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Chapter 1 Introduction

As an introduction to this thesis, this chapter invites all the readers to dis-
cuss about semiconductor heterostructures and energy band offsets.

1.1 Heterojunction band offset — A brief review

Semiconductor heterostructures have attracted many researchers’ interests since they
realize a confinement of electrons, holes, and/or photons.! When one look at electronic
properties, this superb feature of the junction originates from abrupt changes in po-
tentials for free electrons and holes arising very near the junction. By measuring elec-
tronic properties of a GaAs/Ge junction, Anderson found that both conduction band
minimum and valence band maximum are discontinuous at the junction.?

Although existence of the discontinuities in the conduction band minimum (CBM) and
the valence band maximum (VBM) has long been believed, their abruptness is ques-
tionable compared with their metallurgical structures. For example, molecular beam
epitaxy (MBE) including growth interruptions® and atomic layer epitaxy utilizing self-
limiting mechanisms* realize atomically flat interfaces. (In the following, differences
in CBM and VBM at a heterojunction are called as not band discontinuities but het-
erojunction band offsets (HBOs) so as to express the VBM and CBM might not be dis-
continuous as is the atomic structure.)

Recently, needs for various optical devices have lead us to grow many junctions in-
cluding a residual lattice strain by combining materials having different lattice con-
stants from each other. At these Junctions, which attract much attention because they
can also modify the energy band structure in the strained material, the alignments of
CBM and VBM seems to be much different from those of lattice matched systems.

Further, including GaAs/Ge and GaAs/Si, heterovalent interfaces are much more in-
teresting since depending on an interface atomic configuration the band alignments
can be greatly changed.58 Moreover, several experimental works are currently de-
voted to apply this to a control of HBOs.”8
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1.2 Theoretical views of the band offsets

As shown in Ref. 1, lots of theoretical approaches have been addressed to study HBOs.
Contribution of interface phenomena to the band alignments is one of the most signif-

icant issues. It is currently discussed whether the interface dipole potential varies the
band offsets.?

By ab initio self-consistent calculations for (100)-, (110)-, and (111)-oriented
GaAs/AlAs interfaces, Bylander and Kleinman found an interface dipole potential
(~0.15 eV), which is defined by a potential energy due to a change in charge distribu-
tions compared from bulk GaAs and bulk AlAs. 10 Although the interface dipole ob-
tained by their calculation depends on the orientation, the VBO is independent. The
change in the interface charge distributions was also calculated by Baroni et al.,}1
Oshiyama ez al.,'2 Massidda et al.,*® and Lambrecht et al.14 However, it is commonly
concluded that the variation is limited only at the interface As atom to suggest an
abrupt discontinuities in VBM and CBM.

It is, thus, important to study experimentally whether the change in charge distribu-
tion at an interface is really confined in the interface As atom to form a mono-atomi-
cally abrupt energy alignment.

There proposed various theories to predict VBOs by using simple models (so called
model theories). Tersoff proposed that the VBO is obtained by considering a charge
neutrality. In 1983, he proposed to compare so called metal induced gap state to de-
duce VBOs.'® In 1984, also proposed was a simple interface charge cancellation (so
called zero-dipole) model.’® Charge neutrality levels which Flores and Tejedor used to
explain an interface charge flow” and dielectric midgap energy proposed by Cardona
and Christensen'® give similar reference energies to determine the band alignments.
Van de Walle and Martin proposed model solid theory, which consider a “model solid”
to determine a potential of a material and to deduce VBOs. They claimed that the in-
terface dipole potential depends on how one decides a reference surface, 19 Harrison’s
tight binding theory?? also predicts good values of HBOs except for the GaAs/AlAs sys-
tem, in which an effect of the d-orbital (Ga 3d level) seems to void the agreement of

the calculation.21:22

Those models are in a good numerical agreement with some experiments and a use of
the simple idea, to minimize interface charge flow, is convenient in predicting HBOs.
However, for those theories to predict HBOs correctly, the HBO should be a value
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Chapter 1 Introduction

which is determined only by bulk properties. (The existence of an interface dipole or a
interface charge flow does not always violate the applicability of those theories.) We
will thus clarify whether the HBOs are determined by bulk properties or not.
However, we do not intend to judge whose theory is the most correct. Because the dif-
ference can be very small and a simple comparison of the determined VBOs will not
make a good resolution.

1.3. Aims of this work

The following two points are addressed in this work.

(1) In order to clarify the origin of the HBOs, we study

(i) Orientation dependence of the HBOs at GaAs/AlAs
We evaluate HBOs at (100)-, (110)-, (111)B, and (311)A-oriented GaAs/AlAs.
—If the HBOs depend on the orientation, it shows that the HBOs are modified by
interface phenomena (change in charge distributions near the interface).
—If not, HBOs are already determined by bulk properties.
— Applicability of the simple model theories will be tested.
(See section 3.2)

(ii) Interface chemical shift of cation (Ga and Al) core levels
By measuring energies of Ga 3d and Al 2p levels as a function of a distance from
the interface, interface chemical shifts are studied. Then, we will find how wide
(in thickness) and how large (in energy) the chemical shifts are.

— The transient in the electrostatic potential near the interface is shown.

— Whether the mono-atomic abruptness in band alignments is or not will

be resolved.
(See section 3.3)

(iii) Strain effects on InAs/GaAs HBOs
We determine the HBOs in pseudomorphic InAs/GaAs junctions

by choosing sample structure (not to generate dislocations) and

by including all the possible strain effects

both theoretically and experimentally.

By changing a substrate lattice parameter

— Magnitude of strain effects are shown.
By changing a crystal orientation of the interface

— Effect of non-isotropy in the strain deformation is explicitly shown.

‘ (See chapter 4)
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(2) In order to realize a control of HBOs, we study

(i) Role of Si inserted in a GaAs/Si/AlAs structure
We check the band diagram is flat in the GaAs/Si/AlAs system or not.
—If it is, the HBOs are controlled. (Then, VBO changes as reported in Ref. 7.)
—If not, Si layer is considered to introduce only a band bending. (The band
bending, then, causes an apparent shift in XPS spectra.)

(ii) Analysis on the Si occupation site ‘

Because a precise control of a Si occupation site is necessary to modify the HBOs,
we study, '
which site do Si atoms occupy and

whether we can control those sites.

(iii) Coupled é-doping structure
To enable a control of the Si site, we try to insert two layers at a (311)A
GaAs/AlAs heterojunction;
a Si 3-doping sheet and a p-type Si doped layer.
(See chapter 5)




Chapter 2 Evaluation of Band Offsets
by Photoemission Spectroscopy

Major techniques to study HBOs by XPS and UPS are described. After a
brief description about the instrumental information, an evaluation scheme
of a valence band offset by using core level XPS measurements is shown.
Finally, a few cautions will be given for the XPS measurements to deduce
accurate values of HBOs.

2.1 What is measured by Photoemission Spectroscopy

Photoemission spectroscopy (PES) provides us a great tool to observe surface and in-
terface chemistry and physics.?? Utilized in this work are x-ray photoemission spec-
troscopy (or x-ray photoelectron spectroscopy (XPS)) and ultraviolet photoemission
spectroscopy (UPS). Briefly speaking, PES is performed as

(1) A sample is irradiated by a monochromatic photons.

(ii) Electrons are emitted from the sample through the well-known photoemission
process.

(iii) An intensity of electrons is recorded as a function of an electron kinetic en-

ergy.
Then the electron kinetic energy, Expy, is given by,

Exiny = hv — Egpy + (Correction term), (2-1)

with Eppy, so called an electron binding energy, which is an energy of core and valence
electrons measured from the Fermi level of a sample. (Sometimes it is measured from
VBM or another reference.) Avis an incident photon energy. As shown by Eq. (2-1),
an electron binding energy can be obtained. Then, we can study the density of states
(DOS) for valence and core electrons. Further, by systematically measuring a shift in
the peak energy, we have information of the bonding states of respective atoms. A
correction term inserted in Eq. (2-1) includes an energy difference formed between the
Fermi levels at a sample surface and the entrance of the electron analyzer, which
shifts due to an analyzer work function, sample charging effects etc. The accuracy of
the determination of E ;) will be discussed in section 2.3. In the following, the ob-
tained spectra are plotted as a function of the kinetic energy unless a particular refer-
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FIG. 2-1. A schematic illustration of our experimental set-up, which consists of

an MBE growth chamber and an analysis chamber for XPS, UPS and LEELS
combined with an UHV transfer tube.

ence level is defined, because the kinetic energy is the most direct value measured in
the experiments. With use of XPS and UPS, we can study the HBOs and energy
shifts in core levels as shown in the following chapters.

2.2 In situ measurements of MBE-grown samples

Since XPS and UPS probe only 10~100 angstroms from the very top of the sample, an
oxidization and/or some contaminations of a sample surface will severely degrade ob-
tained spectra. That is a reason why various methods to clean a surface such as a
heat treatment, an ion bombardment cleaning, or a cleavage in the vacuum are re-
quired. All those techniques, however, damage a sample surface and are not suitable
to study an abrupt heterointerface. With use of molecular beam epitaxy (MBE), one
can grow semiconductor heterostructures under an ultra high vacuum (UHV) and its
structure can be controlled in a scale of one atomic layer. Bykcombining an MBE
chamber with an UHV analysis chamber for XPS, one can measure a semiconductor
heterostructure retaining a very clean surface without any damages. In Fig. 2-1, our
experimental setup is schematically shown. We have grown As-based III-V semicon-
ductors namely GaAs, AlAs, and InAs and their heterostructures in the MBE cham-
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ber. Each of the grown samples was immediately transferred to the analysis chamber
via a UHV transfer chamber and an XPS or UPS measurement was performed. We
call these experiments as in situ XPS and in situ UPS as to express the as-grown
samples are studied without exposing to the atmosphere. This is an ideal set up to
study semiconductor heterostructure. Although when one study a sample during the
MBE growth, the experiment is still powerful tool to reveal growth kinetics, it might
severely limit the reliability of experiment by damaging an XPS optics by molecular
beam or radiations etc. It is, thus, out of our scope.

The MBE chamber has 7 effusion cells allocated for Ga, Al, In, As (solid), Si, Be, and
Sb elements and one for gases. (Effusion cells for Sb and gases have not yet been uti-
lized within the experiments described in this thesis.) An excellent feasibility of the
MBE system in growing high purity samples with a good temperature control and a
reliable beam flux calibration has been demonstrated by persistently producing modu-
lation doped GaAs/AlGaAs heterostructures, which show a very high electron mobility
in the GaAs channel, more than 1.0><1060m2/V s (Ref. 24).

2.3 Instrumental resolution of photoemission spectroscopy

XPS has its instrumental resolution. Although the line width (0.6~1.0 eV in a FWHM
of the spectrum)?® itself is still worse than a typical magnitude of HBOs (<1 eV), we
can study an energy difference in an excellent accuracy by using a monochromatized
Al Ko x-ray source and the following deconvolution procedure.

2.3.1 X-ray monochromator—Merits and Demerits

We used a Rowland-circle x-ray monochromator for an XPS photon source. Figure 2-2
shows an illustration of our monochromator. This monochromator gains an energy
resolution of the Al Ko x-ray from ~1 eV to ~0.2 eV. Simultaneously, it improves an
energy dispersion of x-ray photons to be symmetric one and removes minor radiations
such as Kag, Kay,.... This enables us to analyze an instrumental window function
(Gaussian-Lorentzian convolution), which is necessary to deduce a VBO. However,
there is a serious problem in the use of those photons. Since it depends on a photon
focusing on the Rowland circle, a small spatial deviation of a sample, the crystal, or
the x-ray gun (correctly, an electron beam spot on the Al coated anode) from the circle
shifts the peak photon energy as well as reducing a peak photon intensity. In our sys-
tem, when the sample is displaced from its optimum position by only 1 mm, photon
energy is shifted by ~0.15 V.26 This ambiguity makes the absolute peak energy of an
XPS spectrum unreliable, because the above combination of MBE and XPS chambers
sacrifice a rigid adjustment of a sample position; i.e. each of the samples is mounted

7
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on a small holder made of molybdenum which can be put on either one of the adapters

for the MBE and analysis chambers. However, it gives us a good resolution when we
concentrate on an energy difference. In other words, when we have an energy refer-
ence in the sample and determine another peak energy in an energy from that refer-
ence, the ambiguity in the absolute photon energy is mostly canceled. In the following
experiment the energy difference is mainly discussed.

Moreover, an x-ray source has also a time drift in its energy. It has been found that a

high-voltage source (15 kV),
which is used to accelerate an
electron beam to excite an x-ray
anode, changes its output volt-
age by approximately 0.5 kV
within ~ 2 hours since it has
been turned on. This drift in
the voltage varies the photon
energy by ~0.2 eV, which might
be due to a spatial shift in the
electron beam spot on the an-
ode. In order to avoid an ambi-
guity arising from this energy
unstability, we made at least 2
hours of an idling before each
experiment. In some cases, we
scanned a sample more than a
whole day, the peak energy does
not shift during the experiment
by more than 50 meV, demon-
strating a stability of the sys-
tem so far as an experiment
during the initial 2 hours is
avoided.

2.3.2 Analysis on a Au 4f
spectrum

Figure 2-2 shows a variation in
the line width of the Au 4f
XPS spectrum taken from a
clean gold sample which con-
sists on a ~0.3um-thick poly-

x-ray mone DWP1

bent quartz crystal

Electron energy
analyzer

FIG. 2-2. A schematic illustration of the x-ray
monochromator used for XPS measurements.
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crystalline gold film deposited on a molybdenum sample holder. It is known that the
XPS spectra become broad due to an analyzer window function (Gaussian), a lifetime
of photo-excited holes in a sample (Lorentzian broadening), and an unknown window
function due to the photon source. To achieve a good determination of peak and VBM
energies, we divide the three broadening components. The XPS signal has a line
shape function of

I(B) = [LGE-xdx, (2-2)
with
G(x) = exp,:—- 1112(-%—36-)}, (2-3)
'
Lix)=—2 (2-4)
1+ (2x/TL )

I'g and I';, denote the Gaussian and Lorentzian FWHMs. In Fig 2-2, also plotted are
the Gaussian and Lorentzian line widths, which were obtained by a fit to the XPS
spectra with use of Eq. (2-2~4). An intrinsic Au 4f % line has a Lorentzian line shape
with a FWHM of 335 meV.2” By subtracting 335 meV from the Lorentzian FWHM, we
have 205 meV of the Lorentzian component of the instrumental broadening. An inde-
pendence of the Lorentzian components on the analyzer energy indicates that this 205
meV-broadening is due to the x-ray optics, which agrees with a value reported by
Gelius et al. (0.21V).28

2.3.3 Tips

Although the monochromatized Al K¢ line is relatively low in its intensity, in our ex-
periment we have gathered enough signals by using three channeltrons and a 300W
(20 mAx15 kV) x-ray source for typically 20 hours (in some cases, several days). This
experiment cannot be performed without the following techniques and conditions.

(1) The analysis chamber is kept in very low pressure as ~5x10~*! Torr during an
XPS measurement, which is achieved by using a diffusion pump with a liquid ni-
trogen cooled trap, Ti sublimation pumps, which evaporates only when the sam-
ple is in the MBE chamber, a small ion pump to evacuate the x-ray source, and a
thin Al window to isolate the sample chamber from a room for the x-ray source.
AlAs is especially sensitive to the surface contamination. Surface vibration mea-
surements suggest that some hydrocarbon (not oxygen) molecules may contami-
nate the AlAs surface.

(2) Each of the samples was transferred from the MBE chamber to the analysis
chamber immediately after the growth. Besides keeping an UHV of the transfer
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chamber we took a care of the MBE chamber. (i.e. Liquid nitrogen has been
supplied until the sample is taken to the analysis chamber.)
(3) During an XPS measurement, all the energy regions of the interest are re-
peatedly and circularatingly scanned for more than a hundred times: e.g. region
1, region 2, region 3, region 1, region 2, region 3, region 1,... This procedure has
two merits: .
() When an unknown trouble terminates the experiment, it damages very
slightly the circularatingly scanned data (i.e. When the data acquisitions are
stopped at the midpoint a region in the 100th scan, the ambiguity is reduced to
be 1%, which is, in most cases, much less than the white noise appearing in the
spectrum. However, those troubled data are not included for the most serious
experiments as will be described in Figs. 3-6~7.
(ii) Although the time-drift of x-ray is avoided by procedure shown in section
2.3.1, a long duration of XPS measurement might be suffered from some time-de-
pendent fluctuations. For example;
(a) A sample might be displaced from its initial position.
(b) A spectral peak intensity can change. (In most cases the intensity
slightly decreases by a few percent during a scan of ~20 hours.)
(c) A shift in the brightness of the sample chamber can affect a surface pin-
ning to shift the spectra. (In our experiments the sample chamber has been
lighted with a halogen lump constantly during a measurement to ease us by
sighting a sample during an experiment.)
(d) A slight contamination causes (depending on the surface material) a
time-dependent shift in the spectra.
(d) The data recording computer rarely stops counting one of the 3 channel-
tron files to degrade an integrated spectrum, which seems to be a trouble
particular to our apparatus.
Thus, it is best to scan circularatingly the important levels and check those drifts
by a peak line width. ‘
(4) When one huge noise is detected by the computer system, data for all the
cannels except the one for the noise are recorded to be zero (in our system). To
" minimize this damage, no less than 2 regions must be allocated for each one of
the important energy regions. When a noise eliminates the whole data of a re-
gion, another region of the spectra gives us an important information only by
lowering the signal to noise (S/N) ratio to be 1/+/2 of the successful experiment.
(5) For most of the samples analyzed in this work, the thicknesses of the epitaxi-
ally grown layers must be finely evaluated and (depending on experiments) it
must be exactly controlled (e.g. one monolayer-thick GaAs layers were inserted
for the sample used in the experiment depicted by Fig. 3-6,7.). The growth rates

-10-
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of GaAs, AlAs, AlGaAs, InAs and InGaAs were calibrated by measuring RHEED
intensity oscillations.

2.4 Derivation of the band offset
2.4.1 The basic idea

Margaritondo et al. reported a determination scheme of a valence band offset by mea-
suring valence energy distribution curve (EDC).2° For example, they grew Sion a
CdS substrate and measured its XPS spectra by increasing a thickness of the Si over-
grown layer. In the CdS/Si system there is ~1.5 eV of VBO, which made them possible
to distinguish a Si EDC from that of CdS. Thus, by comparing those EDCs the offset
in the VBM was deduced. However this idea is not advantageous when one would
evaluate a relatively small magnitude of VBOs, which includes GaAs/AlAs and
InAs/GaAs systems, although they are a great interest of today.

