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Abstract

In this thesis, growth and structural and optical properties of GaSb with

ZnTe buffer layer have been investigated. The objective of this thesis is to grow the

high quality GaSb films by using ZnTe buffer layer according to the optimization

of growth temperature and ZnTe buffer layer growth mechanism.

In the chapter 1, the fundamental GaSb properties, problems in the GaSb

heteroepitaxy, and many applications of the GaSb heterostructure are introduced. In

the chapter 2, the principles of molecular beam epitaxy (MBE), reflection high

energy electron diffraction (RHEED), atomic force microscopy (AFM), high

resolution X-ray diffraction (HR-XRD), and cathodoluminescence (CL) are

explained. In the chapter 3, the role of the low temperature ZnTe buffer is

systematically studied. The ZnTe films grown on low temperature ZnTe buffer are

analyzed in terms of the structural properties. In the chapter 4, the high quality

GaSb film growth is achieved by using three steps ZnTe buffer layer. XRD results

show that the preventing of structural deformation and improvement of GaSb

crystallinity are achieved by effects of ZnTe buffer layer. In the chapter 5, Zn-



terminated ZnTe surface for GaSb growth is selected for the GaSb growth to obtain

high quality GaSb layers and the interface quality is proved in terms of structural

properties and luminescence property. The results show that considerable features

originated from the GaSb/ZnTe heterointerface has not been observed presumably

due to high interface quality. This strongly supports the availability of ZnTe buffer

for high quality GaSb growth.

Finally, the results found from this thesis are summarized and concluded in the

chapter 6.
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Chapter 1. Introduction

1.1) Introduction to GaSb based materials
1.1.1) Physical properties of GaSb
Among III-V compound semiconductors with narrow bandgap energy such as
InAs, HgCdTe, InGaAs, GaSb and InSb, the GaSb is particularly an attractive
material due to interested material properties as listed in table 1.1. The GaSb has a
band gap 0.72 eV at room temperature (and 0.81 eV at 35 K) and a zinc-blend
structure which is identical to the diamond lattice structure except each Ga atom

has four tetrahedrally arranged Sb neighbours and vice versa as shown figure 1.1.

Table 1.1. Material properties of GaSb

Lattice constant (A) 6.095
Density (cm™) 5.6137
Melting point (K) 985
Coefficient of thermal expansion at 300 K(10° C™) 7.75
Thermal conductivity at 300 K (W cm K™) 0.39
Direct energy gap at 300 K (eV) 0.72

11



Temperature dependence of minimum energy gap

4.2

Spin-orbit splitting energy, Ao (eV) 0.80
Effective mass of electrons (in units of my) 0.041
Effective mass of heavy holes (in units of my) 0.28
Effective mass of light holes (in units of my) 0.05
Spin-orbit split mass 0.13
Wave number of LO phonons (cm™) 233
Wave number of TO phonons (cm™) 224
Refractive index (near band-gap energy) 3.82
Dielectric constant & 15.69
Dielectric constant & 14.44

The melting point of GaSb is 712 C [1] which is substantially lower than the
1240 C of GaAs meting point. This can present processing problems, such as loss
of Sb at moderate temperatures (the energy for dissociation is 10 ~ 14 Kcal/mol)

[2], but the material is stable against oxidation by water vapour unlike (AlGa)Sb

compounds of high Al content.

The undoped GaSb is always p-type with hole concentration of the order of

10'® cm™ in nature irrespective of the growth technique and conditions. The native

12



defect responsible is Ga vacancies (Vg,) and Ga in Sb site (Gasp) [3]. The center is

doubly ionized with the first and second levels lying 33 and 80 meV above the

valence band edge [4]. It has also been suggested that Ga vacancy may be complex

with Gagp,. To overcome this problem, study on epitaxial layers of GaSb grown by

molecular beam epitaxy (MBE) with excess antimony [5] has shown the possibility

of reducing substantially the level of nature acceptors and increasing the hole

mobility. This stimulated the renewed interest in growth of GaSb crystals with

reduced residual acceptors.

