subband in their quantum wells.
and they therefore attributed their drop in mobility for wide wells to relaxation
occurring in the well. To calculate the existence of additional populated subbands
requires knowledge of the band offset in the conduction band, which is currently
being investigated at The University of Oklahoma (Sec. 6.1) {88, 89]. However. the
results of a self-consistent calculation in the Hartree approximation [90], assuming
a band offset of 75%, indicate a second subband would be about half filled for
dyey = 500A with our measured well density of 2.92 x 10!'em~2: the second subband
for dyey = 4004 is not filled or only partially filled for our measured well density of
2.67 x 10" cm™2. As a result, increased intersubband scattering could account. at
least in part, for the drop in mobility for dy.; > 100A.

We also observe a low carrier mobility for the sample with dyey = 15304, At low

temperature, the dominant scattering mechanisms [91, 92, 93, 94, 95, 96] for remotely
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Figure 5.2: 77K (a) mobility and (b) carrier density as a function of well thickness.
Low mobility below 200A is attributed to interface roughness, and low mobility
above 4004 is attributed primarily to relaxation of the well, and also possibly to
intersubband scattering.




CHAPTER 5. HIGH MOBILITY INSB QUANTUM WELLS 36

doped quantum wells are from unintentional background impurities, remote ionized
dopants, and the roughness of the quantum well/barrier interface(s). All the samples
in this series presumably have the same unintentional impurity density since they
were all grown within a two-week period, and all of the samples have the same value
of d. Therefore, we attribute the decrease in mobility for the dy.; = 150A sample
to roughness of the well/barrier interface, which is a scattering phenomenon that
has been shown to decrease in strength for Si/Si Ge;—, [93], InAs/AISb [87]. and
GaAs/AlAs [97, 98] quantum wells roughly according to (dyeu)®-

It is therefore important for our structures to have 200A< d.; <400A. Since we
desire only one populated subband in our structures®, a narrow well is appropriate
(Sec. 1.4), and a value of dyey =220 was chosen.

Equation 1.39 indicates that the quantized energy level is inversely proportional
to 1/(dyeq)? for an infinite square well. Assuming the Fermi level is pinned at
the conduction band edge for all samples, Equation 1.43 is integrated over a wider
interval, resulting in a larger carrier density, as d,.; is increased. Ve would expect
to see an analogous dependence for our finite square wells. Figure 5.2b shows a plot
of the measured carrier density as a function of d,.;. and, as expected. shows a

monotonic increase in n as dyey is increased.

*Electrons in the ground state have a wavefunction that is more confined to the center of the well.
compared to higher energy wavefunctions, resulting in less scattering from both the well/barrier
interface and the ionized dopant. In addition, the ground state wavefunction penetrates into the
barrier less than higher energy wavefunctions, where the electron mobility is intrinsically much
lower. The lower mobility of the high energy level electrons is equivalent to a parallel conduction
path; the existence of parallel conduction paths makes the interpretation of transport data more
difficult (Sec. 6.2).
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5.4 Transport Data

5.4.1 Single Quantum Wells
“Single-Doped” Single Quantum Wells (SDSQW)

Initially, a series of six “single-doped” single quantum well (SDSQW) samples (i.e.
NV = 1) was grown with AlggeIng;Sb barrier layers sandwiching a 220A-thick InSb
quantum well. Again, these samples were nominally as shown Figure 5.1 with d-lavers
(a) and (c) omitted. along with the 10004 Alggelng.g; Sb shown between d-layers (a)
and (b). To provide electrons for the quantum well and surface states, d-layer (b)
(net donor density of =~ 1.6x10'2cm™2) was placed in the upper Al;In,_.Sb barrier
a distance of 100A<d<300A above the InSb quantum well. All samples in the series
had the same growth parameters (substrate temperature, Sb/In flux ratio, growth
rates, etc.) and identical layer structures except for the spacer layer thickness. d.
Figure 5.3 shows the measured electron density n and mobility 1 as a function of d
at 77 K.

A simple electrostatic model can be used to explain the observed dependence of
electron density on spacer layer thickness. Figure 5.4 defines several parameters used
in Equations 5.2 and 3.3:

l’l=§’__EF (5.2)

€ qd

Ep
n= D(E)dE. i5.3)

E,
Equation 5.2 describes the electric field in the spacer layer. In the right hand side,
background ionized impurities are ignored and the Fermi level at the d-doped layer
is assumed pinned at the conduction band edge. The left hand side is obtained
by integrating Poisson’s equation, where ¢ is the permitivity. The well density at

zero temperature is calculated in Equation 5.3, assuming only a single subband is
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Figure 5.3: Measured electron (a) density and (b) mobility at 77K in “single-doped”™
single quantum-well structures. The dashed line in (a) shows the prediction of a
simple electrostatic model assuming a non-parabolic dispersion relation and an 35%
band offset. The solid line shows the non-parabolic prediction assuming a 60% band
offset. The dotted line shows the prediction assuming a parabolic dispersion relation
and a 60% band offset.
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occupied.