As reported by Kraut et al.,3 we can perform a precise measurement of a VBO by us-
ing core levels in the following way. The essence of this idea is to utilize a shallow 4
core level as a marker of the energy in the respective material. Figure 2-4 shows en-
ergy band diagrams at a heterojunction between materials a and b, (a) for a thick het-
erojunction and (b) for a particular structure used for

an XPS measurement. Shown in Fig. 2-4(b) are the

VBMs of ¢ and b, E? and E?, shallow core level of (@) Thick heterojungtion s
the material a, E¢;, and that of the material b, EZ;, o i m
energy difference from the VBM to the core level °- -,

(binding energy) for @ and b, EZ ¢y, and E? ., the
VBO, AE,, and the core level energy difference,
AEcy. InFig. 2-4(a), conduction band minima, E’s,
conduction band offset AE, , and the Fermi level, E;
are also included. AE,, AE,, and AE; are shown
with A as to express that they are differences be-
tween the respective energy in a and that in b.
When the doping density is enough low in a sample
for XPS, we can assume that the band diagram is
flat as shown in Fig 2-4(b). Then the VBO is given

by the following formula,

b
AE, =AEc, +Ey o, - E) cr.- (2-5)
Another important point in measuring AE,, is that FIG. 2-4. Energy band dia-
EZ 7 and EP oy are bulk properties. This means grams of an a/b heterojunc-

" tion.
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Chapter 2 Evaluation of HBOs by Photoemission Spectroscopy

that EJ - is determined only by the property of material a and can be determined by
measuring sample a. Then we can evaluate the VBO by substituting EZ 5; and

E? ., measured on bulk samples, which are grown by MBE, and AE;, determined on
a heterojunction.

A line shape of an XPS spectrum of one core level does not change as far as a flat band
condition as shown in Fig 2-4(b) is fulfilled. Then, by appropriately defining a peak
position, a core level energy is accurately determined. In this work, as well as Kraut
et al., it is defined to be a midpoint of two energies at which the XPS intensity is a half
of the maximum. However, it is more difficult to determine the energies of the VBM,
because the valence XPS spectrum has a shape which is given by a convolution of va-
lence density of states and the window function of the equipment. We determined the
VBM energy by a least squares fit to a valence XPS spectrum by a theoretical curve,
which was calculated by a convolution of theoretical DOS broadened by taking into ac-
count the window function, Gaussian and Lorentzian convolution, determined in sec-
tion 2.3. In order to keep an accuracy of the determination, we used the DOS calcu-
lated by the same theory for both sides of a heterojunction. In Table II-I, determined
E,.cr’s are summarized for GaAs/AlAs and InAs/GaAs systems. Because we do not
know a theorist who has calculated all of GaAs, AlAs, and InAs in the same manner,
we used different values for the GaAs depending on the system is GaAs/AlAs or
InAs/GaAs. This makes two values for the Ga 3d binding energy. However, by using
the DOS by IThm and Joannopoulos, we include a difference in the valence DOS be-
tween GaAs and AlAs, which has been neglected by Kraut et al. The determination
accuracy of + 0.05 eV for the VBM is achieved.?! It is much worse than the determi-
nation of a core level energy (+ 0.01 eV) because the VBM has a weaker feature than
the core levels and the theoretical DOS themselves have also another ambiguity.3? In
chapter 3 and 4 the VBO will be determined by using Eq. (2-5).

2.4.2 Important cautions

Finally, described here are a few important cautions, which should be informed of be-
fore measuring HBOs as shown in 2.4.1.

(1) Although some of the authors claim that the HBOs are correctly evaluated

TABLE II-I. Determined core level binding energies.

system energy value theory
GaAs/AlAs E, qas4 18.83£0.05 Thm and Joannopoulos
E, 19 72.802£0.05 (Ref. 33)
InAs/GaAs E, gasa 18.756+0.05 Chelicowsky and Cohen

E, s  17.3640.05 (Ref. 84)
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Chapter 2 Evaluation of HBOs by Photoemission Spectroscopy

when the overgrown layer thickness is only 5~104, this is too much approxi-
mated. It is known that there is a surface chemical shift, which amount to ~0.2
eV on (110) surfaces, will severely affect the spectra. Moreover, the interface
chemical shift can also affect the spectra. As will be clarified in chapter 3, the in-
terface atoms do show a chemical shift of several tens meV. To minimize those
ambiguities, it is recommended to use relatively large electron escape depth, Aes
(A high hv and a small electron take off angle are to be used) and to grow a sam-
ple with a thick overgrown layer. Practically, the overgrown layer thickness
cannot be raised more than ~A, while keeping a good S/N ratio. In our experi-
ment, we use hv = 1486.6 eV (Al Ko) and a photoelectron take-off angle of ~30°
from the normal to the sample surface. Under that configuration, the photoelec-
tron escape depth is determined to be ~25A for GaAs and AlAs with an electron
kinetic energy Egyy ~ 1.4 keV, which includes Ga 3d and 3p, Al 2p, As 3d, In 4d,
and VBMs. This value was acquired by a fit to the XPS peak intensity ratio of
Ga 3d/Al 2p measured on AlAs/GaAs heterostructures, including AlAs/GaAs sin-
gle and double heterostructures, for those structures the intensity ratio, I, 5414,
9p is given by; '

J-exp(—x/le)dx

Igs 34 = Cga 3d censlayers ’ (2-6)
Inap Carzp [exp(-x/A,)dx
AlAs layers

Here, Cg, 34/Ca 9p shows a ratio of Ga 3d and Al 2p photoemission cross section
(constant). x is a depth from the sample surface. By comparing those values
measured on heterostructures, A, ~ 254 is obtained. ’

(ii) The determination of a VBO with use of Eq. (2-5) depends on the binding en-
ergies K, o1’s to be bulk values. Thus, the following cases should be avoided.

1) Measuring E, ;s by crystalline bulk samples and the AEq; by a polycrys-
talline or amorphous sample might deduce wrong value. (All of our samples were
epitaxially grown single crystals.)

2) When the extremely flat band diagram in an XPS scale as shown in Fig. 2-4(b)
is not fulfilled the determined offsets are affected by a band bending, which will
be discussed in sections 3.2 and 5.2.

3) When the experiment is performed with a very intense photon source such as a
beam line from a storage ring, the thermal equilibrium might be broken to shift
the spectra. (In those cases one cannot consider the Fermi level is leveled over
the sample.) An absence of those effects will be demonstrated in section 3.2.

4) Sample structures shown in Fig. 2-5 are not suitable to deduce a VBO by Eq.
(2-5). Because the surface Fermi level tends to be pinned and its energy depends
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R RO 000000
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(a) a partially covered junction (b) a molded junction

20

FIG. 2-5. Sample structures which are affected by a difference in sur-
face Fermi level (or a difference in a surface dipole potential).

on the material (near the mid gap). When a sample shown in Fig 2-5(a) is mea-
sured, the evaluated AE;, is expressed as

Ay, = (Ef - Efy) - (Ep - Egp), (2-7)
with Ep’s the Fermi level for material @ and b, and Eg;’s core level energies for
material a and b, respectively. This shows that the energy has different physical
meaning. Of course, by measuring the energy positions of the surface Fermi
level pinning, E;,’s, one can obtain a VBO as reported by Gualtieri et al. 35 The
structure shown in Fig. 2-5(b) should be carefully analyzed taking into account a
surface pinning and also a band bending.

2.5 Summary

We use an experimental apparatus, which consists of an MBE growth chamber and an
analysis chamber for the photoemission spectroscopy combined with an UHV transfer
chamber. This enables us to perform an in situ XPS and UPS measurements on semi-
conductor heterostructures without exposing a sample to the atmosphere. By improv-
ing an accuracy of the peak detection and utilizing core levels to evaluate a VBO, we
can conduct precise measurements of core level energies and VBOs as will be de-
scribed in the following chapters. However, it requires us to take a great care to pre-
vent any artifacts from affecting the measured energies as shown in section 2.4.2.
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Chapter 3 Effects of Interface Charge
Distributions on Band Alignments

Heterojunction band offsets at GaAs/AlAs heterostructures are investigated.
This chapter describes not only an evaluation of the HBOs in this system
but a pursuit to identify the origin of the band offsets. First, shown is an
orientation independence of the valence band offset, which supports an idea
that the HBOs are dominated by bulk properties within lattice matched sys-
tems. Second, by performing two series of XPS measurements on GaAs/
AlAs heterostructures, spatial variations were scanned in energies of Ga 3d
and Al 2p levels. Determined interface chemical shifts of these levels indi-
cate that interface-specific charge distributions exist over at least 4 mono-
layers at the interface. The magnitudes of these energy shifts agree with
chemical shifts found in an AlGaAs alloy.

3.1 Introduction

It has long been believed since an early stage of a research on semiconductor het-
erostructures, that abrupt discontinuities in VBM and CBM are created at a hetero-
junction.? If the heterojunction band offsets (HBOs) are determined by only the bulk
properties, proposed model theories!®20 can correctly predict the HBOs. Further,
MBE provides us atomically abrupt heterointerfaces.* From a viewpoint of a metal-
lurgical structure the abruptness of an MBE-grown interface can be almost perfect.36
It has been demonstrated by finely contrasted TEM images from (GaAs),/(AlAs), su-
perlattices (SLs)®” and sharp photoluminescence peaks observed from
AlGaAs/GaAs/AlGaAs quantum wells.38 Accordingly, we normally assume abrupt dis-
continuities of the band edges at the interfaces and design heterostructure devices
using this “assumption.” When two semiconductors are joined to form a heterojunc-
tion, however, the local electronic structure is perturbed near the interface.® The en-
ergetical transition should be completed in a finite thickness at the interface.

We can, then, raise two important questions concerning the origin of the HBOs;

(1) Whether the HBOs are determined by bulk properties or the HBOs are deter-
mined by the interface charge distributions. If the HBOs are determined by the
interface properties, it requires us to perform a complicated calculation including

-15 -




Chapter 3 Effects of Interface Charge Distributions

detailed charge distributions near the interface before we get correct values of
HBOs.

(i) How thick are the interface-specific charge distributions. Regardless of the
answer to the question (i), a change in the interface charge distributions can ex-
ist to form a transient electronic structure. Then, we have to clarify the spatial
extension of the transient, because the HBOs are considered to be formed after
the energetical transient. Only a few studies have been made for that local ener-
getical structure,l0-14 although it is necessary to study short period SLs and very

small quantum structures (in the order of monolayers).

We study the GaAs/AlAs system to determine the HBOs in this system and to answer
the above questions. We performed the following experiments;

(i) Orientation dependence of the VBOs is evaluated. This experiment will an-
swer whether the HBOs are determined by the bulk properties or not.

(ii) Spatial variations in energies at Ga and Al atoms at the interface (interface
chemical shifts) are measured. The existence of the chemical shifts will demon-
strate a transient in the electronic structure. ,
(iii) By measuring the chemical shift in AlGaAs alloy, the validity of the chemical
shifts found on the heterojunction are confirmed.

3.2 Orientation independence of HBO at GaAs/AlAs heterointerfaces

A valence band offset, AE,, is studied at GaAs/AlAs interfaces. In order to clarify
whether the interface charge distributions vary the VBO, we discuss a dependence of
the VBO on a crystal orientation. Studied in this work were GaAs/AlAs heterojunc-
tions grown on GaAs substrates with different orientations, namely, (100), (110),
(111)B, and (311)A. Because an atomic bond configuration at a heterointerface de-
pends on the crystal orientation, the orientation dependence of HBOs informs us a lot
about the origin of HBO.

3.2.1 A determination of VBO

As shown in the previous chapter, the VBO is determined by using a core level energy
difference (AEg, 34.41 2, in this system), which is accurately measured by XPS. Since

E,_Ga3q and E, u o, are quantities specific to the constituent bulk materials, all the in-
formation on the band lineups is condensed in AEg, 34.41 2 p- Then, Eq. (2-5) is rewrit-
ten as

AE, = AEg, 34.a12p + By.Ga 30— Ey-a1 2

(3-1)
= AEGa 3d-Al 2p +53.97 eV.
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Therefore, by measuring only AEg, 3441 2 p for different interfaces, we can discuss an
orientation dependence of the VBO. Although E, o, 35 and E, 5, 9p are measured less
accurate than AEq, g4.a) 2, this method cancels its ambiguity as far as its orientation
dependence is concerned.

3.2.2 Samples

GaAs/AlAs heterojunctions were ’grown on (100), (110), (111)B, and (311)A GaAs sub-
strates by MBE. Each of the samples was grown in the following way.

(1) For a (100) interface, an AlAs on GaAs interface was prepared by growing
successively a 0.3~1um-thick Si-doped n-type GaAs buffer layer and a 30 A-thick
undoped AlAs layer on an n-type GaAs substrate. A GaAs on AlAs structure con-
sists of a 0.3~1pm-thick n-type GaAs buffer layer, a 100 A-thick undoped AlAs
layer, and a 30 A-thick undoped GaAs layer. The Si doping density was ~ 1x1016
cm™,

(2) A (110) GaAs surface is known to be a difficult for an MBE growth. For a |
(110) interface, we made two types of samples in order to prevent Ga droplet
formations and obtain a mirror surface. (i) A relatively thick InAs buffer was
grown immediately after the oxide desorption from a GaAs substrate. Although
a large lattice mismatch generates a lot of dislocations, when a GaAs layer is
grown on that InAs layer, a clean mirror surface can be obtained.?® (i)
Alternatively, by applying a large As, to Ga ratio, a sample with a mirror surface
is grown without an InAs layer.4°

(3) For a (111)B interface, by using a slightly misoriented substrate a mirror sur-
face is obtained.*! Then, the buffer layer and the heterostructures were grown
in the same way as has been done for the (100) samples.

(4) For a (311)A interface, an undoped 1 pm-thick GaAs buffer layer and a 30 A-

thick AlAs top layer were grown to form an AlAs on GaAs interface. A 1 um-

TABLE III-I. Growth conditions of buffer layers. AlAs/GaAs and
GaAs/AlAs heterostructures were grown on the buffer layer shown
bellow at the same T and As flux as were used for the buffer.

Orientation T, Buffer layers

(100) 550-600°C A 0.3-1um n~-GaAs buffer layer
A doping density is ~1x106¢m3
(110) 400-450°C  600A InAs and 0.3um n~-GaAs
400-450°C A ~1um n~-GaAs (As,/Ga ratio > 10)

(111)B 550-600°C A 0.3pum-thick GaAs buffer grown on
(111)B substrates 2° misoriented
toward (100)

(311)A 550-600°C A 1 um-thick undoped GaAs buffer
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thick buffer layer, a 100 A-thick AlAs layer, and a 30 A-thick GaAs top layer
were successively grown as to form a GaAs on‘AlAs interface. Since a Si doped
(311)A GaAs shows p-type conductivity, the buffer layer was not doped with Si in
order to prevent from forming a p-n junction.

Table III-I summarizes structures of the buffer layers. Each of the samples has 30A-
thick top AlAs (GaAs) layer grown on GaAs (AlAs) layer. This value (30A) has been
chosen to most accurately evaluate a VBO. Because in our experimental configura-
tion, the photoelectron escape depth is ~25A, the heterointerface should be formed
nearly in this dimension from the surface. By forming an AlAs 304 grown on GaAs
structure give almost the same peak intensity for Ga 3d and Al 2p. The accuracy of a
measurement is gained by increasing a peak signal intensity.*2 The MBE-grown
samples were immediately transferred to the XPS chamber. XPS measurements were
performed to scan energy regions which cover Ga 8d and Al 2p core levels for about 20
hours.

3.2.3 Determined AE, and N e e L B N m e s
discussions :

Figure 3-1 shows a typical '
XPS spectrum taken from an
AlAs/GaAs (110) heterostruc-
ture. An energy difference,
AEg, 34.A1 2p, Was deter-
mined from the spectrum.

XPS Intensity (arb. units)

Table III-II summarizes the .
obtained values of el P i i
3 f I- v b by Ly 4M
APga 5q-a1 2p for different ori 1370 1390 1410 1430 1450 1470 1490
Kinetic Energy (eV)
quences. AEqg 34.412p (= FIG. 3-1. A typical XPS spectrum taken from an
54.41+ 0.03 eV) is constant AlAs/GaAs (110) heterostructure.

entations and growth se-

thi s tal un-
within an experimental un TABLE IIL-II. Measured AEq, 3441 2,'S-

certainty,*3 clearly indicatin
Y Y g Orientation  Growth Sequence AEq, 57 419, (€V)

an orientation independence

(100) GaAs on AlAs 54.41, 54.42
of AEU. By substituting the AlAs on GaAs 5442’ 54.49
obtained values of (110) GaAs on AlAs 54.41, 54.42
AEGa 3d-Al 2p into Eq (3—1), 5440a
AE, is determined to be 0.44 . éﬁ on i‘;ﬁs Zizi, gjig

: - 111 son S 40, .

# 0.05 eV. T}‘ns result is in (- ) AlAs on GaAs 5442 54.39
agreement with the recent B11A AlAs on Gahs 5430

theoretical results by ab- 8InAs layer was not used for this sample.
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initio band calculations,10:11:13,19

Waldrop et al.** reported ~0.2 eV-dependence of AEG, 34.A1 2p On the crystallographic
orientation and/or the growth-sequence, although the origin of this discrepancy is not
clear at present, the following possibilities are to be considered.

(i) As Ohno et al. reported, when GaAs and/or AlAs layers are heavily doped
(intentionally or unintentionally), a surface band bending induces an apparent
change in the determined VBO.#® This ambiguity amounts to ~0.2 eV when the
doping density is in the order of 1018 cm™3,

(ii) A photovoltage effect has been reported to affect the spectra.8 Although the
experimental condition of Waldrop et al. is not known, our result of a growth se-
quence independence also demonstrates that our experiments use enough weak
x-ray not to shift the spectra by introducing a voltage drop due to the photoexci-
tation. This is one of the important bases for our measurement to study energy
shifts in Ga 3d and Al 2p levels as will be shown in the following sections.