Figure 1.1 Crystal structure of GaSb zinc-blende

13



Figure 1.2 is a familiar diagram of energy gap vs lattice constants. GaSb is
provided as a substrate material because its lattice parameter matches solid
solutions of various ternary and quaternary III-V compounds whose band gaps
cover a wide spectral range from ~ 0.3 to 1.58 eV, i.e., 0.8 ~ 4.3 um, as depicted
figure 1.2 [2]. Also, detection of longer wavelengths, 8 ~ 14 um, is possible with
intersubband absorption in Sb-based superlattices [6]. These studies have

stimulated a lot of interest in GaSb for basic research as well as device fabrication.

: (o SI L T 1 - 1 . | — . !
Zn
B -y 1-vi
direct gap =
X_gap —— 380
3= ZnSe L-gap = 7
Q
Visible
range
3 2
% l 730
g - 80 nm
-,
2,
Q
LE 1 | L3pm
1.5 pn

54 5.6 5.8 6

Figure 1.2 Band gap as a function of lattice constant for compound semiconductors
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1.1.2) Potential applications of GaSb

GaSb-based structure have shown potentiality for applications in laser diodes

with low threshold voltage [7,8], photodetectors with high quantum efficiency [9],

high frequency devices [10,11], superlattices with optical and transport

characteristics [12], booster cells in tandom solar cell arrangements for improved

efficiency of photovoltaic cells and high efficiency thermophotovoltaic (TPV) cells

[13]. Figure 1.3 describes these applications.

Figure 1.3 Applications of GaSb

15



Interestingly, the spin-orbit splitting of the valence band is almost equal to the

energy band gap in GaSb leading to high hole ionization coefficients. This results

in significant improvement in the signal-to-noise ratio at A > 1.3 pm in GaAlSb

avalanche photodetectors grown on GaSb [9]. GaSb is also predicted to have the

lattice mismatched electron mobility greater than GaAs making it of potential

interest in the fabrication of microwave devices. Also, a ternary GaSb such InGaSb

has been proposed as an ideal material for transferred-electron devices with low

threshold yield and a large velocity peak-to-valley ratio, using a Monte Carlo

simulation based on the three level model [11].

Especially, GaSb-based devices are promising candidates for a variety of

military and civil applications in the 2 ~ 5 pm and 8 ~ 14 pm regimes: to mention a

few, infrared (IR) imaging sensors for missile and surveillance system (focal plane

arrays), fire detection and monitoring environmental pollution. The absorption

wavelengths of several industrial gases and water vapour lie in the near IR range

for which GaSb based alloys are suitable. Gas purity monitoring and trace moisture

detection in corrosive gases like HCI in semiconductor processing, detecting micro

leaks of toxic gases such as PH3;, NOX, gases from automobile exhaust, in situ

16



monitoring of plasma etching, detecting hazardous gases like HF, H,S in chemical

plants, monitoring green house gas fluxes, measurements of flame species in

microgravity combustion and humidity determination are a few areas where GaSb

based alloys might find potential application. IR detector in 8§ ~ 14 um regime

based on GaAISb/AISb and InAs/InGaSb superlattices and InAsSb are believed to

be potential competitors for the present day HgCdTe detectors [14].

1.1.3) Research of GaSb heteroepitaxy and IR optoelectronic devices

At an early time, GaSb epitaxy has been largely carried out by liquid phase

epitaxy (LPE). However, recently, many reports exist of GaSb epitaxy by vapour

phase epitaxy (VPE), chemical vapour deposition (CVD), metal-organic chemical

vapour deposition (MOCVD), molecular beam epitaxy (MBE) and plasma assisted

epitaxy (PAE). But, the technology of GaSb epitaxy is infancy and current research

and developments are focussed on areas of high quality materials growth, better

understanding of electronic and photonic properties and fabrication of suitable

device structures.

17



J.M. Kang et al [15] investigated the accommodation of lattice mismatch and
threading dislocation in MBE grown GaSb on GaAs substrate by the different
growth temperature. Their results shown that the lattice mismatch between GaSb
and GaAs is relieved mostly by regular 90°misfit dislocations generated during the
island growth of GaSb at the 420 ~ 470 C. At the high temperature (520 C), 60°
dislocations arrays replace some of 90° dislocation, which results in the bending of
GaSb film. Even though very regular 90° misfit dislocations can be generated
through island growth, the coalescence of islands induces a very high threading
dislocation density at a continuous film. In particular, the coalescence at an early
stage of growth may result in the threading of 90° misfit dislocations. The
spectacular reduction of threading dislocations in large-lattice-mismatched
heterostructures will depend on how one can control the random nature of
nucleation and coalescence of islands.