For a parabolic dispersion relation, the density of states is a constant D(E) =
m;/mh®. An analytic expression for n as a function of d is obtained by simultaneously
solving Equations 5.2 and 5.3:

n= (Eb — Eo)
1/D + q3d/e’

(5.4)
This dependence is shown as a dotted line in Fig. 5.2a, using values of mp = 0.0145m,
and € = 17.7¢,. The barrier height E, = 100.2meV was deduced by assuming that
60% of the InSb/Al.In;_.Sb band edge discontinuity appears in the conduction
band. In calculating the subband energy E, = 24meV, strain and the non-parabolic
dispersion relation were taken into account but the effects of band bending were
ignored.

This simple model can be made more accurate by using a density of states expres-
sion that accurately reflects the non-parabolic dispersion relation. Using a two-band

model (Sec. 1.3.3), the density of states is expressed by Equation 5.5, where £,

(= 230meV at 77K) is the bandgap of InSb:

mr 2F
p(E) = 5 (14 )
o g

(1]
Ut

Equations 5.2, 5.3, and 5.5 can be combined to express n as a function of «. The
results of this non-parabolic calculation are shown as solid and dashed lines tor a
band offset of 60% and 85%, respectively, in Figure 3.3a. The dashed line is in better
agreement with the data, but recent studies at The University of Oklahoma suggest
that the band offset is less than 77% (Sec. 6.1) [88], so the better fit assuming an
85% offset is likely coincidental. We believe the error is possibly due to uncertainties
in E'r at the d-doped layer, E}, (due to the unknown value of the conduction band

offset) and E, (due to neglecting band bending). However, the qualitative agreement
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serves as evidence that the structure is a remotely-doped quantum well.
“Triple-Doped” Single Quantum Wells (TDSQW)

The dependence of 2 on d in Figure 5.3 reveals the strong effect of remote ionized
dopant scattering. Since n is much less than the net donor density provided by
the single d-doped layer, and parallel conduction was not evident from Hall effect
measurements, the majority of donor electrons must reside in surface states. These
donors providing surface electrons remain near the well and are a source of remote
ionized scattering.

To achieve an increase in mobility, this “extra” dopant was placed a distance
d + 10004 from the well (layer (a)). The cumulative amount of Si was kept the same
as for the single-doped quantum wells, and the remaining dopant was divided evenly
into two d-layers and placed a distance d on either side of the quantum well {lavers
(b) and (c)), as shown in Figure 5.1 for V = 1. A quantum well that is remotelyv
doped on only one side has a non-zero electric field acting on the electrons. which
moves the center of the electron probability density toward the positive ions rand
therefore the edge of the well). This has the dual effect of increasing remote ionized
scattering as well as scattering due to interface roughness®.

When a quantum well is remotely-doped on both sides, the electrons in the ..l
feel no external electric field if we treat the surface, ionized dopant, and contin. !
charge as infinite sheets of charge®. As a result, the electron probability den-ir-

will remain in the middle of the well, reducing both remote ionized and interfiice

5This is based on the assumption that the roughness of the top interface is the same as -l
roughness of the bottom interface. This is not the case in the InAs/AlSb quantum well system u
which the bottom interface is more rough than the top [95]. Experiments to determine whetiier
this occurs in our system have not yet been performed.

6The electric field associated with an infinite sheet of charge does not have a spatial depen-
dence [99], and all of the fields in this case would cancel.
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roughness scattering. In addition, if we now assume the Fermi energy is pinned on
both sides of the quantum well, and taking the same assumptions as in the previous
section, doping on both sides of the quantum well mandates that the left-hand side
of Equation 5.2 be divided by 2. Solving the modified Equation 5.2 and Equation 5.3
again for n predicts that, for a given d, the density in our “triple-doped” structures
is greater than in our “single-doped” structures. Figure 5.5 shows n and u. along
with the predicted behavior, at 6.5K for a series of TDSQW samples for which the
only parameter intentionally varied was d. While the density is higher for a given
value of d, we observe that the qualitative fit to our model is not as convincing as
for the SDSQWSs; this deviation is currently under investigation.

The increase in density given the same number of Si donors should have a positive
effect on our mobility, as follows. We assume that the scattering occurring at low
temperature is predominantly due to remote ionized dopants, interface roughness.
and unintentional background scattering, with partial scattering times of 7r.moce-

Trough, aNd Theek, respectfully. The total scattering time, 74, is given by:

1 1 1 1 -
= + + , 15.6)
Ttat Tremote Thack Trough

where 7, x 1 (Eq. 1.9) in the approximation of static conductivity’.

Taking electron interactions into account (i.e. screening), and considering a re-
motely doped quantum well with infinite barriers and one populated subband at
zero temperature, Gold [93] and Gold et al. [100] calculate that the scattering time.
Tremote, 1S related to the well electron density, n, and the remote ionized dopant
density, n;, by:

1 n;

x —, (3.7)
Tremaote n

"Treatment of dynamic conductivity includes such variables as imaginary currents and plas-
mons {93].
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and Tpeck is related to the unintentional background dopant density, Vyock, and n by:

1 »’Vback
X ——.