(iii) As will be discussed in chapter 5, when a thin Si or Ge layer is inserted at
the interface, the apparent VBO decreases for an AlAs/GaAs structure and in-
creases for a GaAs/AlAs structure. Since it had been commonly used to deposit
Ge on GaAs etc., a slight contamination from residual atoms such as Ge might
cause an orientation dependence. As will be discussed later, we also tried to
grow a heterointerface with 1~5 minutes of a growth interruption. The core en-
ergy difference measured on a single heterojunction does not vary by using a
growth interruption, demonstrating that in our sample a contamination due to a
degassing from the MBE chamber does not affect the spectra.

(iv) Although in early papers, Waldrop et al. commented the origin of growth se-
quence dependence might be due to a variation of interface dipole potential at the
interface,*’ it is not likely because the orientation independence shown by our
experiments more clearly indicates that the magnitude of the interface dipole
contribution (if any) to the VBO is constant.

Our experimental observation of the orientation independence of AE, strongly sug-
gests that the band lineups at lattice-matched isovalent heterojunctions are deter-
mined by the bulk properties of the two constituent materials which form a hetero-
junction, rather than by the detail of the heterointerface such as bond configurations.
This result, however, does not deny the presence of the interface dipoles; it indicates
that the interface dipole potential, if it exists, is also orientation independent. This
fact supports the idea that the interface dipole potential is determined by the bulk
properties of the host semiconductors, such as the dielectric susceptibilities and the

charge neutrality levels,15-20
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3.3 Transient of local electronic structure at a heterointerface

Another important point to be clarified is

(1) Is there an interface dipole, the magnitude of which is independent of the
crystal orientation? ’

(i) If it is, how wide (in thickness) and how high (in energy) the potential varies
to form the interface dipole (and the band lineups)?

In order to answer the above two questions, spatial variations of core level energies at
a heterointerface are studied.

3.3.1 Core level energy and potential lineups

By XPS measurements on GaAs/AlAs structures, cation core level energies, Eg, 3, and
E A1 2p, are traced as a function of a distance from a heterointerface.#® Each of these
energies shifts when one changes the species of neighboring atoms; i.e., for a Ga atom
bonded to interface As atoms, Al atoms replace 4 of the second-nearest Ga atoms.

This change in bond configuration is considered to cause a chemical shift in core level
energies. A chemical shift of an atom i, §E,, is given by,*°

0, = 6E(q)+e? 3 . (3-2)

jeiTij

Here, g; denotes a free ion charge of atom i and r;j denotes a distance between atoms i
and j. —e is a charge of an electron. &E(g;) shows a shift in E; due to a change in g;. It
is clearly shown that not only the potential due to the other atoms (latter component)
but a contribution of a change in an atomic charge (former component) affects a chem-
ical shift. In the present case, all of the Ga and Al atoms are bonded only to As atoms
and the valence charge distributions can be changed at the junction. We can, then,
discuss shifts in the electrostatic potential on the cation sites by measuring Eq, 34 and
E A1 9p- (In the following, these shifts of core level energies are called as interface
chemical shifts.) If the valence electron density changes from that in bulk GaAs to
that in bulk AlAs abruptly within one atomic layer at the heterointerface,’° then E Ga
3q and E ) o, should be position independent. However, if the spatial extension of the
electronic perturbation due to cation substitution is larger than the size of the Wigner-
Seitz cell of the zinchlende structure and the valence electron density changes gradu-
ally over a finite distance, then Eg, 55 and E g 9p Dear the interface are expected to be
shifted from their respective bulk values. Therefore, by checking the position depen-
dence (interface chemical shifts) of Eg, 54 and Ey; 2p> We can study microscopic valence
charge distributions in the interface region. In the following, depicted are two series
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of XPS measurements on (a) ay e b BHP
GaAs/AlAs heterostructures, @ @ @ .,:I\O o O -0
which indicates ~0.06 eV of a ® - ® ® ® O O O -0
che.mlcal shift in the both of ® - @ ® .,;——(—)qﬂ.o O 0O
cation core levels. !

® --® e ® O O O -0
3.3.2 Formulation ' I

In order to discuss the inter-

face chemical shifts quantita-
tively, let us consider the fol-

lowing simple model. Figure

3-2 shows a metallurgical

cross section and an energy e e y
band diagram of a GaAs/AlAs
heterojunction. For simplic-

Transitién Layer
!

N

[
[} [}
(N i

Electrostatic Potential
ity, As atoms are omitted in ec r9\15 atlie o \e/n |aV

the figure. q; is defined as a

:

.

i o Gaddlevel
chemical shift of Ga 3d level N R
(nearly a change in the elec- ' " :: ol V
trostatic potential on the Ga ,!A':I 2p Lev:él 3 :v. 5
site) which is induced by the v v !

vth Alplane fromthe Ga — pyg g9 (2 A cross section of the AlAs/d MI~thick
plane of the interest (See Fig. GaAs/AlAs double heterostructure. Only group-IIT

3-2(a).). Then, the chemical atoms are shown for simplicity. Shown with arrows
shifts of the Ga 3d (Al 2p) are the chemical shift of the Ga 3d level induced by
level for the n-th Ga (Al) the neighboring Al planes. (b) energy diagram for

plane from the interface, CBM, VBM core levels, and electrostatic potential.

6EG3 3d(n) and 5EA] 2p(n), are
expressed as;

OBgy 3q(n) = [EGa 3a(n)~ E@‘;l’gd] = Zai, (3-3)
and =
8By 5, (1) = [ By 5, () - ERYS, | = Y, (3-4)
i=n

where EZY; and Eﬁ‘g"p denote Ga 3d and Al 2p core level energies in the respective

bulk. The use of a simplified linear superposition for the interface chemical shift is
considered to be valid, since the induced chemical shifts are less than 1% of the unper-
turbed core level binding energy. These coefficients, a;’s, quantify the magnitude and
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the spatial extension of the perturbation to the local electronic structure by the het-
erointerface formation.

3.3.3 Ideas for Experiments

The following two types of samples, which are shown in Table III-ITI, were studied.
One is a double heterostructure (DH), which consists of a GaAs (AlAs) layer embedded
by AlAs (GaAs) layers. Core level energy difference is expected to vary with increas-
ing d as shown in Table ITI-III reflecting an interface chemical shift. By varying a
thickness of an inserted GaAs layer while keeping thick enough both of the AlAs lay-
ers, one can study a chemical shift in the GaAs layer. The essence of this experiment
is that when d is 2 MLs or thinner than that, all of the Ga atoms are interface Ga
atoms, for which 4 or more of the second nearest group-III atoms are replaced by Al, in
contrast to the sample with d > 2 MLs (e.g. d = 20 MLs) where the Ga 3d signal is
dominated by emissions from bulk Ga atoms, which locates at a certain distance from
the interface. Then, an energy of the Ga 3d level measured from the Al 2p level re-
flects a chemical shift in the Ga 3d level. The reversed structure, where an AlAs layer

_TABLE III-III. Sample structures s and theoretical variation of energy differences.
Type Structure Energy

d
> Ecasd (n)eXP(- ndy J
Ae -E

For a GaAs inserted DH, an energy difference is given by

AEGq 34.a12p = 22— — R (3-5)
Y exp[— 0 )
I % n=1 ﬁ”e
(i) An AlAs/GaAs/AlAs with
double heterostructure had o
(DH) Egy 39 = B33+ Yo+ Y. (3-6)
i=n i=d-n
For an AlAs inserted DH, an energy difference is given by
nd,
ZEAI 2p(n)exp( - J
AEGq 34.41 25 = BG4S, - 21 £ (3-1)
( ndo ]
$exg{ 20
n=1 e
with
ii) A GaAs/AlAs/GaAs DH
w By ,(n) = ER%, + ZaL Za (3-8)
i=d-n
a
II An energy difference is given by
RN\ T AEGa 34.41 2p = 22 Q; —Qg+1, (3-9)
// s buffer /” monl er i=1
i /////////////// . ,

Two GaAs monolayers By comparing the values, a;'s are deduced as
were inserted and spaced @ = AEg, 3g.A125(d = 20) = AEg, 3. p12,(d > i-1).  (8-10)
from each other by d ML.
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is inserted in GaAs layers, is also measured to study a shift in the Al 2p level. The
theoretical variation of AEq, 35.a1 9p In those samples is also shown in Table III-III.

Another type of sample consists of two GaAs monolayer sheets inserted among AlAs
layers. A spacing between the GaAs monolayers, d, is varied. The theoretical varia-
tions in Eg, g4.41 9 for these structures are also shown in Table ITI-III. As can be seen
from Eq. (3-10), the chemical shift a; is explicitly given by comparing two values, Eg,
3d-Algp s ford =i-1 (i = 1,2,... MLs) and d=ec. The sample for d = « consists of only one
GaAs monolayer inserted in AlAs layers.

3.3.4 Samples and growth procedures
(1) Type I samples

Two series of DH samples were grown by MBE. Each of the AlAs/GaAs/AlAs (GaAs
inserted) DHs was prepared by successively growing a 1 um-thick Si-doped n-type
GaAs buffer layer, a 100 A-thick undoped AlAs, a d ML-thick GaAs inserted layer, and
a 30 A-thick undoped AlAs capping layer. The reversed AlAs inserted DH consists of
a 1 pm-thick n-type GaAs layer, a d ML-thick AlAs inserted layer and a 30 A-thick
GaAs capping layer. The Si doping density for the GaAs buffer layer was ~1x1016 cm™
3. The substrate temperature during the growth was ~550°C. Growth was inter-
rupted at each heterointerface for 1 minute to reduce the interface roughness. The
thickness d of the inserted layer was varied from 0.5 to 20 MLs. Therefore, the uncer-
tainty in the inserted layer thickness is at most + 1 ML due to interface roughness.

(ii) Type II samples

Each of the type II samples consists of a 1 pm-thick Si-doped GaAs buffer layer, a 100
A-thick AlAs, a 1 ML-thick GaAs bottom probing layer, a d ML-thick AlAs inserted
layer, a 1 ML-thick GaAs top probing layer, and a 30 A-thick AlAs layer, successively
grown on an n-type (100) GaAs substrate by MBE. The Si doping density for the GaAs
buffer is 1x10'® cm™. The growth has been conducted more carefully than has been
done for the growth of type I samples as to reduce a step density in four heterointer-
faces above and below the GaAs probing layers. Because when there are too much
density of steps at each of the heterointerfaces, Egs. (4-9,10) can not be applied to this
system.’! To enhance surface migrations of Ga and Al atoms, the substrate tempera-
ture during the growth was kept around 600°C, which is higher than that used to
grow the type I samples. Growth was interrupted at each interface for 1~5 minutes to
smooth out the interface roughness. Because it is more difficult to smooth out a GaAs
on AlAs heterointerface, the growth was interrupted for 5 minutes at 600°C with re-
duced As pressure (~2x10~" Torr) after the growth of each AlAs layer 52 The RHEED

-93 .-




Chapter 3 Effects of Interface Charge Distributions

intensity was monitored during the growth to control the deposition thickness. It was
also used to check the flatness of the heterointerfaces above and below the GaAs
monolayers. The samples were immediately transferred to the analysis chamber to be
studied by XPS. For the growth of each GaAs probing monolayer, especially, it is con-
firmed that the RHEED intensity variation shows one decline and one restoration in
accordance with a growth of one monolayer.53

5.3.5 XPS spectra and changeé in AEG, 34.41 2p

(i) A survey spectrum and a determination of AE G, 34.A1 9p

Figure 3-8 shows a typical XPS spectrum measured on the heterostructure described
above, one of the type II samples for d = 1 ML. As seen from the inset of Fig. 3-3,
there is an AlAs related background around the Ga 3d level, which is a plasmon
satellite of the valence DOS for AlAs. Before a determination of the peak position for
the Ga 3d level from each of the spectra, the background intensity was subtracted. An
XPS spectrum from an AlAs sample was fit by the peak energy and the intensity of
the Al 2p level. The experimental uncertainty in determining the peak position is

T T T L) l T T I L v 1 l L] L)

1
hv = 1486.6 eV - . : .

1464 1466 1468 1470
. : Kinetic Energy (eV)

XPS Intensity (arb. units)

AEGasq.a 2p ‘l

Ga 3p "‘ T "1Ga 3d
MWW ‘\\w L valence
\ . \ . ! Y e A M :

l 1
1370 1400 1430 1460 1490 1520
Kinetic Energy (eV)

FIG. 3-3. A typical XPS spectrum taken 6n the GaAs/AlAs heterostructure described
in the text. The inset shows the blowup of the XPS spectrum, which was used to de-
termine the peak energy of the Ga 3d core level. '
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FIG. 3-4. XPS spectra around (a) the Al 2p level and (b) the Ga 3d level taken on the
AlAs/d ML-thick GaAs/AlAs (100) double heterostructures. The origin of the energy
scale is set at the peak energy of the Al 2p level. The full circles are data from the
sample with d = 2 MLs and the open circles are from that with d = 20 MLs. The
background intensity emitted from the top AlAs layer is subtracted from each Ga 3d

spectrum. -

thus minimized. For type II samples it is less than + 10 meV except for the sample for
d = «, which has an accuracy of + 20 meV. We systematically measured the energy
difference between Ga 3d and Al 2p, AEG, 34 41 2,, as a function of the inserted layer
thickness d.

(i) Results on the type I samples

Figure 3-4 shows XPS spectra around (a) Al 2p and (b) Ga 3d core-levels measured on
the AlAs/GaAs/AlAs DHs with inserted layer thickness d = 2 MLs and 20 MLs.
Although the peak line width is approximately 1 eV as shown in Fig. 3-4, we can dis-
cuss a shift in the core level energy difference, AEG, 34.41 3, , With an accuracy of + 0.02
eV (and + 0.01 eV for type II samples) by the following reasons;

(1) The quantity relevant to the following discussion is not the absolute energy
position, which can be easily shifted by the surface pinning and/or the charging
effect, but the energy difference between the core levels of the same sample.
Although the surface band bending due to the background carrier density and/or
the photo carriers by the x-ray can give a systematic shift in AEg, 544 9p> 88
shown in section 3.2.3, the growth-sequence independence of AE, 34.4] 9p demon-
strates that this effect is negligible in our experiments, which measure samples
with low doping density (1x10%%cm™3) by an enough weak photoexcitation.
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(2) Because the peak line shapes are
insensitive to d, we can discuss the
energy shift by comparing the two
peaks as shown in Fig. 3-4. We
found ~ 0.1 eV of the energy shift in
AE g, 34.A1 9ps @8 clearly seen from
Fig 3-4 (b). By defining a peak posi-
tion as described in section 2.4 and
by checking the peak line widths
(0.95 eV for Al 2p and 1.03 eV for
Ga 3d level) are maintained, we can
evaluate a change in that energy
difference in an excellent accuracy
(£0.01eV).

Figure 3-5 plots AE, 34.41 9 measured
on the type I samples as a function of d. -
AEGq 34.41 2p's measured on both of DHs
fall on a single curve and increases grad-
ually from 54.30 £ 0.05 eV to 54.42 +
0.02 eV with increasing d from 1 to 20
MLs. This increase in AE g, 34.41 9, indi-
cates that the Ga 3d core level becomes ~

DH latar DWP

54.5 T T T T
S
&

54.4
&
g
3 @ O
& AlAs/GaAs/ GaAs/AlAs/
L<L]| 54.3 lAs DH

g
542

0 5 615 20 25

Inserted Layer Thickness d (ML)
FIG. 3-5. The core level energy differ-
ences, AEq, 3441 9’8, obtained from the
AlAs/d ML-thick GaAs/AlAs double het-
erostructures (DHs) (full circles) and
the GaAs/d ML-thick AlAs/GaAs DHs
(open circles) are plotted as a function
of the inserted layer thickness d. The
solid curve shows the theoretical curve
obtained by using a;’s shown by Egs. (3-
11~13).

0.1 eV-deeper by going closer to the interface, while the Al 2p level becomes shallower

by the same amount. These energy shifts clearly indicate that the charge distribu-

tions on the cation site near the interface is perturbed by the presence of the different

cation species on the next cation plane and that the electrostatic potential in the crys-
tal gradually changes from the value in bulk GaAs to that in bulk AlAs over a finite

distance.

(iii) Results on type IT samples

The result on type I samples, however, does not directly show the values of chemical
shifts in Ga 3d and Al 2p levels. As listed in Table III-IIL, if AEg, 34.4] 2 p measured
on type II samples changes as a function of the thickness d of the inserted AlAs layer,

chemical shifts a4, ay,... will be shown. Figure 3-6 shows Ga 3d and Al 2p XPS spectra
measured on type II samples for d = 0 ML and for d = = ML. Although the peak shift
is smaller than that has been seen from Fig. 3-4, a peak shift of ~ 30 meV is found

from the spectra. This is achieved by integrating higher peak intensity than type I

samples to obtain a better accuracy of 0.01 eV. Figure 3-7 shows measured
AEGq, 34.41 28 as a function of the thickness d of an AlAs inserted layer. Each of data
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(a) Al2p °o°°°°0°

XPS Intensity (arb. units)
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FIG. 3-6. XPS spectra around (a) the Al 2p level and (b) the Ga 3d level taken from the
type II heterostructures. The energy scale is identical to that in Fig 3-4. The full cir-
cles are from a sample with d =« and the open circles are from that with d = 1 ML.
Both of Ga 3d and Al 2p spectra are normalized as to agree the peak intensities of the
Al 2p levels to each other.

points stands for an independent experimental run.5* AEg, 34.a1 2 decreases from
54.28 eV to0 54.25 eV when d increases from 0 ML to (. e., only one GaAs layer is in-
serted). By substituting the measured AEg, 37.4] p 8 into Eq. (3-10),

a1 =-31%20 meV, (3-11)

ag =—18 + 20 meV, (3-12)
and

ag=—"T=20 meV (3-13)

were obtained. Although the magnitude of ag is marginal as compared with the exper-
imental uncertainty, this result

Clear].y in.dicates that al and az PRL figd DWP1
54.30 T T T T —

are non-zero. 1 ML GaAs

3.3.6 Discussions

These values of ¢;’s are compared
with the result obtained from
type I samples. The solid line in
Fig. 3-5 shows the theoretical
variation in AEq, 3441 95 Ob-
tained by substituting the de-
termined values of a;’s into Eq.

(3-5,7) and by using the following FIG. 3-7. AE, 34.a1 9, measured from type II
samples plotted as a function of the thickness d

of the inserted AlAs layer.