H.S. Kim et al [16] used the AISb buffer layer to grow high quality GaSb film
by MBE. They investigated the dependence of micro structural properties of
unintentionally doped p-GaSb films grown on thin AlSb islands and rough-and-flat

AISb buffer layers using AFM and HR-TEM. HR-TEM of the thin AISb islands

18



buffer layer grown on GaAs substrates revealed 90° misfit dislocations with the

Burgers vector of 1/2a <110> at the AISb/GaAs interface. These defects present the

most efficient type of dislocation for the misfit relaxation. By contrast, both 60°

and 90° misfit dislocations were observed at the interface between the thick AISb

layer and GaAs substrate. Taken together, the their findings for the GaSb layer

grown on an AlSb islands confirm that the LT-AlSb islands buffer layer plays a

key role in the growth of high-quality GaSb layer.

X.B. Zhang et al [17] reported high quality GaSb was grown on GaAs substrate

by using low temperature nucleation GaSb and optimized growth conditions. GaSb

with the LT GaSb nucleation layer significantly improves the surface morphology

and smoothness. Also, the X-ray results show the improvement of crystallnity by

LT nucleation layer as shown figure 1.4. The FWHM is 900 arcsec for GaSb

directly grown on GaAs and 288 arcsec for GaSb grown on GaAs with LT GaSb

layer, respectively. The much narrow line width indicates that GaSb with LT

nucleation GaSb layer is less grainy and the structure quality is significantly

improved.

19



From device point of view, GaSb-based compound semiconductors in devices
have been extensively explored because they exhibit the small bandgap and highest
mobility of III-V materials. Especially, the optical properties of GaSb have
particularly potential for high-speed low-noise avalanche photodetectors (APDs).
The ratio of ionization coefticients of holes and electrons k,/k, is large [18] and is a

key factor in the good APD performance obtained for GaSb.

1.E+05

(a) GasSb directly grown on GaAs
{b) GaSb on GaAs with LT GaSb

1.E+04 |

- 1.E+03

XRD Intensity (AU.)

30 3 32 33 34
Omega-2Theta Scan {degree)

Figure 1.4 (a) and (b) are X-ray ®-26 (004) rocking curves of GaSb grown

without/with LT-GaSb nucleation layer, respectively
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The high ratio of ionization coefficient (5 ~ 20) probably exists because of an
energy band resonance for the bandgap equal to the spin-orbit splitting, £, = Ay, of
the valence band. This condition of high ratio of ionization coefficients particularly
applies to Ga; xAliSbAs structure with small x values such as 0.04 ~ 0.06 [18, 19]

and figure 1.5 shows this APDs structure.

gpotek

+*
Zn diffused p Ti. Au

GahibdsSh _ Ao

In welding

Figure 1.5 Avalanche photodetector structure of GaAlAsSb

The dark current of such diodes tends to be large due to generation in the space
charge region and at high reverse voltages there is current produced by tunnelling

through deep centers. Growth techniques that minimize the density of deep centers

21



(natural defects or otherwise) help to reduce the tunnel current to values such as
low 10° A/em® for reverse voltages in the range 0.5 ~ 0.9 of the breakdown voltage.
Avalanche multiplication factors of 30 ~ 50 are obtainable and external quantum
efficiencies (without anti-reflection coating) of over 50 % at 1.3 pum and a
sensitivity of 0.6 A/watt. In a study of 1.7 pm detection a Alyos3Gagos7Sb p-n
homojunction avalanche photodiode, figure 1.6 [20] provided a gain of 30 with an
excess noise factor (3.8 dB) better than for an APD of GalnAs. LPE grown 10"
cm” n-type Gags2Ing 18Aso.17Sbo g3 layer with Zn diffused p+ face in the range 1 ~
1.3 um has given rise and fall times of about 50 and 500 ps and the detector

responded to pseudomodulation at bit rates up to 2 Gbit/s.
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Figure 1.6 Current-voltage characteristic of AlIGaSb/GaSb avalanche photodiode.