Thack n

(5.8)

Scattering due to interface roughness is not a Coulomb event, and therefore 7,4

83 Due to the shift in the electron

does not have an n (i.e. screening) dependence
probability density toward the interface for the SDSQWs, the final term in Equa-
tion 5.6 should greater for the SDSQW design®. In the other two terms, n, is a
constant, and Ve is assumed to be constant in the two types of structures. There-
fore, Equations 5.7 and 3.8 should both be less for the TDSQW structure, leading
to a smaller value for 7, and a corresponding higher mobility for a given spacer
thickness.

From Figure 5.5b, we observe that the mobility increases up to a value of d =
600A and then drops off dramatically. It is not clear what would cause the large drop
in mobility between S523 and S517 and S520 since the densities are approximately
the same and the surfaces of each sample appear to have the same density of defects
when viewed under a Nomarski Microscope: this feature is also under investigation.
However, as predicted, Figure 5.6a indicates the mobilities in this series at 77K are
higher than the mobilities for our SDSQWs at 77K, shown in Figure 5.3b. for the
same value of d.

Figure 5.6 shows p and n as functions of temperature for the samples shown
in Figure 5.5. In qualitative agreement with our model, we observe that the car-
rier density decreases monotonically with d at low temperature. We also observe

that the mobility of the quantum wells monotonically increases as the temperature

3 rrough is related to the average deviation in height perpendicular to the substrate and the
density of these deviations parallel to the substrate in the interfaces {93].

YHowever, as discussed in Section 5.3, we are not in the regime where interface roughness
scattering is the dominant scattering mechanism.
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decreases down to about 530K, due to the decrease in temperature dependent scat-
tering mechanisms, such as phonon scattering, after which the mobility approaches
a roughly constant value below about 30K; the temperature at which the mobility
plateaus is a figure of merit reflecting the quality of the structure. The behavior
of 4 as a function of temperature observed here is qualitatively the same as that
seen for other remotely doped quantum well systems, such as GaAs/A1GaAs [101],
in which the highest low-temperature mobilities have been reported. GaAs/AlGaAs
is a nearly homoepitaxial system, allowing for a high degree of crystallinity. As a
result, the electron mobility in these systems does not become constant as a function

of temperature until below 2K.

5.4.2 Multiple Quantum Wells (MQWs)

A series of multiple-quantum-well (MQW) structures (1 < .V < 14) was grown in
which the only parameter intentionally varied was the number of quantum wells [63].
These structures were as shown in Figure 5.1 without layer (a). The topmost J-layer
was doped four times heavier (3.2 x 102cm~2 net donor density) than the rest of
the dopant layers (8 x 10''cm~2 net donor density), and no d-layer was placed on
the substrate side of the bottom quantum well, except in the .V = 1 structure.
The distance from each dopant layer to the nearest quantum well was d = 600A.
The room-temperature and 77K values for n and g are shown in Figure 5.7. The
dependencies on .V result from the increasing importance of conduction through
the quantum wells with increasing :N. The filled circles in Figure 3.7a show that
n at 77K is linearly proportional to the number of filled quantum wells. When a
quantum well is remotely-doped on both sides, the left-hand side of Equation 3.2

must be divided by 2, as discussed in the previous section. Consequently the electron
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density in the well closest to the substrate will be as predicted in Figure 5.2, while
our model predicts the other V—1 wells will have densities that are 1.7 times greater.
Therefore. the number of filled quantum wells is defined as .V — 0.4. As before. we
make the approximation that n at 77K is due entirely to extrinsic electrons .V x ey .y
that reside in the quantum wells but originate from Si dopants in the barrier lavers.
Hence. a value for e,y can be deduced from a line of best fit that also passes through
the origin. The slope of such a line, shown in Figure 5.7a, gives e, = 3.5x 10 cm™2

The density at room temperature is the sum of V xe .y plus the intrinsic densities
in the quantum wells .V X iy, the barrier layers .V x iy,,, and the buffer layers iy, .,
From the slope of a line fit to the room temperature points and forced through iy,ser
at the ordinate axis, a value of eye + lwen + lbar = 4.5 X 10''cm ™2 is determined.
A value for ipyffer of 2.6 x 10''cm™2 is determined from a Hall measurement on a
structure with the quantum wells and barriers etched off'®. Since the bandgap of
AlSb is very large. ipuffer is assumed to be due entirely to electrons in the 4um
Al In;_.Sb layer with the quantum wells etched off. Multiplying is.ffer by a ratio
of thicknesses (12004 /4um) yields an estimate of s, = 0.8 x 10'%cm™2. A value for
ipey = 4.5 x 10"em=2 - 3.5 x 10''em =2 — 0.8 x 10%m~2 = 0.9 x 10*'em~2 can then
be deduced. Dividing iy.; by the well thickness of 2204 vields a concentratiun of
4.2 x 10'5cm™~3, a value comparable to that measured in intrinsic InSb layers (about
2x10'%cm=3). The consistency of the deduced values of isyffer: isar, and iy.y with
measured values of Al;In;_.Sb and InSb lavers is evidence for the validity of our
model.