54.25

AEga 3g.a 2p (€V)

1 t ! 1 , L
54.20 0 ] 2 3 s

Thickness of AlAs Inserted Layer d (ML)

expression for the observed
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AEG, 34.41 2, for the AlAs/GaAs/AlAs DHs;5®

d
Y. Ega 3d(n)eXP(“‘ nfo j
bulk

n=1 €z , 3-14
= .
Zexp -
n=1 )l'e

AEGa 34-A1 2p =

where Eﬁ‘l‘lézp denotes the bulk Al 2p energy and Ea 34(n) the Ga 3d core level energy

of the Ga atoms on the n-th cation plane from the top AlAs/GaAs interface. dp is the
inter-cation plane distance (d, = 2.83 A for GaAs and AlAs (100) planes). The expo-
nential weighting function takes into account the finite electron escape depth Ae - The
excellent agreement between the experimental results and the calculated curve fur-
ther supports the reliability of a;’s determined in the present work.

In should be noted that the theoretical curve for Fig. 3-5 is obtained by considering a
value for d =  as a fitting parameter and the absolute value of AEg, 34.4] gp does not
agree with that of Fig. 3-7 due to the following two reasons;

(1) We performed the measurements on type II samples more than one year later
than the measurements on type I samples, single heterostructures as shown in
section 3.2, and AlGaAs alloy samples which will be shown in section 3.4. Be-
cause of an unstability of our apparatus, the value has been slightly changed
during that one year; i.e. the energy difference AE, 3441 9p for an AlAs (30 Ay
GaAs single heterojunction decreased from 54.41 eV to 54.38 eV,

(ii) We took a special care in growing type II samples, because it requires us to
form very flat interfaces. However, the type I samples are considered to have + 1
ML roughness at the interfaces, which change AEg, 34.4; gp for small d’s. Then,
the data points for d=1 and 2 MLs became ~0.04 eV larger than found on type 11
samples.

Although it is practically impossible to conduct a measurement on the reversed struc-
ture of type II, the coincidence of the data points on type I samples shows that the
magnitude of chemical shift in the Al 2p level is identical to that found on the Ga 3d
level. Thus, there is a relation as,

af =-a;. (3-15)

It agrees with an idea that because the chemical shifts originate from the difference in
the valence charge distribution between GaAs and AlAs, the Al 2p core level shift is
considered to have the same magnitude but the opposite sign of that of the Ga 3d
level. Then, by substituting Eq. (3-11~18,15) into Eq. (3-3) the chemical shifts at a
single heterojunction are given as
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OB Ga34(1) =~ SEx 9,(1) = — 57+ 20 meV (3-16)

5EGa 3d(2) = — 6EA1 2p(2) =-25+20 meV s (3-17)
and

6EGa 3d(3) = — 5EA1 2p(3) =—T7= 20 meV . (3-18)

The negative (positive) sign of the values means that the Ga 3d level (Al 2p level) be-
comes deeper (shallower) in the vicinity of the interface (See Fig. 8-2(b).). The error
limit put on the values for Egs. (3-15~17) is given by considering the result for both
types of experiments: i.e. by using only type I experiment and a least squares fit by
considering 0E, 34(1) and &g, 34(2) to be fitting parameters the values are obtained
2556

OEGa3q(1) =— 6By zp(l) =—-60+ 10 meV, (3-19)
and

5EG-a 3d(2) =— 5EA1 Zp(2) =-25+ 10 meV . (3-20)

These values, in agreement with Eqs. (3-16,17) demonstrate the accuracy of Eqs. (3-
16~18). In should be noted that the interface roughness, especially for type II sample
with d = e and type I sample with d < 2 ML, must exist to affect the obtained values.
For type I samples, it mainly affects the samples with small d’s and decreases the ob-
tained value of the interface chemical shifts. For type I samples, it is rather compli-
cated than for type I samples and it introduces the following ambiguities;

(1) Even if one considers only a4 (a chemical shift of the first layer), by including +
1 ML roughness at the four interfaces (above and below the GaAs monolayers),
the observed trend in Fig. 3-7 (AEg, s4.41 9p decreases with increasing d) can be
mostly explained. However, the agreement of the determined data (including
non-zero ag and a3) with type I experiments indicates a reliability of the experi-
ments.

(ii) The accuracy of the experiments is limited by the data point for d = =, which
is measured in an accuracy of + 0.02 eV

The microscopic electronic structure at the GaAs/AlAs interface has been discussed
theoretically. The general consensus among the detailed ab-initio band structure cal-
culations'®14 is that the charge density deformations are localized near the interface
As atoms of the (100) interface and the first As-plane away from the interface already
retains its charge distribution in the bulk; i. e. the transient layer is thinner than 2
MLs. This is a theoretical base of the use of (GaAs)s/(AlAs)g supercells for the hetero-
junction band offset (HBO) calculations. However, our result strongly suggests that
the size of the (GaAs)y/(AlAs); supercell is not sufficient to deduce HBOs in an accu-
racy of a few ten meV and that at least (GaAs)s/(AlAs); is recommended. Our result

also implies that it is very important to take into account such a transient in the elec-
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trostatic potential near the interface in predicting the electronic properties of short
period superlattices such as (GaAs);/(AlAs); and (GaAs)y/(AlAs),.

3.4 Core level chemical shift and energy lineups in AlGaAs alloy

In this section shown are our in situ XPS measurements of the valence band maxi-
mum and the core levels in AJxGal*xAs. The chemical shifts of cation core levels are
shown to be compared with the interface chemical shift discussed in section 3.3. A
lineup of VBM is displayed in consistent with a VBO determined on the heterojunc-
tion to deduce a modified version of so called natural energy lineups.

3.4.1 Introduction

An orientation independence of HBOs at GaAs/AlAs heterointerfaces (See section 3.2)
and a transitivity of the HBOs in the HgTe-CdTe-ZnTe system®’ strongly support the
idea that the HBOs are predominantly determined by the difference of bulk proper-
ties. It is, then, considered to be able to establish so called a natural energy lineup of
the VBM. When one knows a universal reference level and VBM energies of con-
stituent materials measured from that level, the VBO is trivially given from a differ-
ence. Although a lot of theoretical and also experimental works have been ad-
dressed, %20 it is not clear so far which level can be the reference. It is, thus, neces-
sary to determine the natural lineups of the VBMs and other levels without assuming

an energy level to be a common reference level a priori.

Further, in the previous section, it has been shown that the energies of Ga 3d and Al
2p levels shifts in the vicinity of the interface. In AlGaAs alloy each of the Ga atoms
for example has some second nearest Al atoms. Then, it is considered that a similar
chemical shift should appear and that we can compare those result to check the relia-
bility of the interface chemical shift shown in the last section.

In this section we study the VBM and the atomic core levels in AL, Ga;_,As. By pho-
toemission measurements, one can study the energy of those levels; Ludeke et al.,%®
Ireland et al.,%° and Okumura et al.50 studied the Al,Gay_,As alloy by XPS. However,
as has been stated in section 2.3, the difficulty to evaluate the absolute energy has
made it necessary to estimate an energy by using a reference level; i.e. the contamina-
tion C 1s peak was used by Ireland et al. The cation core level binding energies were
also a candidate to be a reference level, which Shih and Spicer applied to the
CdTe/HgTe system.5? We study the Al,Gay_,As by in situ XPS and propose a new
scheme to obtain lineups of the VBM and core levels.
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recent theoretical predictions.
3.4.2 Experiment

Each of the samples measured in this work consists of a 1 pm-thick lightly Si-doped n-
type GaAs layer (doping density is 1x10%cm™3) and a 1000 A-thick Al ,Gay_,As alloy (x
= 0 ~ 1) layer successively grown on Si-doped a n+-GaAs (100) substrate by MBE. The
AlAs content x was calibrated by comparing RHEED oscillations for GaAs and AlGaAs
layers. Kinetic energy regions including the VBM and the Ga 3d, As 3d, Al 2p, and
Ga 3p core levels were repeatedly scanned for 20~40 h. The VBM was determined by
comparing the XPS spectrum with the theoretical density of states (DOS) for Al,Ga;_

-As broadened by the instrumental resolution.%2

Figure 3-8 shows a typical XPS spectrum taken on an Al Ga;_,As sample. First, an
energy difference, Eéli‘)g' d-Al 2p> is evaluated in the same manner as used for the het-
erojunctions (HJs). Thus, the value can be compared with the result for HJs.%% In
Fig. 3-9, Eéla{%’ d-A1 2 18 Dlotted as a function of the AlAs content x. E& om0 p de-
notes the AEq, 4.1 9 measured on a GaAs/AlAs heterojunction, which is shown as a

difference in binding energies of GaAs and AlAs, respectively, as;
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level in AlAs, which is deeper than AlAs Content X
the Ga 3d level in GaAs by
E&aim0 p s shown by Eq. (3-21).
Thus, the 140 meV-difference in
EGq 34-A19,'s shows that the Al 2p
level energy in the alloy shifts by
—140 meV when x increases from 0
to 1. In the same way, the Ga 3d

level also shifts —140 meV when x increases from 0 to 1.

FIG. 3-9. Energy difference between the Ga
3d and Al 2p core levels in Al Gay_, As is plot-
ted as a function of the AlAs content x. The

solid line shows the value obtained on the
GaAs/AlAs heterostructure.

3.4.3 p-d repulsion effect

The Ga 3d and Al 2p chemical shifts are due to the 12 x atoms of the second nearest Al
atoms which replace Ga atoms. It has been theoretically predicted that shallow d lev-
els such as the Ga 3d level in GaAs interact with the valence p orbital and push the
VBM up (p-d repulsion effect).?122 We study the energy separation between the Ga
3d level and the Ga 3p level (approximately 100 eV-deeper than VBM) to check the Ga
3d level can be a good marker to study the
electronic structure of GaAs by its energy
shift from the Ga 3p level, which does not.

86.6 . ; . ; r '-uoylg:?xavmo'ymxc
interfere with the valence bands. The en-
ergy of Ga 3p level is acquired by a fit o
. . . 286.51 -
using two Gaussian-Lorentzian convolu- 2
tion functions (for 303 and 3p1 levels) %.02 % % I
and evaluated by a weighted average of uﬁ‘; 86.41 T .
the spin-orbital split levels. Because of a I
broadness and a low intensity of the Ga 3p
86.3 I | n | L 1 I 1 !
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level, the energy difference Eg, 34.ca 3 p AlAs Content X

- has an uncertainty of ~0.03 eV. Figure 3-
10 shows Eg, 34.Ga 3p as a function of the
AlAs content x. It is clearly shown in Fig.

-39 .

FIG. 3-10. Energy difference between
the Ga 3d and Ga 3p core levels in

Al Gay_,As is plotted as a function of
the AlAs content x.
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E g, 34(), is estimated by;

Ega 3q(x) = E§24S + 28B4 34, (3-22)

Here, E§24% denotes the energy of the Ga 3d level in GaAs and 6E, 54 (= —140 meV)
represents the chemical shift of Ga 3d level in Al Ga;_,As (x — 1). The zero energy is
set at the VBM of GaAs.

Since the Ga 3d core level is most clearly resolved and is located very near the VBM,
we can minimize the experimental uncertainty by using the energy separations from
the Ga 3d level to the VBM or the core levels of the interest. By using the measured
energy differences and Eq. (3-22) for the energy of the Ga 3d level, the energy of the
VBM and the As 3d and Al 2p core levels in AL, Ga;_,As, Eygy(c), Eaq 54(x), and E
2p(®), are, respectively, given by;

Evpu) = Ega3q() + By ga3q®), (3-23)
Eps3q(®) = Ega3q®) — EGa3d.as 3¢®), (3-24)

EA] zp(x) = EGa 3d(-‘.’C) - EGa 3d-Al 2p(x). (3-25)
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Here, By gga 34(%), Ega 34-As 3¢®), and Eg, 34.41 2,(x) denote the experimental energy dif-
ference from the VBM to the Ga 3d level and those from the Ga 3d level to the As 3d
and Al 2p core levels, respectively. Equations (3-22~25) lead us to show the energy
lineups of the VBM and the core levels as plotted in Fig. 3-11. In Fig. 3-11, the energy
zero is set at the VBM of GaAs, and the shown energies correspond to the level of in-
terest in an Al,Gay_,As at a GaAs/AL,Ga;_,As heterojunction measured from the VBM
of GaAs. The energy of the VBM linearly shifts by —0.43 + 0.05 eV when x increases
from 0 to 1, indicating that the natural valence band offset (NVBO) at GaAs/AlAs is
0.43 £ 0.05 eV in agreement with the value obtained by measuring the HJs (AE, =
0.44 £ 0.05 eV). It is because we defined the energy line up in this system as to coin-
cide the NVBO with VBO determination by the HJ samples. Eq (2-5) and Eq (3-1) are
rewritten as;

AE, = EEJ 34.a1 2p + Eitasq — B4 . (3-26)

Here, Eﬁ&ﬁ%d and EALS, p» denote the energy differences between the VBM and the
core levels (Ga 3d and Al 2p) in GaAs and AlAs, respectively. As shown in Fig. 3-11,
the definition of the natural energy lineup agrees with Eq. (3-26).

The energy of the As 3d level depends on x by only +0.06 eV in contrast to the Ga 3d
and Al 2p core levels which shift by —0.14 eV depending on the AlAs content x, al-
though nearest-neighboring cation atoms are altered for the As atoms.

3.4.5 Discussions

By Al Ly 5 soft x-ray emission measurement on Al,Ga; ,As, Nithianandam and
Schnatterly estimated the shift in the energy of VBM, E, 5 2p(x), measured from the
Al 2p core level 54 E a1 95(x) changes gradually by —0.31 eV when x increases from 0 to
1. This value of 0.31 eV is smaller than the GaAs/AlAs VBO (0.44 eV), suggesting
that the natural band lineup assuming the constancy of the cation (Al 2p) core level
does not provide a proper value of the HBO in this system. Further, by adding our
value of the Al 2p core level chemical shifts (—0.14 eV), their value of the shift in £ 4
9p(x) corresponds to the VBO of 0.45 eV, which agrees quite well with our value of 0.43
eV.

Shih and Spicer proposed a natural energy lineup of the Hg,Cd;_,Te, which is ob-
tained by using the cation core level as a reference and predicted a proper value of
NVBO in that system.®® However, our data of chemical shifts in cation core levels
show that the constancy of the cation core level is invalid for the Al,Ga;_,As system.
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Wei and Zunger estimated the cation chemical shifts at a GaAs/AlAs (100) heterojune-
tion to be 0.04 eV, which corresponds to the 0.12 eV shift in the alloy from GaAs to
AlAs, although the sign of the shift (Ga core becomes shallower in the alloy) is oppo-
site to ours.?? Their value of the As chemical shift (0.42 eV) is much larger than our
value of 0.06 eV. A still larger magnitude of the anion chemical shift (0.8 eV) is calcu-
lated by Massidda et al.,*3 although their values of the cation chemical shift agree
with ours. The reason of the discrepancy for the anion chemical shift is not clear at
present.

Akimoto et al. estimated that an Al atom loses 0.03 electron in the Al,Gay_As by 27Al
nuclear magnetic resonance measurements.%¢ A simple estimation from the XPS
chemical shift shows that the Ga atoms lose and the Al atoms gain the valence elec-
trons, which contradict to the result by Akimoto et al. However, the Ga 3d level
chemical shift 8E, g4 is the electrostatic potential energy difference between the Ga
atom in GaAs and that in the AL.Ga;_,As (x ~ 1). Since the Ga 3d chemical shift is the
energy difference between a Ga atom in GaAs and another Ga atom in Al,Ga; ,Asina
GaAs/Al,Ga;_,As (x — 1) heterojunction, we must consider the charge distribution at
the heterointerface as well as that at the Ga atom. It is, thus, very difficult to show
the charge distribution in the Al,Ga;_,As alloy from only the XPS chemical shifts, but
it will be clarified by the further theoretical approaches to explain the cation chemical
shifts of —~0.14 eV and the smaller shift in the As 3d level.

3.4.6 Comparison of chemical shifts — alloy and heterointerface —

In order to verify the magnitude of chemical shifts ay, ag, and a3, which were deduced
in section 3.3, a comparison is made with chemical shift 0.14 eV found on the alloy.

A chemical shift in alloy, CS,,, (a Ga atom in the AL,Gay_,As x — 1 is considered.) is
expressed by a;’s as,

C"Sczlloy = .zai' (3-27)

l=—oc0

ai’s for negative i; denote chemical shifts due to the layer below the Ga atom and a
denotes the chemical shift due to the other group III atoms located in the same layer.
Because there are same number of second nearest group III atoms (4 atoms) and sec-
ond nearest to one of the second nearest group III atoms (8 atoms) and farther atoms
for a; and ag we can approximate g as,

ag~aq . (3-28)

-35 -




Chapter 3 Effects of Interface Charge Distributions

Since a_; is identical to a; CS,,, is given by

CSuiiy = 2, =ag+2 a; ~ 3a; +2a, +2ag+.... (3-29)

[=—oo i=1

By adding a;s, CSalloy is ,then, calculated from the values of Eqgs. (3-11~13) as
CSipy = 135+ 30 meV. . (3-30)

This value agrees with the observed chemical shift in AlGaAs (140 meV). This fact
confirms the validity of the interface chemical shifts.

3.5 Conclusions

(1) The valence band offset at GaAs/AlAs interface is determined as:
AE, =0.44+0.05 eV,

which depends on neither the interface orientation nor the growth sequence.
This result supports the so called model theories'®20 to predict HBOs.

(2) By measuring Ga 3d and Al 2p level energy at the GaAs/AlAs heterointerface, the
following features of heterointerface have been found:

(1) Interface chemical shift of Ga 3d and Al 2p levels are found as

0B gqa34(1) = — 6E g 9,(1) =— 57 £ 20 meV

OE ga 34(2) = — OE g 9,(2) = — 25 £ 20 meV

and

0E g, 34(3) == 8E 9p(3) ==T% 20 meV .
These values mean that Ga 3d (Al 2p) level becomes deeper (shallower) in the
vicinity of the heterointerface.
(i) There is a transient in the electronic structure at the interface (no thinner
than ~114). This result presents us a caution that the atomically abrupt HBOs
are not a real picture.

(3) AE G, 34.41 2p 18 140 meV-smaller for AlGaAs alloy indicating a 140 meV of chemical
shift in the alloy.

This value agrees with our experiments on heterostructures and confirms a validity of
the measured interface chemical shifts.