Inset shows a cross-sectional view of avalanche photodiode.

The high detective has also been reported for InAsgssSbos/InAs detectors in
spite of a 1 % lattice mismatch [21]. Zero-bias detectives D™ of 1.5 x 10"
cm(Hz)™*/W at 77 K and 2 x 10" cm(Hz)**/W at 200 K were obtained for a

wavelength of 3.5 um. Such a detector might also be grown on GaSb with less of a
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lattice mismatch. Also involved in detector performance are the photo absorption

edge of GaSb (300 and 4 K) and these are shown in figure 1.7 [22].
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Figure 1.7 Optical absorption spectrum of GaSb at 4 and 300 K.

1.2) Current status of GaSb research

1.2.1) Problems in GaSb heteroepitaxy
GaSb is very useful materials for IR applications, however, the GaSb
technology is in its infancy and significant progress has to be made both in
materials and processing aspects before it can be employed for device applications.

Moreover, most of current researches and developments for the IR optoelectronic
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devices used GaSb homoepitaxy to reduce the defects from lattice mismatch. For
example, LPE grown alloys of GaAlAsSb and GalnAsSb used on GaSb for APDs
[23~25]. Also optical pumping has been used to achieve room temperature laser
oscillation at 2.07 pm in a GaggsIng15As0.13Sbog7 confining layer grown by MBE
on GaSb [26].

However, these GaSb homoepitaxy make difficultly the development of GaSb
technology for IR application, since high quality GaSb wafer or GaSb substrate is
not commercially available yet due to high price and small diameter. In other words,
the high quality GaSb growth has been restricted due to the lack of suitable
substrate for heteroepitaxy. Because the crystallinity of GaSb (Lc =6.095 A)
epilayer has been mainly affected by the large lattice mismatch to the conventional
substrates such as GaAs (L¢c = 5.653 A) and InP (L¢c = 5.869 A). Among the
conventional substrates, InP provides more less lattice mismatch than GaAs,
however, difficulties in substrate preparation hinder a wide use. Consequently,
GaAs is regarded as a practical solution for GaSb heteroepitaxy. However GaAs
also has a large lattice mismatch (+7.8 %) to GaSb, hence a new system must be

required to reduce the lattice mismatch for the high quality GaSb growth.
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1.2.2) Proposal of thesis

A lot of approaches have been tested to reduce the lattice mismatch between
epilayer and substrate in various compound semiconductor growth. Generally, a
buffer layer with graded or staircase composition profile is adopted to grow high
quality heteroepitaxy [27]. However, cumbersome and time-consuming processes
with highly accurate control of growth conditions are required to improve the
crystallinity of the heteroepitaxial layer. Therefore, a new buffer system which is
able to reduce the large lattice mismatch is inevitably required to obtain high
quality GaSb films on GaAs substrate and it must consist of simple methods.

In figure 1.2, I can find several materials such as AISb (L¢ = 6.135 A), InAs (Lc¢
= 6.058 A) and ZnTe (Lc = 6.103 A) which has close lattice constants to GaSb (L¢
=6.095 A). Generally, AISb buffer layer is used to grow the high quality GaSb due
to the small lattice mismatch (0.65 %) [28,29]. However, ZnTe has the smallest
lattice mismatch (0.14 %) to GaSb, it is regarded as one of the best buffer layer for
the GaSb heteroepitaxy. Therefore, a new buffer layer system which uses the ZnTe

should develop to grow high quality GaSb on GaAs.
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1.3) Outline of thesis

In this thesis, I suggest to employ ZnTe as a new buffer for the growth of GaSb

on GaAs substrate and the growth of the high quality GaSb by using three-step

ZnTe buffer layer. Also, we believe that the crystallinity of GaSb is can be

improved further through the optimization GaSb/ZnTe heterointerface.