The density values deduced above can be used to model the :V-dependence of

10The etch used was that discussed in Appendix B. The etch rate was determined by etchinyg
part of the sample that was partially covered with black wax. The black wax was removed by TCE.
and the step height was characterized using a Tencor P-1 Long Scan Profiler (Tencor Instruments
in the ECE Department.
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the room-temperature mobility. As shown in Figure 5.7b, a trend toward higher
mobility is evident with increasing .V. As discussed above, an appreciable density
of intrinsic carriers is present in the Al.In,_.Sb buffer and barrier lavers at room
temperature. As a result, the room temperature transport behavior is expected to
be a combination of both intrinsic electrons in the buffer, barrier and wells. and
extrinsic electrons in the wells.

For the structure with .V = 1, the percentage of electrons that are extrinsic
is about 53%, which is the ratio between n at 77K and n at room temperature.
Growing structures with more periods can increase this percentage. Each additional
period adds a 220A-thick quantum well, a Si d-doped layer, and an additional 2 xd =
1200 of Al;In,_.Sb barrier material. As deduced above, the density of resulting
intrinsic carriers in the additional barrier material (izo, = 0.8 x 10%m~?) is much
less than the density of additional electrons in the well (eyey + iwen = 4.4 x 10 tem ™).
Because  in InSb is higher than in Al In;_.Sb, the ratio of high-u carriers to low-u
carriers, and consequently the measured y, should be enhanced. As the number ot
quantum wells is increased, the percentage of extrinsic carriers increases to about
78% and the mobility increases to 41,000cm?/Vs when .V = 14.

The mobility in an .V-period multiple-quantum-well structure can be approxi-

mated as:

H= (nallay#allay + nwellﬂwell)/(nalloy + nwell)y ’

where

Nalloy = ibuffer + .V x iba.r (.0

is the density of electrons in the alloy layers, and

Nuett = N X (€uett + twelt) (2.11)
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is the density of electrons in the quantum wells. All the density values in Equa-
tions 3.10 and 5.11 were determined as discussed above and a value of pgy =
8,000cm?/Vs was measured in the etched 4um sample of Alggelngge:;Sb. Since all
other necessary quantities in Equation 5.9 are known, a value for p,.; can be de-
duced by a single-parameter curve fit to the data in Figure 5.7b. The data are
bracketed between curves with pyey set at 39,000cm?/Vs and 43, 000cm?/Vs. We
see from these curves that over 90% of the well mobility is obtained for an .V = 10
structure, so more wells are not necessary.

Our measured value of 41,000cm?/Vs is the highest room-temperature mobility
reported in a quantum well made of any semiconductor, including InAs {102] and
GaAs. However, it is still significantly lower than the x~60,000cm?/V's that we and
others {103, 16, 104] observe in undoped InSb layers on GaAs substrates. Higher
quality structures are required to increase the mobility to 60,000cm?®/Vs, which re-
quires the improvement of the buffer layers. Morphology studies are ongoing using
AFM (Sec. 5.3) and should accelerate with the acquisition of a Scanning Tunneling
Microscope, arriving in the Fall of 1998, that will be attached to the MBE syvstem
and will allow for in situ studies.

The measured mobilities at 77K are shown in Figure 5.7c. A dramatic jump in
i occurs from 126,000cm?/V's for .V = 1 to 175,500cm?/Vs for V = 2. Increasing .\
results in only a slightly higher u, with a maximum of 209,500cm?/V’s for .V = 1.
This is in contrast to the gradual increase in mobility observed at room temperature.
Since virtually all of the carriers at this temperature are extrinsic electrons in the
wells, one would expect the mobility to be independent of V. Although the causes of
the anomalous low u for N = 1 are still under investigation, we believe that remote

ionized dopant scattering plays a major role. The very high density of the J-doped
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layer closest to the surface would make the N = 1 structure more limited by such
scattering than structures with larger .V.

Finally, Figure 5.8a shows a plot of x as a function of temperature for our high-
est mobility MQW (N = 10) and TDSQW, where pyow = 380,000cm?/Vs and
prpsow=300,000cm?/Vs at 6.5K. As discussed above, the room temperature mobil-
ity of the MQW is larger than the TDSQW. Each has d = 6004, so we expect each
structure to have roughly the same number of carriers per well at low temperature.
We also expect the carrier density to depend on temperature more for the TDSQW
than the MQW at high temperatures. These predictions are verified in Figure 5.8b.
which is a plot of n vs. T. The low temperature densities are 2.8 x 10'?cm~? and
2.3 x 10 cm™2 for the MQW and the TDSQW. respectively. We also vbserve that
the slope of the density for the MQW is much less than the TDSQW near 300K.