Further, by including the above chemical shift, an energy diagram (so called natural
energy lineups) for AlGaAs is given as Figure 3-11.
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Chapter 4 Strain Effects on

InAs/GaAs
Heterojunction Band Offsets

Strain effects on the HBOs are studied with XPS measurements on pseudo-
morphic InAs/GaAs structures and a theoretical consideration for the core
level binding-energies to obtain a valence band offset (VBO). For (100) in-
terfaces, two extreme cases are examined; one is an InAs layer pseudomor-
phically grown on a GaAs (100) substrate (type I) and the other a GaAs
layer grown on an InAs (100) substrate (type II). Energy difference between
In 4d and Ga 3d core levels is almost independent of the substrate lattice
parameter. However, the VBO deduced by including a splitting of the VBM
is very different; 0.53 eV for type I and —0.16 eV for type II. This clearly in-
dicates an effect of strain on the VBO (~0.7 eV) in this system. Further,
band lineups are studied for pseudomorphic InAs/GaAs heterostructures
grown on (110) and (111)B GaAs substrates. Because of non-isotropic stain
components, the VBO varies by ~0.15 eV with the crystal orientation.

4.1 Introduction

A strained semiconductor heterostructure such as InGaAs/GaAs is one of the today’s
highlights because it does not only extend a variety of the materials used for device
fabrications but also presents a lot of interesting phenomena in the band structure. It
is well known that hole bands (heavy hole, light hole and spin-orbit bands) are mixed
and the valence band maximum is split. Strain effects on the band alignments as well
as a stability of the structure is the most important issue to have been studied before
the strained heterostructure devices gain a lot of uses. Because of this technological
interest in conjunction with a physical interest of the band offset formation in the
strained system, we have studied the HBOs at strained InAs/GaAs heterostructures.
In addition, an InAs/GaAs short period superlattice is also attracting much attention
for its possibility to replace a disordered In,Gay_As alloy to reduce an alloy scattering
effects on electron devices.®” In spite of its importance,®® only a few experiments have
been done to determine the InAs/GaAs HBOs. A very thin critical thickness for a
generation of misfit dislocations (as thin as 2 monolayers (MLs) for this system)® is
one of the reasons that make it very difficult to determine HBOs accurately.
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Kowalczyk et al. reported the valence band offset, AE,, at InAs/GaAs to be 0.17 eV
from their XPS measurements.”® However, their measurement was carried out on an
InAs/GaAs single heterojunction with a 20 A-thick InAs layer, which is much thicker
than the critical thickness. Hence, the lattice strain is considered to be relaxed in
their samples. Therefore, to study the HBOs at InAs/GaAs heterointerfaces including
the strain effects, the structural parameters of the specimen must be carefully chosen.

In this work, we studied the HBOs at pseudomorphic InAs/GaAs interfaces by in situ
XPS measurements with an emphasis on the strain effects. As described in chapter 2,
XPS evaluates energy difference between core levels in the heterostructures as well as
core level binding-energies of bulk materials. To deduce AE, in this strained system
we have taken the following cares.”

1) A very thin InAs (GaAs) was deposited on GaAs (InAs) substrates to preserve
strain effects on energy alignments of core levels.

2) Core level binding energies for strained InAs and GaAs are determined by XPS
measurements and a theoretical consideration.

Further, in order to quantitatively discuss the strain effects, AE, ’s were measured by
changing the strain configuration as |

1) InAs/GaAs heterostructures were grown on GaAs and InAs (100) substrates.
By changing the substrate lattice parameter the strain effect on GaAs and InAs
layer are separately discussed.

2) The heterostructures are grown on

GaAs substrates with different surface

orientations. et
) Ey
4.2 Theoretical background AE
v
Figure 4-1 shows a schematic energy band E VWV T "
diagram at the InAs/GaAs heterointerface. Ein 4g
The valence band offset defined by
AE, = E,(InAs) — E,(GaAs) is given by; EGasd
Y
AE, = —Eg, 34 + Efy 40 + A1y 44.Ga 3 - (4-1) Ein 4
| AEn 4d-Ga 3d
v v Egasd 4
EGa3d> Eln 44, and also AET, 4.6, 34 can be
affected by a lattice strain.”® Let us consider Gahs InAs
two extreme cases as strained InAs/GaAs FIG. 4-1. A schematic energy band
heterostructures; one is the case where an diagram at an InAs/GaAs hetero-

junction.
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InAs layer is pseudomorphically grown on a GaAs substrate (InAs strained case; type
D), and the other is the case where a GaAs layer is grown on an InAs substrate (GaAs
strained case; type II). Then, Eq. (4-1) can be shown as the followings in order to ex-

press the strain effects explicitly;

AE, = ~E&; 34+ Bl 4q + ABT, 44.6a 34 (type D), (4-2)
AE, = ~E&; 34 + B 4 + AEfy 44.Ga 34 (type II). (4-3)

Here, the superscript s denotes the values for strained layers and o the unstrained
bulk values. AE{, 45.Ga 3q and AEfL 4, ¢, 54 are determined by XPS measurements on
strained heterojunctions. E2 34 and Ef%,, can be obtained from XPS spectra on un-
strained bulk GaAs and InAs, respectively. However, it is very difficult to determine
E&: 3q and Ef7 44 experimentally. Kowalezyk et al. replaced EE, 55 and EfS 4q With
the unstrained values. However, this approximation is not always correct. Therefore,
in order to determine the HBOs in strained InAs/GaAs systems, we estimated Eg, 5,
and E77 4, by the following theoretical consideration and also by XPS measurements

on strained GaAs layers.

The biaxial strain associated with pseudomorphic epitaxy can be decomposed into the
hydrostatic part and the uniaxial part. Van de Walle and Martin have theoretically

PRB fig2 DWP3
%
W70
%
"AE c E,
£ Y
S
u
AEV Ep
E, ‘
Vi /// ]
'é' ASO ECV—_-}F ——————
I R A govs
Eey In 4d hh
EVO
vo In 4d
EGasg Egasd
Ein 4g = Ein4g
£ , Ein 40.Ga 30 £ In 4¢-Ga 3d
Ga 3d T Ga 3d T
GaAs InAs GaAs InAs
(2) InAs strained (type I) (b) GaAs strained (type II)

FIG. 4-2. Band lineups at strained type I and type II heterointerfaces.
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TABLE IV-I. Material parameters.

shown that the energy dif-

ference between the cen- Constant Unit GaAs InAs

troid of the valence band %o A 5.642 6.058

maximum. ((?VBM) and the Z :X :2(2) :(133

core level is influenced d eV 6.0

only by the hydrostatic S11 1072 cm%/dyne 1.172

part and that the uniaxial - S1g 1072 cm?/dyne ~0.365

part splits the valence Ssa 101 cm?/dyne 1.683

bands around the cen. Cyy 10™! dyne/em® 8.329  11.88
173 . Cy2 10! dyne/cm? 4.526 5.38

troid.™ By taking into ac- Cy 10" dyne/em? 3.959 5.8

count these strain effects, E? eV 1.43 0.36

the energy band diagrams Agy eV 0.34 0.38

are shown in Fig. 4-2 for
type I and II systems.

For a (100) interface, the strain components arising from the pseudomorphic epitaxy
are given by;

Cpx = €y = [%’é— - 1] , (4-4)
e = (ﬂ - 1], (4-5)
ay

where a( denotes the bulk lattice parameter, a; and a, the strained lattice parameter
parallel and normal to the interface, respectively. By using the elastic constants Sy,
and Sy, e,, is expressed as;

€z = —'——2812 (C—ZL/-— 1)
. (4-6)

This biaxial strain can be decomposed into the hydrostatic component e, and uniaxial
component e, as;

€xx €xy Cxg e, 0 O -, 0 O
ey €y €, =0 ¢ 0|+ 0 -e O
€ €y € 0 0 g 0 0 2e, o (4-7)
with
and |
eu=%(ezz“eh)=eh"exx:eh—eyy ) (4-9)
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The hydrostatic part of strain shifts CVBM relative to the core levels. E£*,; and

EG; 34 denote the shifted CVBM measured from the In 4d core level in strained InAs
and that measured from the Ga 3d core level in strained GaAs, respectively, which are
different from the unstrained bulk values of Efy%,; for InAs and E§?5, for GaAs.
Furthermore, the uniaxial part of the strain splits the three-fold degenerate VBM into
heavy hole (2h), light hole (l4), and spin-orbit split-off (so) bands around the CVBM.
The splittings of hh and Ik bands relative to CVBM, Ej, and Ej}, can be estimated by
using appropriate deformation potential constants. EY; ;5 and EE g4 are, then, ob-
tained by Ef’yg + Epp, i and EEY 5y + E}y, 1, for hh and [k bands, respectively.

First, let us evaluate the effects of the hydrostatic part of strain. Because of the core-
hole relaxation effect during XPS measurements, the measured binding energy of the
core electrons relative to the CVBM, Eg}, is different from the unperturbed binding
energy. This shift (so called “a final state effect”) can be treated by using a Born-
Haber cycle. Using the tight-binding (TB) theory with universal parameters and also
using the Z+1 approximation, the unstrained EZP is given by;"*

EEL = AEyong + Eqy + AE 0y + I ooy . (4-16)

Here, AEy,,q and AE,,,, denote the differences in the bond formation energy and the
metallization correction between in the initial and final states, respectively. E,, de-
notes the theoretical CVBM, and I,,, the core level ionization energy in a free atom.”
Under the hydrostatic strain with an isotropic strain component of e, we can calcu-
late the binding energy of a core electron in the same manner and obtain EZF.
Because of the Z+1 approximation and the TB approach, the absolute values of the
calculated E&rand EEf° have uncertainties, but the calculated strain-induced shifts,

[EEL — EEP], are reliable. Therefore, we will use the following approximation;

Eg = EZP (expt) + | EEF (theor) - E&Y (theor)], | (4-11)
with ‘
E& (expt) = EX (expt) =% A, (4-12)

TABLE IV-II. Energies for strained GaAs and InAs (in eV) calculated by using
Eqgs. (4-4~16) and material parameters listed in Table IV-I. The subscript CL rep-
resents the Ga 3d or In 4d core levels in GaAs or InAs, respectively. To obtain ESF

by Eq. (4-5), we used the values of E¥ measured by XPS, which are shown in
TABLE IV-III.

Egy (theor) — EGP (theor)  E&P EY, E} ES
InAs (type I) 0.02 17.25 039 018  0.90
GaAs (type II) ~0.11 1853  —-017 059  0.86
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where (expt) and (theor) denote the quantities obtained experimentally and theoreti-
cally, respectively. A, is the spin-orbit splitting energy. By using parameters sum-
marized in Table IV-I, the strain-induced shifts are calculated as listed in Table IV-II.

With the deformation potential constant 5,6 the splittings of the heavy and light hole
bands relative to the CVBM, E}, and E}}, are respectively given by;"?

Ellfh = §1Aso - ':QL 6Eqo1, (4-13)
1
Efh = ~§ Ao + 3 8Bq01 + (A% +Ag8o01 + 2 6B ), (4-14)
with
8Eyo; = 2b(5& ~ ELJ. (4-15)
a ap

Here, ag denotes the bulk lattice parameter, a; and aj the strained lattice parameter
parallel and normal to the growth direction, respectively. In uniaxially expanded
(biaxially compressed) InAs the VBM is the heavy hole band, while in uniaxially com-
pressed (biaxially expanded) GaAs it is the light hole band.

The conduction band relative to the CVBM, Eg;, can be calculated by using the hydro-
static deformation potential constant a, as the following;

| )
ES =Eg+1Ag, +a(ﬁ/_/§fg_ 1]
(4-16)

Here, E; denotes the direct band gap for unstrained bulk material. These values are
also tabulated in Table IV-II.

4.3 Samples and XPS measurements

4.3.1 Core level energy distance

All the samples were grown by MBE and XPS measurements were performed on them
immediately after the growth. In order to investigate the strain effects on HBOs, two
types of heterostructures (HS’s) were prepared; i. e., an InAs layer grown on a GaAs
(100) substrate (type I HS) and a GaAs layer grown on an InAs (100) substrate (type
II HS). To avoid the generation of misfit dislocations, the thickness of the heterojunc-
tion overlayers was only 2 MLs. However, the XPS signals from such thin overlayers
are strongly affected by the surface and interface chemical shifts. To minimize this
ambiguity, thin overlayers were grown to cap the strained thin layers; i. e., 5 ML-thick
GaAs layers for type I structures and 5 ML-thick InAs layers for type II structures.
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Thus, the samples measured in these experiments are double heterostructures; i. e.,
GaAs/InAs/GaAs structures (type I HS) and reversed InAs/GaAs/InAs structures (type

II HS).

Although the electronic struc-
ture of 2 ML-thick InAs is
much different from bulk
InAs, in these experiments we
concentrate on an energy
alignment of In 4d and Ga 3d
core levels without introduc-

~ ing a lattice relaxation. For
type I HS, a 1pm-thick Si-
doped GaAs buffer layer, a 2
MUL-thick undoped InAs
strained interlayer, and a 5
ML-thick GaAs capping layer
~ were successively grown on a
Si-doped GaAs (100) sub-
strate. For type II HS, a
1pm-thick undoped InAs
buffer, a 2 ML-thick undoped
GaAs interlayer, and a 5 ML-
thick undoped InAs capping
layer were grown on an un-
doped n-type InAs (100) sub-
strate.

Clean mirror surfaces were
obtained at substrate temper-
atures around 450°C under
As-rich condition. For the
growth of InAs, especially, a
high As overpressure is nec-
essary. In this case the flux
ratio was Asy/In ~10. The
RHEED patterns were photo-
graphically recorded to ensure

X791CL.DAT.KG i:x791 CL KG ploti2
T T T T T T T T T

XPS Intensity (arb. units)

1 I 1 I 1 I 1 I 1 l v 1
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' | : . | . X|8560L.DIAT. KG i:x856 C|L KGi2
[
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= ¢ AEin49-Gaad
s

- XPS Intensity (arb. units)
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FIG. 4-3. Typical XPS spectra taken from (a) type
I and (b) type II samples. The backgrounds are
subtracted as described in the text. The dots are
the XPS data and the solid lines are fitting curves
by using the Ga 3d and In 4d core level spectra
(broken lines) which are obtained from XPS mea-
surements on respective bulk materials. The in-
sets show the sample structures.
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that the lattice relaxation did not TABLE IV-III. Measured energy differences.

occur in these samples. Sample energy 1‘7622’1716 (eV)
InAs/GaAs AEIIn 4d-Ga 3d 1.626
First, EX, 34 and EY°,, were mea- (type I) 1.647
sured on MBE-grown unstrained ’ av. 1.64 + 0.02
1.585
bulk GaAs and InA les, re-

v tivel s In th }(S‘Pssamp ets r:h GaAs/InAs AE]::[I[] 4d-Ga 3d 1.616
spectively. e : spectra e <type II) 1.608
background intensity which is pro- av. 1.60 + 0.02
portional to the integrated peak in- bulk GaAs EX o4 18.75 + 0.05
tensity was subtracted from each bulk InAs B4 17.36 + 0.05

core level spectrum. Here, we sim-

ply define the peak position of each

core level as the midpoint of the two energies at which the intensity is half of the max-
imum intensity. As shown in section 2.4.1, to determine the energy position of VBM,
E,, the theoretical densities of states’® for GaAs and InAs broadened by the instru-
mental lineshape were fit to the XPS spectra around VBM. The obtained values of
E&a 34 and Ef? 44 are tabulated in Table IV-III.

The XPS spectra were, then, taken on type I and II HS’s to determine AEL 44 g, 34
and AEL 4d-Ga 34+ Lypical XPS spectra are shown in Fig. 4-3. We made three inde-
pendent experiments for each type of structures to assure the accuracy. The least
squares fitting by the Ga 3d and In 4d core level spectra taken on bulk GaAs and InAs
samples, respectively, was used to separate the two closely spaced core levels.”” The
AE1, 44.Ga 34’ thus determined were 1.64 + 0.02 eV and 1.60 + 0.02 €V for type I and II
samples, respectively. This result shows that AEy, 44.6a 34 0nly slightly depends on
the in-plane lattice constant.

4.3.2 Strain induced shift in the core level binding energy

In order to check the accuracy of the theoretical prediction of the core level binding
energy measured from the VBM, EGF — E&P, the strain induced shift in the Ga 3d
level binding energy in GaAs was systematically measured as a function of the in-
plane lattice constants a;,.58° A 1 um thick In,Ga; As buffer layer (x =0 ~ 0.37) and a
50 A thick GaAs probing layer were successively grown on an n*-GaAs substrate by
MBE and in situ XPS measurements were performed. The lattice constant in the
In,Gay ,As, which is considered to be the same as the in-plane lattice constant in the
strained GaAs overlayer unless the lattice relaxation occurs in the overlayer, is de-
termined by using the x-ray diffraction spectrum. The 50 A-thick GaAs overlayer is
enough thicker than the photoelectron escape depth (~ 25 A) and dominates the XPS
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signal from these samples. The = 0‘5_ 1 7 A A R B
energy positions of Ga 3d level ?’; 0.4 =(GaAs) as(InAs) |
and VBM are determined by com- ng 03 i PSOUIOMOIRHIS I |- rlaxation ]
paring the strained XPS spectrum E ]
with that of unstrained GaAs. & o.2f -

T 3 .

g 0.1} / 7/
In Fig. 4-4, the shift in the Ga 3d = (=5-6.57 1 1
core level binding energy is plot- % o.o_— % 7 ]
ted as a function of the in-plane V> Z T T T Y
lattice constant a;. The binding In-Plane Lattice Constant a, (A)

i dually by ap-
enerey mcreases gradually by ap FIG. 4-4. Shift in the Ga 3d core level binding

energy measured from the VBM plotted as a
creases from 5.65 A (GaAs) to function of the in-plane lattice constant, a.
~5.75 A, clearly indicating the The inset shows a sample structure.

strain induced shift in that en-
ergy. The solid curve in Fig. 4-4

proximately 50 meV when a/ in-

shows the theoretical estimation obtained by substituting the respective a; into Eqgs.
(4-11~15). This agrees well with experiment while a; < 5.73 A. Although with larger
ay the experimental strain shift is lower than the theoretical prediction, the critical
thickness for the generation of misfit dislocations is lower than the overlayer thick-
ness and the most lattice strain in the overlayer is considered to be relaxed. This ex-
periment strongly supports the validity of the theoretical prediction by Egs. (4-11~15)
in order to predict the strain effect at InAs/GaAs heterojunctions.