The chapter 2 is an introduction of the principles and used measurement

equipments, such as molecular beam epitaxy (MBE), atomic force microscopy

(AFM), High resolution X-ray diffraction (HR-XRD), and cathodoluminescence

(CL) to investigate the grown GaSb layer. To achieve the high crystallinity of

grown GaSb layer, it is important to know its fundamental properties through many

analysis systems

In chapter 3, I grow the ZnTe layer by using low-temperature (LT) ZnTe layer

to use the buffer layer for high quality GaSb growth and investigate the role of LT-

ZnTe buffer layer, because ZnTe also has a large lattice mismatch (+7.9 %) to

GaAs substrate. Therefore, ZnTe layer must be optimized to grow high quality

GaSb. The lattice deformation of grown ZnTe is greatly reduced by introducing the

LT-ZnTe buffer layer.
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In chapter 4, we report on the MBE growth of GaSb layer by using three-step

ZnTe buffer layer. The effect of three-step ZnTe buffer layer to the surface and

structural quality of GaSb layer is investigated. Two-dimensional reciprocal space

mapping (RSM) results of the GaSb layers clearly indicate that the structural

deformation of the GaSb layer is greatly reduced by introducing the ZnTe buffer,

which makes remarkable improvement of the crystallinity of GaSb layer.

In chapter 5, GaSb films are grown on two distinct surfaces of ZnTe layers and

the influence of surface chemical composition of ZnTe on the structural properties

and luminescence of GaSb film is investigated. Initial 2-dimensional growth of

GaSb films occurs on Zn-terminated surface consequently smooth morphology and

high crystal quality GaSb films are achieved. Also cathodoluminescence results

show that considerable feature originated from the GaSb/ZnTe has not been

observed presumably due to high interface quality, which strongly supports the

availability of ZnTe buffer for high quality GaSb growth.

In chapter 6, I describe the summary and conclusion of this thesis.
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Chapter 2. Experiment

2.1) Epitaxy

Epitaxy is a composed word by “epi” + taxy”, where “epi” means “on” or
“above” and “taxy” means “order” or “arrange”. Therefore, epitaxial growth means
a technique to deposit a material on a substrate with single orientation.
Consequently, the substrate acts as a seed crystal, the deposited material takes on a
lattice structure and orientation identical to those of the substrate.

As shown figure 2.1, epitaxy is classified two parts by relationship between
epitaxial layer and substrate and it is homoepitaxy and heteroepitaxy, respectively.
Homoepitaxy is a kind of epitaxy performed with only same material. In
homoepitaxy, a crystalline layer is grown on a substrate or epitaxial layer of the
same material. Heteroepitaxy is a kind of epitaxy performed with materials that are
different from each other. In heteroepitaxy, a crystalline layer grows on a

crystalline substrate or layer of another material.
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Figure 2.1 Classification of epitaxy

2.2) Three-types of epitaxial growth

Epitaxial growth is generally accepted that three possible modes of crystal

growth on surfaces may be distinguished. These modes are illustrated

schematically in figure 2.2. In case of island (Volmer-Webber growth mode)

growth, small clusters are nucleated. This happens when the physisorbed atoms are

more strongly bound to each other than substrate [1].

The layer-by-layer (Frank-van der Merwe mode) growth displays the opposite

characteristics because the atoms are more strongly bound to the substrate than to

each other. The first atoms to condense form a complete monolayer on the surface,
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which becomes covered with a somewhat less tightly bound second layer. Provided
the decrease in binding is monotonic toward the value for a bulk crystal of the
deposit, the layer growth mode is obtained [1].

The layer plus island (Stranski-Krastanov mode) growth is an intermediate case.
After forming the first monolayer, or a few monolayers, subsequent layer growth is
unfavorable and islands are formed on top of this “intermediate” layer. There are
many possible reasons for this mode to occur and almost any factor which disturbs
the monotonic decrease in binding energy characteristic for layer-by-layer growth

may be the cause [2].

monolayer

/

6 < 1ML substrate

IML < 8 <2ML

——— A

0 >2ML

Layer by layer growth Stranski-Krastanov Island growth
growth

Figure 2.2 Schematic representation of the three crystal growth modes. 8 represents

the coverage in monolayer.
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2.3) Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a versatile technique for growing

epitaxial structures made of semiconductors, metals or insulators. In MBE,

epitaxial layers crystallize via reactions between thermal-energy molecular or

atomic beams of the constituent elements and a substrate surface which is

maintained at an elevated temperature in ultra high vacuum. The growth rate is low

enough that surface migration length of the impinging species on the growing

surface is ensured. Consequently, the surface of the grown layer is very smooth.