5.5 Atomic Force Microscopy (AFM)

Atomic force microscopy was performed on many of the quantum-well structures '63].
Figure 5.9 shows an atomic force micrograph of the N = 1 structure with d = 600A.
The large scale image reveals pyramidal features as well as abrupt steps oriented
in the {1 1 0] and [1 1 0] directions. The inset to Figure 5.9 shows that these
pyramidal features are actually spiral-like structures that grow around threading
(screw) dislocations. Similar spiral growth mechanisms have been observed in uther
[TI-V systems, such as GaSb [105, 106, 107], InAs (107], InP [108], and GaAs {109
The step heights on the pyramids correspond to two monolavers and the pyramid
heights range from about 1004 to 5004 with a characteristic separation of about
3um. The size and density of these features is similar in all of the quantum well

structures studied. However, the oriented abrupt steps are typically about 1004 in
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height, 5-10um long, separated by about 5um. and, unlike the pyramidal features.
are less numerous in the structures with .V > 1. This may be due to dislocation
filtering occurring at the well/barrier interfaces of our .V > 1 structures.

These studies indicate that the penetration of defects through and morphol-
ogy of the active layers may play a role in limiting the mobility of the electrons
in the wells. Both the pyramidal and oriented abrupt steps cause thickness vari-
ations comparable to the well width (220A). Moreover, the spacing of these de-
fects is on the same scale as the mean free path of the electrons in the wells
[l = (h/e)muyen(2TNyen)t’? =~ 0.4um at room temperature] and will therefore ad-
versely affect the mobility, particularly at low temperature. Therefore, the large
variation in the number of oriented abrupt steps between the ¥V =1 and .V > 1
structures may account in part for the anomalously low mobility in the V = 1
sample at 77TK. Further microscopy studies continue to test this conjecture and to

optimize buffer layer design.

5.6 Conclusions

In InSb quantum wells with Al.In;_.Sb barrier layers 4-doped with Si. room tem-
perature electron mobilities as high as 41,000cm?/Vs, which is the highest reported
value for a semiconductor quantum well, and 380,000cm?/V’s at 6.5K were observed
for electron concentrations of 2.4 x 10:"cm™. Even higher mobility should be pos-
sible with improved surface morphology and higher electron concentrations should

result from decreasing the quantum well to dopant distance.
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Figure 5.4: Schematic diagram showing parameters used in a simple model for the
dependence of electron density on spacer layer thickness.
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Figure 5.5: 6.5K (a) density and (b) mobility for our triple-doped single quantum
wells. The line in (a) corresponds to a prediction based on a simple model assuming
a non-parabolic dispersion relation and a 60% band offset.
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Figure 5.9: Noncontact atomic force microscope images of the surface of a single
quantum well sample. The large image is a 50uxm square region with the gray scale
representing a height variation of 1000A. The small image (inset) is a 2.6um square
region with the gray scale representing a height variation of 100A. demonstrating
the presence of screw dislocations. Steps of monolayer height can be seen.



Chapter 6

Optical and Transport Studies

The recent achievement of high quality quantum wells now allows for optical and
low temperature experiments that can be used for the characterization of materials
and to study unique features in the InSb/Al.In;_.Sb system. In this chapter. I
present some initial results from ongoing Fourier Transform Infrared Spectrometry

(FTIR) (88, 89] and low temperature magnetotransport experiments.

6.1 Fourier Transform Infrared Spectrometry

In the simple quantum well model presented in Section 5.4.1. a number of parameters
were assumed, including the barrier height. This value is affected by the band ul{~-1.
which is the percent of the bandgap difference appearing in the conduction biunid
discontinuity at the well/barrier interface. Little research has been done on tti-
topic in the InSb/Al;In,_.Sb system.

Fourier Transform Infrared Spectrometry (FTIR) can be used to measure the
energy of electronic transitions from valance to conduction band states [38. -
Figure 6.1 shows transmission as a function of photon energy, hAv, for a 23 period

multiple quantum well sample!. We observe that the transmission decreases roughly

! The sample is as shown in Figure 5.1 for .V = 25 except dopant layers (a), (b) and (c) and the
1000A layer between dopant layers (a) and (b) are omitted, the well is 250 wide, and the wells

105
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in steps, which is expected from the 2-D density of states.

The peaks at the onset of each “step” are due to excitons. Linewidths of these
peaks are a measure of crystalline and interface quality. Wider linewidths are ob-
served when thinner buffer layers are used, indicating a structure of lower quality.
as predicted in Chapter 5.