4.4 Derivation of band offsets and discussions

Efiq and EEY 34 are obtained by substituting into Eqs. (4-11,12) the calculated en-
ergy shifts [ EGf’ (theor)— EEP (theor)] and the measured values of EY°,; and EX2 q4.
Then, by combining these values with AEIIn 4d-Ga 3¢ and AEL . . 54, the offsets of

the CVBM, AE, [= E,,(InAs) — E, (GaAs)], are obtained as;

AE,, =—E§P3q+Efq + ABL 44.Ga 34 (type D), (4-17)
AE,, =-E&f 3+ Ef %+ AL 41 o sa (type ID. (4-18)

The determined AE,’s are 0.25 eV and 0.30 eV for type I and II HS’s, respectively.
Furthermore, by taking into account the effect of the uniaxial strain as described in
section 4.2, the energy band diagrams are determined as shown in Fig. 4-5. A AE,, of
0.53 ¢V and a conduction band offset, AE, [= E,(InAs) — E(GaAs)], of —0.38 eV are ob-
tained for the type I structure. In this case, both Ak and lA bands in InAs are above
the VBM in GaAs. The VBM in the strained InAs is A4 band. In contrast, a charac-
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diagram {100) DWP

(a) InAs strained (type 1) (b) GaAs strained (type Il)

%

44
_ A =0.30 eV
A-Eu =0.53 eV A AElh= 0.32 eV Ecv ! AEhh"_“ 0.60 eV
A -
| | AE,=0.25 eV |
GaAs InAs GaAs InAs

FIG. 4-5. Determined energy band diagrams for type I and type II InAs/
GaAs heterostructures.

teristic band alignment is expected for the type II structure, where Ik (hh) band in the
strained GaAs layer is higher (lower) than VBM in the InAs by 0.16 eV (0.60 eV) and
the conduction band offset is 0.08 V.

Table IV-IV shows our results with recent reported experimental and theoretical val-
ues. First, let us compare our result with experimental values reported for type I
structures. Kowalczyk et al. reported AE, of 0.17 eV determined by XPS measure-
ments on an InAs/GaAs single heterojunction. The discrepancy between their result
and ours is considered to be due to the lattice relaxation in their sample, since the

TABLE IV-IV. A comparison of determined valence band offsets at
InAs/GaAs heterointerfaces (in eV).

AE,, AE

type I type 11 type I ’ type 11
This work (XPS) 0.25 0.30 0.53 -0.16
Core level XPS? 0.17
Light-scattering® 0.49+0.1
DME theory*® 0.18 0.52
Tight binding? 0.09 0.19 0.47 -0.34
Pseudopotential® 0.02 0.01 0.31 -0.49

3S. P. Kowalczyk et al., J. Vac. Sci. Technol. 20, 705 (1982).

bJ. Menéndez et al., Phys. Rev. B 36, 8165 (1987).

EM‘ Cardona and N. E. Christensen, Phys. Rev. B 35, 6182 (1987).
C. Priester et al., Phys. Rev. B 88, 9870 (1988).

®A. Taguchi and T. Ohno, Phys. Rev. B 39, 7803 (1989).
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InAs layer in their sample is much thicker than the critical thickness for dislocation
generation. On the other hand, Menéndez et al. predicted much larger band offset
(AE, = 0.49 £ 0.1 eV) by extrapolating the value obtained by light-scattering experi-
ments on Inj g5Gaj g5As/GaAs quantum wells.8? This is still larger than our results.
Although the origin of this discrepancy is not clear at present, such a simple extrapo-
lation procedure might exaggerate the strain effects.

Second, our results are compared with theoretical values. Cardona and Christensen
predicted AE, = 0.18 eV and AE, = 0.52 eV for type I from their dielectric midgap en-
ergy (DME) theory,? which is in good agreement with ours (AE,, = 0.25 eV and AE,,
=0.53 eV). On the other hand, Priester et al. theoretically predicted AE,, to be 0.09 eV
for type I and 0.19 eV for type II by self-consistent tight binding calculations,3® and
Taguchi and Ohno obtained AE,, = 0.02 eV for type I and 0.01 eV for type II by ab-ini-
tio self-consistent pseudopotential method.?* Our values of AE,’s (0.25 eV for type I
and 0.30 eV for type IT) as well as AE,’s are much larger than these theoretical pre-
dictions, calling for further refinement in the theories.

4.5 Orientation dependence of InAs/GaAs HBOs

The uniaxial part of the stain introduces the most significant change in the valence
band offset. The VBO can be, then, changed by a crystal orientation of the substrate.
This section shows an analysis on strain effects on HBOs at InAs/GaAs structures
grown on (110)- and (111)-oriented GaAs substrates in order to check the orientation
dependence.

4.5.1 A (110) interface

First, by decomposing the strain arising from the
lattice mismatch to calculate the isotropic and non-
isotropic strain effects, which is not uniaxial in this
case. On a (110) plane, two stresses, X;;, along
[110] axis and X;,4; along [001] axis as shown in
Fig. 4-6, should be considered, because [110] and
[001] axes, which are in the (110) plane, are not
equal. Then, the strain components are shown by

€ = €5y = 812X 001+ 3 (S11+ S12) X110, (4-19)
€2z = S11X001 +S12X110 (4-20)
and ‘ FIG. 4-6. Stress components
€y = %S44X110' ' (4-21) of heterostructure grown on a

(110) surface.
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A changes in an in-plane lattice constant a; and that in a vertical lattice constants a n

are shown by those strain components as
Q

YUl _1=ep+e, =e,, (4-22)
a9
and |
;0—'— 1= eyy —eyx. | (4'23)
By solving Egs. (4-19~23), X;,, and Xy; are shown by using ayand a) as
2(S;1 -8
X110 = .S S( = 212) 1 (‘qﬂ" - 1]’ (4-24)
11+ 511512 — 2575+ 581154 \ @
and
1|({a
Xoo1 =3 [( i ]—Smxno } (4-25)
12
Then, a change in volume from its unstrained value, AV/V, is given by
AVIV ~ 2(% - 1) + (Ei. - 1] (2- Duo)( 7 1), (4-26)
% Qo Qo
with .
S44(S11-8 _
Diyo = -1+ op— ;4( Py )1 : (4-27)
11+511512 = 2875 + 5811544
A change in the bond
length d is approxi- TABLE IV-V. Orientation dependence of measured and
mately given by us- calculated values at InAs/GaAs structures grown on vari-
ing AV/V as ous GaAs substrates.
Orientation (100) (110) (111)B
deVY3,  (4-98) 1.647 1.575 1.660
AET, 44.Gasq (€V) 1.626 1.609 1.665
By substituting d 1.647 —_
into Eq. (4-10), an A 1.64:0.02  1.59+0.03 1.66:0.02
isotropic strain effect %303‘1 (V) 18.64£0.05
cvs cvo . I'n 4. (eV) 1723 i‘ 0.05
By sq — Efp 4q is ob- ap (InAs) (&) 6.058
tained in the same a; (InAs) (A) 5.643
manner as Eq. (4-11). a, (InAs) (A) 6.510 6.338 6.323
This value, only 0.03 AVIV -0.063 -0.091 -0.094
eV to raise the VBM, By 45dE - EICIYQI% (eV) +(())g§ +8gg +8g§
8 included in Table 5l ((:V)) 0.18 0.16 0.09
Iv-v. AE,, (eV) 0.25 0.21 0.28
OES  (eV) 0.90 1.05 1.05
AE (eV) -0.38 -0.27 -0.20
The effect of th - “
© eHec ol the non AE,, (eV) 0.53 0.46 0.40
hydrostatic part of AE, (V) 0.39 0.96 0.96
the strain is calcu- AE, (eV) 0.53 0.46 0.40
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lated by the second order perturbation theory as reported by Pollak and Cardona.8?
The strain Hamiltonian for this system is given by

\2 SN2 a2
H=:11‘5E001[3(Lx) “LZ}'%5E111[3(LZ) "(Ly) ], (4-29)
with :
SE go1= ~4b(S11 ~ S12)( Xo01 -3 X110 ), (4-30)
J ‘
6E111= :/—55443(110 : (4-31)

Here, L denotes an angular momentum operator and Zx etc. are components of L. af-
ter a rotation transformation. Then, the VBM for A4 and [k bands measured from
CVBM are acquired as

12
Effy = $ A5~ 3(0E501 + 35E1211) 2 (8Fo01 - 0B111)” [Age +.. (4-32)
B = 385, + (8BS, +35E2;)" +3(8Bgpn +38B111) [Agy +... (4-33)

Obtained values of Ef and Ejf, which are more significant than the hydrostatic
strain effect, are also shown in Table IV-V. From a;, and a, the band gap of strained
InAs E; is also calculated as listed in Table IV-V.

XPS measurements of AE, 4, q, 34 Were carried out on GaAs (7 11°ML)/InAs (2
10MT,)/GaAs structures. One HOML,, which indicates a thickness of one monolayer
coverage on a (110) plane, is smaller than that on a (100) plane by a factor of 1//2.
An InAs buffer layer, a GaAs buffer
layer, 2 11MI-thick InAs layer and a

capping GaAs layer were succes- a growth

strain (111) DWP4

sively grown on (110)-oriented n-type
GaAs substrates at the same growth
condition as used for the growth of an
AlAs/GaAs (110) structure. AE7, 4.
Ga 34 18 evaluated from two experi-
ments to be 1.5940.03 eV, which is
almost the same as the value mea-
sured on the (100) interface. By

combining this value with calculated

o.nes, t.he band offsets are given as FIG. 4-7. Stress component for the
listed in Table IV-V. Mostly because strained InAs layer at a heterostructure
of a difference in the non-hydrostatic grown on (111) surface. Stress can be di-
vided into three X’s in the (111) plane or
Xp’s (hydrostatic part) + X;;; (uniaxial
part).

strain components, the VBO becomes
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smaller than that for a (100) interface.
4.5.2 A (111) interface

For a (111) heterostructure grown on GaAs substrate, an InAs layer is compressed in
the (111) plane. From a symmetry, the stress can be divided into three components
parallel to (101), (011), and (170) directions which have the same magnitude X as
shown in Fig. 4-7. Then, X is given by

a
X= (—d;—/—lj/(311+2812 +ZIS44).

(4-34)

A deformation along the [111] growth axis is given by

a

'—J'—- 1= (S11+2812 —%844)}{.

o (4-35)
Then, a change in volume is obtained by

AVV ~(2- Dm)( Q. 1), (4-36)

ap _

with
S11+28, -8 -
Digg= _(ﬁé- 1}/(9_&_ 1) =TT _ 9O t2C =20y gy
ag ag S11+2812+38y  C11+2C15+4Cyy
The hydrostatic strain effect is calculated by using Eq. (4-4~6, 28, 36, 37) to be 0.03 eV
to raise the VBM in InAs.

In order to calculate effects of uniaxial strain component, rewrite the strain compo-
nent by using uniaxial and hydrostatic strain components, X;; and X}, defined by

Cax = €yy = €5 = (S11+2815) X, +3 (5'11 +2819) X111, (4-38)
‘544X 111 (4-39)

as
Xy =~3X, (4-40)
X,=2X. (4-41)

By substituting this X, into a formula for a strain parallel to (111), strain induced
shifts in the Ah and IA bands are given by®®

E}Ifh = lA -3 5E111, (4-42)

Ef, 1Aso+ 6E111 +5(6E111) /A / 50 (4-43)
with
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(a) (1 OO) (b) (1 10) 7(0) (1 1 1 )B diagram (110.(111) DWP1

AR=053eV | p-0szev  AB=046eV
AE,,=0.25 eV AE,,=0.21 eV
GaAs InAs GaAs InAs _ GaAs InAs

FIG. 4-8. Energy band diagrams for InAs/GaAs heterojunctions grown on (100)-,
(110)-, and (111)B-oriented GaAs substrates.

d
0Eq11 = 7—5544X111- (4-44)

All of the results on the (111) interface are summarized in Fig. 4-8. It is found that
the (111) axis is more symmetric than (100) and (110) to make smaller the split of
VBMs. '

XPS measurements on GaAs/InAs (2 11IML)/GaAs structures were performed to deter-
mine the energy difference AE1, 45 g, 34 Here, one 1ML (=19°ML x 2/+/3) shows one
monolayer thickness on the (111) plane. By two experiments as listed in Table Iv-y,
it is determined to be 1.66+0.02 eV, which is slightly larger than (100) and (110) inter-
faces. Then, the VBO is determined as listed in Table IV-V. Figure 4-6 summarizes
the determined VBOs for InAs/GaAs structures grown on (100)-, (110)-, and (111)B-
oriented GaAs substrates. It is found for a (111)B interface the VBO is smaller than
that on a (100) interface by 0.15 eV.

4.6 Conclusions

AEY, 44.Ga 34 In InAs/GaAs heterostructures measured by XPS only slightly depends on
the in-plane lattice constant. By taking into account the strain-induced shifts in the
core level binding energies relative to VBM, the offset of the centroid of VBM, AE,, is
determined to be 0.25 eV for type I (InAs strained case) and 0.30 eV for type II (GaAs
strained case).

By adding the effects of the uniaxial part of strain, the valence band offset AE, is de-
termined to be 0.53 eV for type I and ~0.16 €V for type II, demonstrating an effect of
‘strain on the band lineups.

Unlike the lattice matched systems, HBOs for a strained InAs/ GaAs system depends
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on its orientation; i.e. the VBO is smaller by 0.15 eV for a (111) interface than that for
a (100) interface.
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Chapter 5 Can We Control
Heterojunction Band Offsets?

In order to realize a control of heterojunction band offsets, an energy band
diagram at a GaAs/Si/AlAs heterostructure has been studied. A main role of
the Si layer is not a control of a valence band offset as proposed by Sorba et
al. [Phys. Rev. B 43, 2450 (1991)], but an introduction of band bending in an
over-grown layer. To achieve a modification of the true VBO, a precise con-
trol of Si occupation site is necessary. Our experiment using a thin p-type
Si-doped layer and a Si §-doping of a heterointerface, however, shows a pos-
sibility of a true control of a valence band offset at a GaAs/AlAs heterointer-

face.

5.1 Introduction

A lot of works have been devoted to realize a control of heterojunction band offset be-
cause of its technological importance. As described in the previous chapter, the band
offset at an isovalent heterostructure such as GaAs/Al(Ga)As is a constant VBO de-

termined by their bulk properties. A VBO can, how-

ever, be controlled by using a heterovalency of an inter-

face or by p- and n-type doped layers which forms an in-
terface dipole as shown in Fig 5-1 (c). Cappasso et al.
proposed a doping interface dipole, which consists of
donor and acceptor layers near a heterointerface.®”

This technique, however, cannot form an abrupt offset
at the junction because it needs ~100A thick n- and p-
type doped layers. Another idea is a usage of a het-
erovalency of interfaces. At a heterovalent interface
such as CdS/Ge®® and Si04/S1,% a thin insertion layer
may modify a VBO. In these systems, an interface
dipole formed by an insertion layer plays a key role.
This idea, a manipulation of an interface dipole, can
also be applied to more commonly used heterointerfaces
such as GaAs/AlAs. Harrison et al. showed that a het-
erovalency of an interface varies an interface dipole at a
GaAs/Ge interface to change a valence band offset
(VBO0).> Then, what would happen when an ultrathin -

-h3 -

Junction view DWP

(a) A GaAs/AlAs heterojunction

n-type 3-doping  p-type 8-doping

FIG. 5-1. Ideas proposed
to control HBO.
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1CPS Orientation DWP

(c) (110)
()

.....
.......
! 3aey

Osi
e eyl —————eerrarar (i
r growth N growth
Potential induced by a Si layer

yasiiay + + -
EEEN / =
4 4 V4

CBM

Energy band diagram

BRSO G AT RO T

CBM

Electron Potential

Electron Potential
Electron Potential

distance  [100] distance  [100] distance  [110]

FIG. 5-2. Schematic illustrations of atomic configurations and energy band dia-
grams at GaAs/Si/AlAs heterointerfaces grown on (a) Ga-stabilized (100), (b) As
stabilized (100), and (c) (110) oriented substrates. Potential variations due to the

Si layer are also shown.

group IV-element layer is inserted at a III-V semiconductor heterointerface? By a self-
consistent calculation, Mufios et al. showed that a Ge double insertion-layer forms an
interface dipole, which can tune the VBO on (100) and (111) crystal planes.® That
idea is schematically shown in Fig. 5-2. Figure 5-2 displays atomic configurations,
dipole potentials induced by Si layers, and expected variations in the energy band dia-
grams for Si inserted AlAs/GaAs heterointerfaces grown on As- and Ga-stabilized
(100) and (110) surfaces. An important point to be noticed is that the interface dipole
strongly depends on an interface crystal orientation. Sorba et al. reported that the
VBO at a GaAs/AlAs (100) heterointerface determined by XPS can be changed from
0.02 to 0.78 eV by inserting a Si layer.” When the Si layer is thinner than 0.5 mono-
layer (ML), their result agrees with a theoretical prediction assuming an interface
dipole. %

In the following section, however, it will be shown that the main role of the Si layer is
not a true control of the VBO but an introduction of a band bending in the XPS prob-
ing area. It is mainly because the Si occupation site at the interface is not easily con-
trolled and in most cases Si plays a role of an n-type dopant to cause a band bending.
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In order to overcome this difficulty, we propose a new structure to realize an effective
control of HBO. Figure 5-2(d) shows a GaAs/AlAs heterostructure incorporating two
d-doping layers, which is an intermediate of (b) and (c¢). By placing highly (~10%%m™3)
Si 8-doped layers in a spacing of a few monolayers, one can get a HBO-controlled
abrupt heterointerface. In order to realize that idea, an effective p-type doping as
well as a well-confined 8-doping must be accomplished. An MBE-grown (311)A GaAs
doped with Si is reported to be p-type because of surface bond configurations.’! We
found a Si 6-doped (311)A GaAs is n-type and a uniformly Si-doped (311)A GaAs
grown by MBE shows a p-type conductivity (at the maximum p~102°cm™3). Further,
by combining a 50A-thick p-type GaAs layer and an interface 3-doping with Si, a pre-
liminary experiment has been made to control a band alignment at GaAs/AlAs hetero-
interface.