Figure 2.3 shows the surface processes occurring during MBE growth. The

substrate crystal surface is divided into so-called crystal sites where the impinging

atoms may interact. Each crystal site is a small part of the crystal surface

characterized by its chemical activity. A site may be created by a dangling bond,

vacancy, step edge and etc.

In comparison to all other epitaxial growth techniques, MBE has a unique

advantage. Being realized in an ultrahigh vacuum environment, it may be

controlled in situ by surface sensitive diagnostic method including reflection high

energy electron diffraction (RHEED). This powerful facility for control and
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analysis eliminates much of the guesswork in MBE, and enables the fabrication of
sophisticated device structures using this growth technique.

MBE is composed of vacuum system (vacuum pumps), source supply system
(k-cell, cracking-cell, plasma etc.), substrate handling system (transfer-rod,
substrate holder, carrier etc.), and in situ surface diagnosis (RHEED observation
system). Figure 2.3 shows the MBE system. Background vacuum is a very
important factor to obtain high purity epitaxial layers, since the residual gas in
vacuum system would act as impurities. Generally, the background pressure in the
range of low 107" torr to mid 10™" torr is used to grow a sufficiently pure epilayer

and to obtain the enough sticking coefficients of constituent atoms.

fon gauge

RHEED heater
screen . substrate
magnetic
X-Y stage field RHEED
electron gun
optical \
fiber —
L :1’;_______ 1
[ - LI
photo— T : substrate shutter
multiplier source shutters
i | LN, shroud
recorder process
control sources
computer

Figure 2.3 Schematic illustration of molecular beam epitaxy system
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For the source supply system, conventional Knudsen-cells (Zn, Se, Te, Ga, Sb)
are used. The effusion cells (K-cell) have an operating temperature range of up to
1400 C, depending on the purpose of the sources such as growing or doping, the
size and shape of crucibles are different. The source material determines the
temperature range of the K-cells. Simple mechanical shutters in front of K-cells are
used to control the beam fluxes for growth. Those features distinguish MBE from
the conventional vacuum deposition techniques.

A substrate is mounted on a substrate holder by using In. The substrate holder is
heated for cleaning of substrate and for growing on the substrate. Out gassing from
a substrate holder and a heater during heating should be minimized. The selection

of materials of the substrate holder and heater is crucial for reducing out-gas.

2.4) Reflection high energy electron diffraction: RHEED

Reflection high energy electron diffraction (RHEED) is used to analysis
various information during epitaxial growth in ultra high vacuum (UHV)-chamber.
In conditions which are usually employed in MBE a high energy beam of electrons

in the range of 5 ~ 30 keV is incident at low angle (1 ~ 3°) to the surface. The
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RHEED pattern generated by the sample surface was displayed on a phosphor

screen located at the opposite side of the RHEED gun and was captured using a

CCD camera controlled by computer as shown in figure 2.4.

specular beam spot

fluorescent
screen

incident ' shadow edge
beam

Figure 2.4 Schematic illustration of RHEED observation

The de Broglie wavelength of these electrons is in the range of 0.06 ~ 0.17 A

and the penetration of the beam into the surface is low, being restricted to the
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outermost few atomic layers [3]. Generally, the wavelength A corresponding to an

accelerating voltage V is given to a good approximation by

12.24
T 1A

Most geometrical aspects of the diffraction pattern can be interpreted on the basis

A~

2.1)

of a limited penetration scattering model, i.e., a model which is kinetic in the

diffraction sense [4]. The detailed analysis of the diffracted beam intensity

particularly the way in which it changes with incident angle (0 in figure 2.4) should

in principle permit an exact determination of the complete structure of the surface

unit cell.