We can predict transition energies from the well width and barrier height. the
latter of which is proportional to the band offset. The bandgap for quantum wells
also differs from that of bulk InSb due, in part, to strain. The difference in energy
between the conduction and light hole bands, E,, and conduction band and heavy

hole bands, E_, is given by:

Ei=Eg+[a (2—;%‘—2)13(14-2?2)]5, (6.1)

11 ‘11
where « is the sum of the deformation potentials in the conduction and valance
bands, C; and C}; are elastic constants [62], and 3 is the shear deformation poten-

tial. z is the strain, given by:

Qo.InSb — Qo,AlInSh (6.2)

(L]

Ao, AlInSh

To model the transitions, a parameter, @, is introduced, which is the percent of
the smallest bandgap discontinuity (E_ in this case) appearing in the conduction
band at the well/barrier interface. Also, a correction term of order =* has been
added to Equation 6.1, and the conduction and LH bands were calculated in the 2-
band approximation (Sec. 1.3.3). Assuming @ = 0.70, Figure 6.1 shows the predicted
transitions (arrows), which consist of three heavy-hole to conduction band (HH:-CB:)

and one light-hole to conduction band (LH:-CBz). The selection rule Ai = 0, where

are separated by 500A.
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Figure 6.1: FTIR spectrum of an InSb multiple quantum well [88].
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i is the subband index, has been implemented in the model. The close proximity of
the predicted values to the peaks indicates that the correct transitions were modeled.

The model predicts that this quantum well system will become type-IT if the band
offset is greater than 0.77, which is therefore the upper limit predicted by this work.
Preliminary work using the more detailed 4-band model suggests that the offset is
actually less than 0.70, and may be as low as 0.55. A more precise number will be
possible from the present study of parabolic wells, where all of the subband energies
are sensitive to band offset (curvature), and Ai = 2 transitions are allowed in these

structures, allowing for the observation of more transitions.

6.2 Integer Quantum Hall Effect (IQHE)

By extending the transport measurements to lower temperatures and higher mag-
netic fields, quantum mechanical effects can be probed in our quantum wells. In the

quantum regime. the density of states becomes:

eB

2D .
D;uantum = he ' (6.3)
and the energies are given by:
o1 1 .
E; = hw, (j + 3) + 3gubB, (6.4)
where j =0,1,2...,
eh -
My = 35— (6.3)
2m

is the Bohr magneton, and g is the spin g factor. The first term is due to the inter-
action of the moving electron charge and the second term is due to the interaction
of the electron spin with the applied magnetic field.

Evidence for high quality two-dimensional structures can be obtained bv the

observation of the integer quantum Hall effect (IQHE). Recently, the IQHE has been
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observed in a number of our quantum wells. Figure 6.2 shows data from a TDSQW,
as shown in Figure 5.4.1 with d = 3005 and a well width of 3004, at 1.4K and
33mK. Minima in resistivity are expected when an integer number of Landau levels
are occupied since electrons in Landau levels completely below the Fermi energy have
no nearby empty states in which to scatter. We begin to see these Shubnikov de-
Haas (SdH) oscillations at B,,s:=0.5T.2 A measure of disorder can be deduced from
Bonse since uB > 1 is required to see SdH oscillations: an electron must complete at
least one orbit of the Fermi surface before scattering. Setting uB,,s¢ = 1 provides
a value for the "quantum mobility” of 20.000cm?/Vs, which is about an order of
magnitude smaller than the "transport mobility” discussed in Chapter 5. This is
qualitatively expected since quantum mobility is sensitive to all scattering events.
while transport mobility is sensitive predominantly to large angle scattering.
Landau level filling factors (number of filled Landau levels) are labeled in Fig-
ures 6.2 and 6.3. Spin splitting is not resolved until 0.92T (v = 9), whereafter.
plateaus in the Hall resistance are evident for B > 1. The precise quantization
of these plateaus at h/ie?, where i is an integer, is the signature of the IQHE. As
shown in Figures 6.2 and 6.3, the IQHE is observed from v = 8 (1.06T) to v = |
(8.48T). The explanation for the plateaus relies on the density of states being Gaus-
sian Landau levels (as opposed to spikes in the case of a pure crystal) composed of
extended states at the centers and localized states in the tails. A plateau occurs
when the Fermi level lies in the localized states. The IQHE will be resolved when
there is sufficiently little overlap between the center of a Landau level with the tails
of neighboring Landau levels. Hence, for samples with less disorder. the IQHE will

be observed down to lower B. The onset of the IQHE in our samples is similar to

?Since the position and number of minima are unchanged when the temperature is further
lowered to 33mK, Bongee is not limited by temperature at 1.4K.
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Figure 6.2: Low-B plot of the Hall resistance and resistivity as a function of B at
1.4K (solid) and 33mK (dotted) demonstrating the integer quantum Hall effect in an
InSb quantum well with AlggeIng.¢;Sb barriers (S499). [Data taken at the NHMFL

by J. Hicks, S.Q. Murphy, and M.B. Santos.]
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that observed in InAs wells [110].

Since the discovery of the fractional quantum Hall effect (FQHE) in 1982. many
studies have focused on the behavior of 2DEGs in the extreme quantum limit (v < 1).
The experimental signature of the FQHE resembles that of the [QHE except that i is
an odd denominator fraction rather than an integer. The explanation for the FQHE.
however, is quite different. The FQHE is a manifestation of electron correlations. At
odd denominator filling factors, the electrons condense into a quasi-particle liquid.
This liquid state can be destroyed by weakening the importance of electron-electron
interactions by, for example, increasing disorder.