5.2 Roles of Si layer at GaAs/Si/AlAs heterointerfaces

5.2.1 Possible band
diagrams BB PRB kgt DWPY
0.1um 30 A
As has been claimed (a) No Silayer ; (b) BRI
previously, for a correct QEM
VBO to be deduced by
XPS measurements, an = formrmimimimi—mimemem o dEp e e
energy band diagram in VBM
a sample must be flat in N\
the XPS probing area GaAs AIAsVBM
(<100 A). Figure 5-3(a)
i N
and (b) show energy (©) Ns=1.0x10%cm® S (@ CBM (X
band diagrams of an |
AlAs/GaAs heterostruc- CBM \ . <8 >
ture on different scales. ] F &
As a doping density is
very low in our sample . & 4z
: < YNy AES
(n~1x10'%cm™®), the sur- SENNNN\SA\ }Z\&\{\K\\@Mrage
AlAs 3 of VBM
face band bending can GaAs Si AlAs
be neglected in the XPS

i i FIG. 5-3. Energy band diagrams in (a, b) AlAs/GaAs and
probing region as shown (¢ 4y A1As (30A)/Si/GaAs (the Si donor density at the in-

in Fig 5-3(b). By rewrit- terface, Ny, is 1 x 1013 em™2) structures estimated by the
ing Eq. (2-1) to explicitly band bending model. (b) and (d) show blowups of (a) and
show a flat band condi- (c), respectively, near the surface, where XPS probes.

The GaAs layer is doped with Si (n~1 x 106 cm™).
Diffusion and/or segregation effects of inserted Si atoms
are ignored for simplicity.

tion, a VBO is shown by
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AE, = AEq, 34 41 op (flat
band)-53.97eV.

(5-1)

AEG, 34-41 2p(flat band) is the energy difference between Ga 3d and Al 2p core levels
measured on an AlAs/GaAs heterostructure. Sorba et al. applied this method to the
AlAs/Si/GaAs system to derive the VBO.” However, this is not generally true, because
the flat band condition is not always fulfilled in this system. The following three fac-
tors should be taken into account to draw a true band diagram.

(1) Excess charges induced by ionized Si-impurities near the interface due to a “5-
doping” effect. This is likely because Si preferentially occupies a Ga-site to form
donors in MBE-grown GaAs.

(2) The surface Fermi level pinning due to surface states.
(8) A possible segregation of Si into an over-grown layer.?

The first two factors cause a band bending in the over-grown layer and the third factor
induces a non-linear variation of the band bending.

The band bending in the over-grown layer changes the energy separation between Ga
3d and Al 2p peaks in the XPS spectra and hence it is necessary to separate the true
VBO-change from the band bending effect when deriving the VBO from XPS spectra.
In order to clarify this situation, let’s consider a case where an AlAs thin layer is
grown on a Si/GaAs layer (the structure is denoted as AlAs/Si/GaAs) and a band bend-
ing due to Si donors is present in the AlAs layer as shown in Fig. 5-3(c) and (d). A
band bending in the GaAs layer is negligibly small because the doping density in the
GaAs layer is very low and a Si diffusion into the GaAs layer is negligible under the
present experimental condition. The measured peak of an Al 2p level consists of a su-
perposition of photoelectrons with different energies emitted from different depths
from the surface. Therefore, the peak energy shifts and the Al 2p line width is broad-
ened by the band bending. On the other hand, when only the VBO changes and no
band bending is present, no line-width broadening should be observed. This fact can
be used to separate the two effects. Moreover, the interface dipole potential at a het-
erovalent interface is much dependent on the interface orientation, in contrast to the
band bending which is primarily independent since it is determined by the ionized-
donor concentration. Furthermore, if the energy shift is due to a band bending, sepa-
ration of the two peaks should vary with increasing the AlAs over-grown layer thick-
ness, while if it is due to the true VBO-change, it should remain constant. We will use
these three factors to test which effect dominantly takes place in the present
AlAs/Si/GaAs structures. In the following, we discuss an “average valence band dif-
ference,” AE,, which is defined as

-56 -




Chapter 5 Can We Control HBOs?
AE, = AEg, 34.a1 2, (meas)—53.97 eV. (5-2)

Here, AEg, 34.a1 2p(meas) is the measured energy separation between Ga 3d and Al 2p
peaks and dependent on both a band-bending and a change of a true VBO as men-
tioned above. This value is identical to the VBO when the interface dipole is formed
and no band bending exists.

5.2.2 Samples and an analysis on peak line-widths

The sample structure used in the experiment is a 1 pm-thick GaAs buffer layer, an ul-
trathin Si inserted layer and an AlAs over-grown layer, which were successively
grown by MBE on n-type (100), (110), and (311)A GaAs substrates. For (100) sub-
strates, both As-stabilized and Ga-stabilized surfaces were studied. A Ga-stabilized
surface was obtained by heating a sample at 550~600°C with a liquid-nitrogen cooled
shroud one day after the growth of a GaAs layer to eliminate the residual As, flux
from the shroud. The RHEED pattern changed from (2x4) to (4x2). The sample on a
(110) substrate was grown under a high As, flux (an As, to Ga ratio was 15~30) at
400~450°C. The GaAs layer was lightly doped with Si (1x10%6 cm™3), except for the
samples grown on (311)A substrates, which were undoped. A thickness of a Si layer
was measured in a unit of monolayer (ML), where 1 ML = 6.25x104 cm™?; i.e. one ML
corresponds to a full coverage of Si on either group-III or -V atom sites on a (100)
GaAs surface. The growth temperatures were 600 °C, 400 °C, and 450 °C for a GaAs
layer, a Si inserted-layer, and an AlAs over-grown layer, respectively, both on (100)
and (311)A substrates. The thickness of GaAs and AlAs layers was calibrated by the
RHEED intensity oscillations and the Si deposition rate was determined from a sepa-

88 PRB fig2 DWP2
T

T T T

(b) Al 2p

AlAs/GaAs| AlAs/Si/GaAs

Intensity (arb. units)
Intensity (arb. units)

53 5
(eV)

57 5

Energy from Ecasg

FIG. 5-4. XPS spectra of (a) Ga 3d and (b) Al 2p core levels taken from AlAs (30
A)(311)A GaAs (open circles) and AlAs (30 A)/Si (0.2 MLY(3114 GaAs (dots) het-
erostructures.
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rate measurement of electron concentration < 13 a

in a uniformly Si-doped GaAs sample.?® A % :T <
Si deposjltwn was Performeq by using a i 10 éz_ssit:gnillnéeeg %11 %%)) =
conventional effusion cell with a cell tem- £ 09 193 " 'S
perature of 1100°C. (It takes 26 minutes to @“ 111 2
complete a Si monolayer growth.) The < 11-0 %
samples were immediately transferred to 00 02 04 06 08 19°0
the analysis chamber to be analyzed by Si layer thickness d (ML)

XP8. FIG. 5-5. Peak line widths (in the

FWHM) of Ga 3d and Al 2p peaks
plotted as functions of the Si layer

Figure 5-4 shows typical XPS spectra of (a) thickness, d.

Ga 3d and (b) Al 2p levels taken from AlAs

(30A)/GaAs and AlAs (30 A)/Si (0.2

ML)/GaAs samples grown on (311)A substrates. For each spectrum the origin of en-
ergy scale is set at the Ga 3d peak energy. As seen from Fig. 5-4(b), the Al 2p peak
energy shifts by ~ + 0.4 eV, indicating that AEU is modified by a Si insertion. The Al
2p line width is broadened from 0.93 eV to 1.22 eV in the FWHM, while the Ga 3d
level retains its intrinsic line width. This indicates that a band bending in the AlAs
over-grown layer affects the XPS spectra. The unchanged lineshape of the Ga 3d peak
indicates that the band bending in the GaAs layer is very small. A small shoulder ob-
served at the higher energy side of the Ga 3d peak is due to a chemical shift of a Ga
atom bonded to Si atoms. (This will be discussed in detail later.) Figure 5-5 shows
line widths of the Ga 3d and Al 2p levels measured on AlAs (30A)/Si (d ML)/GaAs
structures grown on Ga- and As-stabilized (100), (110) and (311)A surfaces as a func-
tion of the Si layer thickness d. It is found that in all the samples the Al 2p line width
is broadened by ~0.3 eV when a Si layer is inserted and the Ga 3d level has a con-
stant line width within an experimental uncertainty (+ 0.03 eV). This result indicates
that there exists a large band bending in the AlAs layer.

5.2.3 Orientation dependence and band bending model

In Fig. 5-6, the average valence band difference, AEU , 1s plotted as a function of the in-
serted Si layer thickness d for As- and Ga-stabilized (100), (110), and (311)A inter-
faces. For reference, the results by Sorba et al. are also included. As easily seen from
the figure, AE’U decreases by a Si insertion layer and saturates at d ~ 0.5 ML in all the
samples and the data points except for (311)A fall on a single curve. In Fig 5-6, the
theoretical curves of Si-induced shifts in the VBO calculated for Ga- and As-stabilized
(100) (shown by (100)Ga and (100)As, respectively) and (110) interfaces are shown by
broken lines.% In agreement with a simple estimation shown in Fig 5-2, the calcu-
lated VBO increases with increasing d on (100)Ga and only slightly changes on (110)
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BB PAB fig3 DWP1
interface. This result com- Si Donor Density (1 0130m"2) y
pletely disagrees with the 0.50'0,,\: 05 10 15 20 =y s 80 =
. . eory
experimental observations - (100)Ga = lgteréabce gipoie 1002
o qe T T . N and bending
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Alternatively, these results ol o e 2’ 3
. - c
are well explained by a I PR & Band Bending Yy %
model which assumes a 0.0 ———— ;'4 e
L . 0.2 . : 8 .
band bending in the AlAs Si Layer Thickness d (ML)

over-grown layer (the band-

bending model). Parts of Si FIG. 5-6. The average valence band difference, AE,,
measured on As- and Ga-stabilized (100), (110), and
(311)A interfaces as a function of inserted Si layer
thickness d. The broken lines show theoretical pre-

atoms deposited at the in-
terface form donors and

shift the Fermi level toward dictions of the interface dipole potential induced by a
the CBM, while the surface Si layer calculated for Ga-stabilized (100) (denoted by
Fermi level is pinned. (100)Ga), As-stabilized (100) ((100)As), and (110) in-

terfages. The solid line shows a theoretical variation
of AE, as a function of Si donor density, N, which is

shown in the top axis, obtained by the “capacitor
at the thermal equilibrium, model.”

the band bends in the AlAs
layer. The band bending is

Since the Fermi level
should be spatially constant

expected to saturate at a certain Si donor density, because when the Fermi level
reaches the CBM, free electrons are accumulated and hence the CBM no more
changes significantly.

By assuming that the band bending is linear in the AlAs layer,?® we can estimate a
variation of AE'U , by considering a simple “capacitor” in the AlAs layer. Because of
surface states of AlAs, the surface Fermi level is pinned and the excess electrons in-
duced by Si ions are mostly trapped by these states. The potential drop in the AlAs
layer, Egp, is, then, given by

t
Ko€o

Egp = e’N, (5-3)

where ¢ is a thickness of the AlAs over-grown layer (30 A in the present case), kp is the
low frequency dielectric constant of AlAs, g is the dielectric permittivity of vacuum,
and N is the areal density of ionized Si donors, which is equal to the density of excess
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electron at the surface states in the present “capacitor” model. Then, we can estimate
the variation of AE, as

AE, =Eg, 34— B 58 —53.97eV

]average

=Ega 34— ztl’téc;)m -53.97eV - [EAI 2p ~ .2‘1”53,"’ (5-4)

=AE, - J.é(l— x/t)Egg exp(-x/A, )dx/_[; exp(—x/A,)dx,

where Eﬁ"gzge denotes the Al 2p peak energy averaged over the XPS probing region,
EZ"m denotes the energy at the bottom of the AlAs layer (= heterointerface), and A,
is a photoelectron escape depth. For ¢ =30 A and Ao =25 A, Eq. (5-4) gives AE, - AE,
= 0.60 Epp. As seen in Fig. 5-6, the measured shift, (AE, — AE,), at t = 0.5 ML is ~
0.40 eV, which leads to Egg = 0.67 eV. From Eq. (3) N is 1.2x10*® cm™2. This is a rea-
sonable value because a carrier concentration obtained by a d-doping with Si up to
2.7x10'8 ¢cm™ has been reported.?® By a separate UPS measurement, we have found

that the surface Fermi level pinning position for an undoped AlAs is 1.07 + 0.1 V-
higher than the VBM.?" Then, Epj is estimated by

Epp =1.43 eV (band gap of GaAs)+0.44 eV(VBO)-1.07 eV
=0.80 eV . : (5-5)

This value is slightly larger than the experimental one. The discrepancy may be due
to a non-linearity of the band bending. Further, we can calculate AEU from Egs. (5-3)
and (5-4) as a function of N, which can be converted to the Si-layer thickness by as-
suming the “activation efficiency”

is 0.05 (constant) for d < 0.4 ML.

This “activation efficiency” is also 0.0

BB PRB figd DWP
T T

reasonable as compared with the
reported value®® which ranges
from 0.01 to 0.1. The calculated
curve is shown by a solid line in
Fig. 5-6. On the top of the figure,
ionized Si donor density is also

04f.. .

AE, (V)

shown. This curve agrees with ex- .
perimental observation for d < 0.4 GaAs Si AlAs

L 1 ;| 1 L I : L 1 1
ML. Ford > 0.4 ML, the Fermi 02y 50 100
‘ Overgrown Layer Thickness t (A)

Eg =0.67 eV

level at the interface no more

changes (degenerates) and the FIG. 5-7. The average valence band

AE, saturates. difference, AE,, plotted as a function of the
AlAs layer thickness ¢. The solid line shows
the theoretical prediction when there is a
band bending as shown by the inset.
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For the (311)A substrates AE, is smaller than the
other cases when d < 0.5 ML, suggesting a higher
“activation efficiency.” Although Si is known to be
an acceptor on a (311)A substrate under a certain
growth condition, it is an efficient donor with 8- _
doping under a large As, to Ga ratio.?® Bratina et
al. reported that a change in AE, at AlAs/Ge/GaAs
structures is three times as large as that at
AlAs/Si/GaAs when d < 0.15 ML,1% which is very
similar to our (311)A case. All these experimental
results can be explained in the band-bending
model by assuming different “activation effi-
ciencies” of 8-doped Si.

To further confirm the validity of the band-
bending model, we measured a dependence of
AE, on the AlAs layer thickness ¢ in AlAs ¢
A)/Si (0.5 ML)/GaAs structures grown on an As-
stabilized (100) substrate. Figure 5-7 shows
AE, as a function of £. AE, does decrease by ~
0.1 eV with increasing ¢ from 30 A to 100 A.
The solid line in Fig. 5-7 is the calculated AE,
by using Eq. (5-4) for Egg = 0.67 eV, AE, = 0.44
eV, and A, = 25 A. An excellent agreement be-
tween the measurement and the calculation
again supports that the main role of a Si inser-
tion layer is not a control of VBO but an intro-
duction of the band bending. The Al 2p line
width slightly decreases with increasing ¢, re-
flecting that a band bending near the surface
decreases when ¢ increases.

In addition, we have studied a variation of AE,
in reversed GaAs/Si (0.35~0.5 ML)/AlAs (110)
structures as well as AlAs/Si/GaAs (110).
Figure 5-8 shows AE, as a function of Si layer
thickness for the both structures. It is found
that AE, increases for the reversed structure
indicating that the band bending formed in the
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top GaAs layer raises the average of the VBM in the GaAs layer to raise AE,.
Although, Mufios and Herndndez showed that an interface dipole may decrease AE,
when Si occupy only As sites at the interface,1°1 this experiment disagrees with their
theory and it shows that the main role of Si layer is an introduction of a band bending.
It is because if the interface dipole predicted by Muiios et al. is formed on the (110)
surface to change the AE,, the VBO must decrease (or at least remain constant) when
the reversed GaAs/Si/AlAs structure is studied.

5.2.4 Why the HBOs are not controlled?

In the above discussion, it is now clear that an interface dipole layer with equal densi-
ties of Sig, and Si,, which is necessary to control the VBO leaving no band bending,
was not successfully formed under the present experimental conditions. There con-
sidered are a few reasons for it. First, Si preferentially occupies a Ga-site under a
normal growth condition. Therefore, even if double Si monolayers are deposited, Si
might change its site from As to Ga and only Sig, is left after the growth is completed.
Thus, no dipole is formed. Another possibility is that dipoles with opposite polarities,
Siga-Sigs and Sipg-Sig, may simultaneously be formed and a polarity cancellation,
may take place.1%? For example, when Si-atoms spread over 3 atomic layers (i.e., Si
occupy a half of As sites, full of interface group-III sites, and a half of As sites at the
interface), Si-induced dipole moment is mostly canceled. Figure 5-9 shows a theoreti-
cal potential diagram obtained by a self-consistent calculation for an AlAs/GaAs (100)
heterointerface and Si inserted AlAs/Si/GaAs (100) structures.%3 It is clearly shown
that when Si-atoms occupy three layers a change in the electrostatic potential is very
small as compared with a case when Si-atoms completely occupy both Ga and As
planes at the interface. This indicates that a precise control of Si sites is required to
achieve a control of VBO as predicted by the theory. In addition, the densities of
donors and acceptors should be exactly equal. However, it is rather difficult to exper-
imentally achieve such a condition.

5.3 UPS analysis of a Si reaction and GaAs/Si/GaAs structures

A control of the occupation site of inserted atoms is very important to realize a control
of the HBOs. The XPS analysis of bonding states of Si atoms by using Si 2p spectrum
is, however, difficult because of its low photoemission cross section and a small magni-
tude of chemical shift.1% In this section Ga 8d UPS spectra taken on Si/GaAs and
GaAs/Si/GaAs structures are discussed to clarify bonding states of Ga and Si atoms.
Even when Si is deposited on an As-stabilized surface, a considerable density of Ga-Si
bonds are found. This fact suggests a difficulty of a control of Si sites. Further, a
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TABLE V-I. Samples and the growth conditions.

Structure  Growth procedure
) A lightly Si-doped (n ~ 10°cm™) GaAs ( 1pm) was grown on an
() GaAs n’-type GaAs (100) substrate. The growth temperature was
Ts~600°C, a V/III flux ratio was 3~5, and a growth rate was ~0.6
pm/h .
) 2 monolayers (1.3x10%cm™2)-thick Si layer was deposited on (i)
(ii) Si/GaAs

(after a UPS measurement). The deposition temperature is very
low. (The substrate heater has been turned off, Although, a
thermocouple located behind the sample holder indicates
~100°C, the sample can be heated by a radiation from the Si cell
to be 200~300°C.) Si cell temperature is 1100°C. No As flux was
provided during the Si deposition. -

(ili) Si/(Ga) GaAs

After a GaAs buffer layer is grown as identical to the sample (1),
a sample was kept in a transfer chamber for 1~2 days. The
sample is, then, heated up to ~600°C (It is nearly the oxide des-
orption temperature of GaAs.) with liquid nitrogen cooled shroud
to obtain a Ga-stabilized surface. 2 ML-thick Si layer is de-
posited on the Ga-stabilized surface as that has been done for
the sample (ii).