As shown in Figure 6.3, S499 shows no evidence for the FQHE at v = 2/3. One
possible explanation is that high disorder has destroyed the FQHE. However. it has
been calculated [111] and observed [112]® that 2DEGs in the extreme quantum limit
(v < 1) should either exhibit the FQHE at v = 2/3 or, if the disorder is sufficiently
high, enter an insulating phase. Measurements on S499 at 33mK reveal similar
resistance values at v < 1, indicating that our 2DEG has not entered an insulating
phase. The anomalous behavior of S499 suggests that destruction of the FQHE is
not due solely to disorder. Because InSb has a small electron mass, parameters that
predict the strength of electron correlation effects (effective Rydberg x m/e* and
effective diluteness x m/¢) are several times smaller than in GaAs or Si. Therefore.
electron correlation effects are expected to be weaker in InSb than in other materials
where the FQHE has been observed. More experiments are required to test whether
disorder or an intrinsic property of InSb is responsible for our observations at v < 1.
If the effects of disorder are sufficiently low, InSb quantum wells may provide a

unique setting for studying single particle behavior in the extreme quantum limit.

3And references therein.
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Figure 6.3: Plot of the Hall resistance and resistivity from Figure 6.2 as a function
of B at 1.4K (solid) and 33mK (dotted) demonstrating the integer quantum Hall
effect in an InSb quantum well with Alggglng.e;Sb barriers (S499). [Data taken at
the NHMFL by J. Hicks, S.Q. Murphy, and M.B. Santos.]
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Appendix A

Contacts

Ohmic contact to our samples is obtained by the following procedure.

1. Cleave from the sample a piece =~ 5mm square.

2. With a clean razor blade, slice off a piece of relatively pure In. Ve
use 7N In.

3. With a clean soldering iron, apply a small amount of In to the corners
of the sample. The contacts need to be small for the Van der Pauw technique to
apply (Sec. 1.2.2).

4. Anneal the sample at 230°C for five minutes in a reducing atmosphere
of H, and N,. Since O, will combine with In to form an insulating oxide, we require
H, to combine with existing Os to form water, which is innocuous. However. [, is
extremely volatile, so the bulk of the reducing atmosphere is composed of inert N..
We use a mixture of =~ H,(20%)/N,(80%).

5. Compress the annealed In with a clean piece of metal.

6. Press the 99.99% Au wire into the flattened In contact, and apply
a small amount of In solder on top.

7. Again, compress the contact with a clean piece of metal. We have found

that the “compression” steps are necessary to consistently obtain Ohmic contact at
low temperatures.
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Appendix B

Pre-Growth Etch for GaAs
Substrates

The following is the pre-growth etch procedure used for GaAs substrates, as discussed

in Section 2.3.4. Keep ezposure to air at a minimum following the wet chemical etch

to keep re-contamination of the substrate to a minimum.

o

- W

(V)]

=~

. Prepare Etchant: H,504:H,04:De-lonized (DI) H,O at 5:1:1

Degrease

a) Boil in Trichloroethylene for 5 minutes

b) Boil in Acetone for 5 minutes

c) Boil in Methanol for 5 minutes

Rinse in DI H,O for 2 minutes.

Etch for 2 minutes, keeping substrate in motion
Rinse in DI H,O for 3 minutes

Boil in Methanol for 3 minutes

Blow dry with filtered N,

Load Substrates quickly to reduce re-contamination




Appendix C

Modified CP4A Pre-Growth Etch
for InSb Substrates

The following is a variation of the CP4A etchant [44] used for pre-growth etching
of InSb substrates, and produces a mirror like surface with a passivated oxide laver
that is low in carbon contaminants [45], as discussed in Section 2.3.5. Keep erposure
to air at a minimum following the wet chemical etch to keep re-contamination of the

substrate to a minimum.

1. Prepare Etchant: HNO3;:HF:CH;COOH:De-lonized (DI) H,O at 2:1:1:10

(V]

. Degrease

a) Boil in Trichloroethylene for 5 minutes

b) Boil in Acetone for 5 minutes

c) Boil in Methanol for 5 minutes

Etch for 2 minutes, keeping substrate in motion
Rinse in DI H,O for 3 minutes

Boil in Methanol for 3 minutes

o o e W

Blow dry with filtered N,

-~

. Load Substrates quickly to reduce re-contamination
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Appendix D

Additional Delta Doped Sample
Parameters and Additional
Samples

The following table lists a number of extra parameters for the InSb and Alg g9lng.4:Sb
d-doped samples discussed in Chapter 4 as well as some additional samples not men-
tioned. All samples are d-doped InSb, unless an “AllnSb” appears in the “comments”
column. The notation is the same as that used in Chapter 4. The notation "\
T+30/5" is interpreted as a 5 minute anneal occurring between doping and growth
of the cap later at T, + 30°C. However, S338 had a post growth anneal performed

for about 18.3 minutes.




‘uoryewojui ajdwes padop-¢ [BUOINPPY :1°( 9]qCL

sample 10 ('C] Tcap ('C) oI ("Cls) Dopin nRT(cm-2) _ RRI{cm2IVS) n77K(cm-
tr tr 5/60  c(4x4 9.00E+12 45174 3.030E+
8312 Ttr+20 Ttr+20  1305/50 "1x3' 6.80E+12 52920 7.90E+11
8313 Ttr+40 Ttr+40  1305/50 ‘1x3' 6.97E+12 52414 -1.65E+11
8314 Ttr-20 Ttr-20  1305/50 c(4x4) 1.04E+13 31849 4.32E+12
S315 Ttr-40 Ttr-40  1305/50 c(4x4) 1.04E+13 42311 4.08E+12
S316 Ttr+10 Ttr+10  1305/50 "1x3' 9.03E+12 45696 2.23E+12
8317 Ttr+30 Ttr+30  1305/50 "1x3' 7.17E+12 51529 4.78E+11
S318 Ttr+35 Ttr+35  1305/50 "1x3' 7.25E+12 52279 7.32E+11
S§319 Ttr-50 Ttr-50  1305/50 c(4x4) 1.12E+13 41502 4.08E+12
8320 Ttr-20 Ttr+30  1305/50 1x3' 7.42E+12 51763 -1.68E+11
8321 Ttr+30 Ttr-20  1305/50 c(4x4) 8.78E+12 48679 3.01E+12
8322 Ttr+30 Ttr+30  1305/50 "1x3 6.42E+12 53959 -1.94E+11
8323 Ttr+20 Ttr-20  1305/50 c(4x4) 9.38E+12 43613 3.26E+12
8327 Ttr-20 Ttr-20  1305/50 c(4x4) 8.26E+12 47913 2.46E+12
§328 Ttr-20 Tr-20 1305/10 c(4x4) 6.65E+12 53605 8.26E+11
$338 Ttr-20 Ttr-20  1305/50 c(4x4) 8.39E+12 47273 3.70E+12
$350 Ttr-20 Ttr-20 1305/50 c(8x2)/(4x2) 6.90E+12 46987 2.51E+12
8374 Ttr-20 Ttr-20 1305/50 c(4x4) 6.85E+12 47463 2.95E+12
$434 Ttr-20 Ttr-20 1305/50  c(4x4) 8.67E+12 46765 3.13E+12
$439 Ttr-20 Ttr-90  1305/50 c(4x4) 7.92E+12 49477 2.93E+12
$452 Ttr-20 Ttr-20  1305/50 c(4x4) N/A N/A 297E+12
5453 Ttr+30 Ttr-20 1305/64 '1x3' 8.58E+12 49584 2.58E+12
5455 Ttr+30 Ttr-20  1305/64 "1x3' 7.53E+12 49319 2.08E+12
$457 Ttr+30 Ttr-20  1305/64 '1x3' 5.95E+12 57377 7.28E+12
S463 Ttr+30 Ttr-20 1305/64 (4x2)/1x3' 6.44E+12 54371 7.59E+12
S464 Ttr+30 Ttr-20 1305/64 (4x2) 6.34E+12 54826 6.22E+12
$480 Ttr+30 Ttr+30 1305/30 c(4x4) N/A N/A 1.67E+12
S$484 Ttr+30 Ttr-20 1305/5 c(4x4) N/A N/A 1.71E+12
$485 Ttr-20 Ttr-20  1305/64 c(4x4) 7.81E+12 45965 3.12E+12
5487 Ttr-20 Ttr-20 1305/128  c(4x4) 1.21E+12 44610 7.71E+12
$497 Ttr-20 Ttr-20 1305/255  c(4x4) 8.61E+12 46505 4.10E+12
S331 Ttr-20 Ttr-20 1305/50  c(4x4) 4.70E+12 27246 3.60E+12
8332 Ttr Ttr 1305/50 c(4x4)/(1x3) 4.45E+12 29605 3.43E+12
S$333 Ttr+20 Ttr+20 1305/50 ~ (1x3) 3.96E+12 31622 2.80E+12
S334 Ttr+40 Ttir+40  1305/50 ‘1x3' 3.11E+12 33390 1.13E+12
S336 Ttr+40 Ttr-20  1305/50 1x3' 4.43E+12 32744 3.08E+12

cm Comments
Growth Run 11
18639
-206
22075 N=957
25818
22567
17048
14625
25424
-164
25728
-1293 A Ttr+30/11
19815
25779 A Ttr+20/5
39123
26996 A Ttr+40/PG
22395 w/o Sb flux for 5
25652
27262 Growth Run 12
30031
27614 Growth Run 13
25964 N=5
23876 N=20
3514 N=50
1700 N=100
13387 N=100
37138 t6=30s
37333 td=5s
28871 GR =1.6 MUls
17463 t6=128s
21832 t6=255s
12561 AllnSb
11625 AilnSb
10440 AlinSb
4947 AlinSb
12795 AlinSb
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