(iv) GaAs/Si/GaAs

GaAs layers were grown on samples (ii) and (iii) after a mea-
surement. Ga and As beams were alternatively supplied to en-
able a very low temperature growth. (The substrate tempera-
ture was T;~300°C with a thermocouple preset is 500°C. An As
deposition was made much longer than a time one monolayer of
As coverage needs, since a reduction of an As reaction has been

reported.1%5)

GaAs/Si/GaAs structure is studied and
discussed from two viewpoints; a change
in VBO and a band bending.

5.3.1 UPS spectrum of Si deposited
GaAs samples

First, in order to clarify the bonding states
of Ga atoms in a Si-deposited GaAs sam-
ple, three samples (reference GaAs, Si-de-
posited GaAs, and Si-deposited Ga-stabi-
lized GaAs) were grown by MBE. Details
of the growth conditions are summarized
in TABLE V-I. The sample was trans-
ferred to the analysis chamber immedi-
ately after its growth and a UPS spectrum
was measured. An ultraviolet source is
differentially pumped to keep a pressure
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SiGaAs Ga UPS DWP1
T

hv = 40.8 eV

in the sample chamber ~1.5x10~° Torr
during the experiment. By integrating

Ga-stabilized (100)

the signal over 5.5 hours, a peak intensity

of ~30 Kcounts (~120 Count/s) is obtained ;E:

. . g substrate GaAs
with an analyzer energy of 2.5 eV (an in- & (band bending)
strumental resolution is better than 0.1 ":3
eV). - E

Ga-Sibond
Figure 5-10 shows a UPS spectrum taken 195 EE B0 B10 B 2ae eI TAT Rs

Kinetic E v
from a Si-deposited GaAs sample (sample netic Energy (V)

(ii)). This spectrum has a small shoulder FIG. 5-11. A UPS spectrum taken

at the higher energy side of the main from a Si-deposited Ga-stabilized
GaAs. Definitions of symbols are iden-

ak. This feature has also been found i
pe is feature has also been found in tical to as in Fig. 5-10.

the XPS spectrum shown in FIG. 5-4(a).

It has been reported that a Ga atom

bonded to Si shows a chemical shift of

+0.4~+0.7 eV from that of GaAs depending on the substrate crystal orientation.06
The shoulder of the Ga 3d spectrum is, thus, considered to be a signal of Ga-Si bonds.
In order to evaluate a density of surface Ga-Si bonds, a least squares fit is made by us-
ing a substrate GaAs signal. The XPS spectrum (an intensity I is given as a function
of an energy, E) for Si deposited GaAs, Igygaa<(E) is shown by

Igi/Gans (E) = EGXP(“%)IGW[E - (- DEgzger] +Clgans (B~ Egag), (5-6)

=1 e

with Ig,4(E) the XPS spectrum from reference GaAs, E5%¢" the magnitude of a band
bending in GaAs (in eV/layer), C the concentration of Ga-Si bonds in the surface Ga
atoms, and Eq, g; the chemical shift for the Ga-Si bonds. By substituting an electron
escape depth A, = 84,107 glayer ‘. . and C are obtained by a least squares fit as
shown by the solid line in Fig. 5-10. Then the surface Ga-Si bonds are estimated to be
~1/3 of Ga atoms at the top layer. Figure 5-11 shows a UPS spectrum from another
sample, for which Si (2 ML) was deposited on a Ga-stabilized (100) surface (sample
(iii)). As seen from the figure, a signal corresponding to Ga-Si bonds is observed also
in this sample. However, its magnitude is yet less than the expected value. Only a
half of Ga atoms located at the top Ga layer are considered to be bonded to Si atoms.
This indicates that on the Ga-stabilized surface Si atoms are bonded to both Ga and
As atoms.

5.3.2 GaAs/Si/GaAs structures
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McKinley et al. reported that a so called homojunction band offset can be formed in a
Ge (thick over-layer) /Ga (1 atomic layer)/As (1 atomic layer)/Ge (substrate) struc-
ture.’%® They measured photoemission spectra from samples which consist of Ga, As,
and Ge layers evaporated on a Ge substrate and deconvoluted the spectra to obtain
the band offset. Although their spectra shift to suggest a formation of a band offset,
their spectra become somewhat broader by depositing GaAs and Ge overlayer. It can
be considered in the following two ways:

(1) There is a band bending in the overgrown layer. (Then, the band offset is not
formed by the Ga and as layer insertion.)

(ii) A spectrum broadening might be due to a crystallinity of a sample. Since
they used a simple evaporation to form a junction, the crystallinity of their sam-
ples is questionable.

In this work, we perform UPS measurements on GaAs/Si 2 monolayers/GaAs struc-
tures to check a possibility to form a VBO in this system. GaAs layers were over-
grown on Si/GaAs samples as listed in Table V-I (iv) after UPS measurements. In or-
der to suppress Si diffusion and to maintain a crystallinity of the overgrown GaAs
layer, an MBE-growth of a sample has conducted at a very low temperature (~300°C)
and the Ga and As fluxes were alternatively supplied.10? Figure 5-12 displays UPS
spectra from GaAs/Si 2 ML/GaAs structures with various overgrown GaAs layer
thickness. All of the spectra were taken from one sample by depositing GaAs layers
successively. A spectrum from a GaAs and that from a Si deposited GaAs sample are
also shown for comparison.

The following features are

found from the spectra; — e S O P ek
As stablhzed -, hv=40.8 eV
(1) A Ga 3d peak energy (100) ...-*'. .
shifts by increasing a . ..'. .-"" .
GaAs overgrown layer s 'f \.......__*:_lé ML
thickness.

| ,." .r"\. \ d=9ML |
B ,.-" -.. d=6ML |
N ,f’: d» M d=3ML |
- ,,.- o ‘\ Si 2 ML/GaAs|
- [,;P %,_ GaAs

19 2Io ' 2J1 B 212 | 25 24
Kinetic Energy (eV)

(2) Ga 3d peak line width
becomes broader than
those of a GaAs sample.

Intensity (arb. units)

Since, even when d=18 ML,
which is much thicker than the
photoelectron escape depth

(8~10 A for an electron energy

of 21 eV) the Ga 3d spectrum FIG 5-12. UPS spectra taken from GaAs, Si (2
is broader than that from the ML) deposited GaAs, and GaAs (d ML)/Si (2 ML)
/GaAs structures.
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GaAs/SiGaAs Ga UPS KG P:UPS data KG 1

reference GaAs sample. This ' I
effect indicates that a band hv=40.8eV
bending in the top GaAs layer .
is significant in this sample. ‘% I \-__;I.Z_ML

: : — ---—--—/:-:. .""b. * \.—EL_S_ML
Figure 5-13 shows UPS spec- EE - .._...../'.. a .. d=3ML |
tra from the samples which *é - d ._.«-" .."'*.:-.. '\ d=1ML
consist of Si 2 monolayers and g ."_."' -~ ‘.:' s/Si 2ML/(Ga) GaAg
GaAs layers overgrown on a - .‘...""’ ‘.. . Si 2ML/(Ga) GaAs
Ga-stabilized GaAs substrate e S , " ]
as shown by the inset. These SO A, S LN

19 20 21 22 23 24

spectra show very similar
variations as appeared in

those from samples grown on FIG. 5-13. UPS spectra taken from Ga-stabilized
an As-stabilized substrate (Fig GaAs, Si (2 ML) deposited on Ga-stabilized GaAs,
5-12). This behavior reflects Si-deposited Ga-stabilized GaAs exposed to an As

' flux, and GaAs (d ML)/Si (2 ML)/Ga stabilized
that a Si occupation site is not

GaAs structures.
controlled by changing a sub-

strate surface.

Kinetic Energy (eV)

Shifts in a Ga 3d peak is considered in the following two ways;

(1) Inserted Si atoms play a role of donor impurities. A line width broadening is
well explained by considering a band bending. Then, a shift in energy of the Ga
3d peak is explained by considering the following speculation. With a Si layer
insertion, the interface Fermi level approaches to the CBM of GaAs, then de-
pending on a surface state density the surface Fermi level shift for lower energy
in the band gap from its value for a semi-insulating sample. Although the sur-
face state density is not clear for our sample, the band bending found on the
AlAs/GaAs interface is smaller than a value determined by Eq. (5-5) suggesting a
possibility of 10%3 ¢cm™ of interface states slightly (0.1~0.2 eV) lower the pinning
position of the surface Fermi level in the particular sample designed for a pho-
toemission measurement.

(2) A slight valence band offset can be formed. As appeared in Fig 5-9, a small
change in the VBO might originate due to Si-layer insertion even if its occupation
site is not ideally controlled. Moreover, an MBE-growth is not a process of the
thermal equilibrium and a cancellation of the interface dipole formed by Si AsSiga
and Sig,-Sis; may not be always complete, although it seems to be the most sta-
ble when the same density of Sis -Sig, and Sig,-Sis.. Then, the remained inter-
face dipole can form a VBO at the GaAs/Si/GaAs junction. It was also reported

-66 -




Chapter 5 Can We Control HBOs?

that when one insert thick (several atomic layers) Si layer in a GaAs/AlAs inter-
face, the VBO can be modified by ~0.2 eV due to a difference between the top and

bottom interfaces.}0

These experiments do not deny a possibility of the latter case, although the change in
VBO (0.2 eV) is much smaller than can be formed by completely site-controlled Si lay-
ers. However, a difficulty in changing a modification direction (It can only raise the
VBM in the overgrown layer.) makes this technique much less useful for one to apply
this to a device fabrication.

5.4 A Control of HBOs by p- and n-type 5-doping

When one inserts a Si mono-layer at an interface, it is very difficult to control its occu-
pation site to form an interface dipole. As an alternative idea, an insertion of sepa-
rate two layers which are p-type and n-type (monolayer) sheets is considered to con-
trol a VBO. As are seen from the XPS spectra of an AlAs/Si/GaAs structure, a Si &
doping sheet is n-type with a doping density of 1~3x10"% ¢cm™2 depending on the inter-
face orientation. Although to our knowledge a p-type 8-doping in GaAs with Si is not
reported so far, it may be realized by a choosing a growth condition or doping elements
other than Si such as Carbon or Zine.

In this work, we concentrate our attention to a Si doping on (311)A GaAs substrate.
Because of the surface bond configuration, MBE-grown uniformly Si-doped (311)4
GaAs shows p- and n-type conductivity depending on the growth condition. Its con-
duction type can be easily controlled by changing As,/Ga ratio.!!? Si is known as a
relatively stable material among many possible dopants commonly used for GaAs.
When a (311)A GaAs substrate is 8-doped with Si, it seems to be an n-type as sug-
gested by the XPS experiments on AlAs/Si/GaAs structures.!? Instead of a p-type &-
doping, a p-type very high doping was used in the experiment. We have confirmed a
hole concentration up to ~1x10%° cm=2 by uniformly doping GaAs with Si.1'3 Briefly
described in the following is a trial to effectively control a VBO by combining the two
dopings with Si on (311)A GaAs substrate; a 50A-thick p-type (1.5~5x10% cm3) sheet
and an interface -doping.

After a growth of a 1 um-thick GaAs buffer (not intentionally doped) and a 50 A-thick
Si doped GaAs on a Si-doped n* (311)A GaAs substrate, a sample is cooled down to
~450 °C and a Si 3-doping and a growth of a 30 A-thick AlAs top layer were carried
out. The 50 A-thick GaAs bottom doped layer was grown for 21 seconds with Si-cell
temperature 1100 °C and 1150 °C, which correspond to an acceptor concentration of
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with Si was performed at the G osk T

- | o —®
same Si beam flux as used for < r m X

n 19 -3
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the ‘Ir%easuremgn ’,We grew an FIG. 5-14. A variation of a VBO and a residual
additional 40 A-thick AlAs ‘ band bending plotted as a function of a Si 8-doping
layer, to study a band bending duration. The inset shows the sample structure
in the top AlAs layer. and a schematic energy diagram of the VBM. p-

type (Si-doped) GaAs was grown for 21s with the

same Si cell temperature as was used for an inter-
A band bendmg EBB is evalu- face S_dopmg

ated by substituting values of

VBOs at =30 A (after the first

growth) and at ¢=70 A (with a deposition of an additional AlAs layer) into Eq. (5-4).
Figure 5-14 summarizes an effective valence band offset defined by an energy differ-
ence between the average of the VBM in GaAs and the VBM at the bottom of AlAs. 114
As shown from the inset, this value is obtained by subtracting a band bending Egg
from an apparent valence band difference given by Eq. (5-2). It is found that when p-
and n-type layers were formed a valence band offset is raised from 0.44 to ~ 0.65 eV,
Although, a band bending in the top AlAs layer is not removed completely, its depen-
dence on the interface Si density shows that the band bending is due to a difference
between acceptor and donor concentrations. This result confirms that by controlling a
Si occupation site we can modify the VBO, although it remains a technical difficulty to
form a thin and precise p-type doping layer.

5.5 Conclusions

A Si insertion layer in an AlAs/Si/GaAs structure does not modify the VBO but intro-
duces a band bending in the layer grown over the Si layer. The band bending model
proposed in section 5.3.3 explains the following experimental observations.

(1) A peak line width is broadened in the Al 2p XPS spectrum from AlAs/Si/GaAs
samples.
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(2) The apparent variations in XPS-deduced VBO do not depend on the crystal
orientation (among As- and Ga-stabilized (100), (110), and (311)A).

(3) That apparent valence band difference varies when the overgrown layer
thickness increases.

In order to realize a true control of a VBO, we have to control a Si occupation site,

since a Si atom tends to occupy a Ga site to be a donor.

By forming a p-type doping and an interface 8-doping, a modification of the VBO is ac-
complished to show a possibility of combining p- and n-type 8-doping sheets to control
a VBO.
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Chapter 6 Conclusions

To conclude this thesis, main features found on the HBOs are summarized.
Displayed are the determined HBOs for GaAs/AlAs and InAs/GaAs systems
and a transient of electronic structure which has been found
experimentally. Finally, the role of Si layer inserted in GaAs/AlAs and a
possibility of controlling HBOs are shown.

6.1 Determination of HBOs and Origin of HBOs

(1) Heterojunction band offsets have been determined by XPS measurements as
shown by Fig. 6-1.

(i) GaAs/AlAs Interface (ii) InAs/GaAs interface

EI ) W

3 Ec ,/ //. // conc HROs D'
E, Y, g “

AEc=0.26 eV
E, change in lattice
va 1 parameter GaAs InAs
‘AE, =0.44 eV GaAs InAs
(a) InAs strained (type 1) (b) GaAs strained (type II)
GaAs AlAs

Orientation Dependent
Orientation Independent
Growth-sequence Independent

FIG. 6-1. HBOs determined for (i) GaAs/AlAs and (ii) InAs/GaAs systems.

AE,’s determined on (100), (110), (111)B and (311)A interfaces are independent of the
crystal orientation for the (lattice matched) GaAs/AlAs system, which suggest the
VBO and the interface dipole potential (if it is) are constant determined by choosing
materials. This result supports a validity of the theories, which predict HBOs from
bulk properties of constituent materials.15-20

(2) By measuring, as a function of the distance from the interface, energies of Ga 3d
and Al 2p levels near the GaAs/AlAs heterointerface, we found the followings.
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(1) As shown in Fig. 6-2, there are interface chemical shifts of Ga 8d and Al 2p
levels as;

OB Ga 34(1) = — 6E o1 95(1) = — 57 £ 20 meV

5EGa 34(2) == 6E zp(z) =—25+20 meV,

and

OB Ga34(3) = — 8Ep1 9,(8) =— T+ 20 meV .
These values mean that Ga 3d (Al 2p) level becomes deeper (shallower) in the
vicinity of the heterointerface.

dstarmined diag. DWP2

- ®@AAs @ ® ®8 O O OGaAs O ---

Transient layer
(24 MLs)

v VBM

AE T

T N Ga 3d level
7 720 \Y)
Interface chemical shifts'/r 25 + 2-6 men\;e

\' “ 57 £20 meV

’

Al 2p level I
—e— 1ML=283A

FIG. 6-2. Transient layer and measured chemical shifts.

(ii) There is a transient in the electronic structure at the interface (no thinner
than ~114). This result presents us a caution that the atomically abrupt HBOs
are not a real picture.

(3) AE G, 34.41 2p 18 140 meV-smaller for AlGaAs alloy indicating a 140 meV of chemical
shift in the alloy.

This value agrees with our experiments on heterostructures and confirms the validity
of the measured interface chemical shifts.

(4) Stained InAs/GaAs heterojunctions were studied. By taking into account the
strain-induced shifts in the core level binding energies relative to VBM, and by adding
the effects of the uniaxial part of strain, the VBOs are obtained as shown in Fig. 6-1.

(i) VBO depends on the substrate lattice parameter by ~0.7 eV.

(i1) Unlike the lattice matched systems, VBO at InAs/GaAs depends on its orien-
tation; i.e. the VBO is smaller by 0.15 eV for a (111) interface than that for a
(100) interface.
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Chapter 6 Conclusions

6.2 A Control of HBOs

(1) As a candidate to control HBOs, roles of a Si layer inserted at GaAs/AlAs are stud-
ied. A Si insertion layer, however, does not modify the VBO but introduces a band
bending in the layer grown over the Si layer. This is supported by the following exper-
imental observations.

(1) A peak line width is broadened in the Al 2p XPS spectrum from AlAs/Si/GaAs
samples. This fact shows that there is a band bending in the AlAs layer.

(2) The apparent variation in XPS-deduced VBO does not depend on the orienta-
tion of the substrate (As- and Ga-stabilized (100), (110) and (311)A surfaces were
studied). This result disagrees with a prediction assuming an interface dipole
formation to control HBOs.

(3) That apparent valence band difference varies when the overgrown layer
thickness increases. This variation also cannot be explained unless there is a
band bending in the top layer.

In order to realize a control of a VBO, we have to control a Si occupation site, since a
Si atom tends to occupy a Ga site to be a donor.

By forming a p-type doping and an interface 8-doping, a modification of the VBO is ac-
complished to show a possibility of combining p- and n-type 8-doping sheets to control
a VBO.
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