When the electron beam is incident on a plane with mirror index (hkl), the

electron beam is elastically scattered at the (hkl) plane. The condition for

diffraction is given by the Bragg condition:

2dpesind=nk  (n=1,2,...) 2.2)

Where dyy is the interplanar distance of the plane (hkl), 0 is the angle between

the incident electron beam and the plane, and A is the electron wavelength.

The diffraction process in RHEED is not always ideal reflection, which will

produce two different patterns on the RHEED screen. In the first case the
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diffraction pattern exhibits spotty features, while in the second case, the RHEED

pattern shows streaks, if the surface has a roughness of atomic layer thickness.

Using the Bragg equation and the Ewald sphere construction, one may deduce

the periodicity of the surface atomic structure by measuring the distance between

diffraction spots or rods. The in-plane lattice constant d can be calculated using the

relation:

d=2AL/D (2.3)

where A is the electron wavelength, L is the distance between the sample and the

screen, and D is the distance between the adjacent reciprocal rods on the screen.

This equation can be applied to the calculation of surface lattice constant during

growth. It is possible to investigate the growth dynamics of MBE by monitoring

temporal variation of the intensity of various spots in RHEED pattern. Oscillations

of the specular spot intensity and the diffraction spot intensity are observed during

two-dimensional MBE growth. The period of oscillation corresponds exactly to the

growth of single monolayer. In figure 2.5, a real space representation of the

formation of the first two complete layers is shown. This illustrates how the

oscillation of the specular spot intensity occurs. There is a maximum in intensity
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for the initial and final smooth surfaces and a minimum in intensity (or maximum

intensity in diffuse scattering) for the intermediate stage, where the grown layer is

approximately half complete. And the maximum diffuse scattering is caused when

their longer edges are normal to the incident beam. Therefore, it may conclude that

the growth occurs principally by a two-dimensional layer-by-layer process, but new

layers are able to be started before preceding ones have been completed.

[001] [710]

QL
PRERREPCT

8 number of
monolayers deposited

Figure 2.5 RHEED specular spot intensity

41



The oscillation period provides continuous and absolute growth rate

monitor with atomic layer precision. Therefore, these properties by using RHEED

pattern observation and RHEED intensity oscillation are very useful methods to

establish the dynamic growth and to determine the growth condition.

2.5) Atomic Force Microscopy (AFM)

The AFM consists of a microscale cantilever with a sharp tip (probe) at its end

that is used to scan the specimen surface. The cantilever is typically silicon or

silicon nitride with a tip radius of curvature on the order of nanometers. When the

tip is brought into proximity of a sample surface, forces between the tip and the

sample lead to a deflection of the cantilever according to Hooke's law. Depending

on the situation, forces that are measured in AFM include mechanical contact force,

Van der Waals forces, capillary forces, chemical bonding, electrostatic forces,

magnetic forces, Casimir forces, solvation forces etc. As well as force, additional

quantities may simultaneously be measured through the use of specialized types of

probe. Typically, the deflection is measured using a laser spot reflected from the

top of the cantilever into an array of photodiodes. Other methods that are used
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include optical interferometry, capacitive sensing or piezoresistive AFM

cantilevers. These cantilevers are fabricated with piezoresistive elements that act as

a strain gauge. Using a Wheatstone bridge, strain in the AFM cantilever due to

deflection can be measured, but this method is not as sensitive as laser deflection or

interferometry.

If the tip were scanned at a constant height, there would be a risk that the tip

would collide with the surface, causing damage. Hence, in most cases a feedback

mechanism is employed to adjust the tip-to-sample distance to maintain a constant

force between the tip and the sample. Traditionally, the sample is mounted on a

piezoelectric tube that can move the sample in the z direction for maintaining a

constant force, and the x and y directions for scanning the sample. Alternatively a

'tripod' configuration of three piezo crystals may be employed, with each

responsible for scanning in the X, y and z directions. This eliminates some of the

distortion effects seen with a tube scanner. The resulting map of the area s = (X, y)

represents the topography of the sample. Fig 2.6 shows the schematic illustration of

AFM.
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The AFM can be operated in a number of modes, depending on the application.

In general, possible imaging modes are divided into static (also called contact)

modes and a variety of dynamic (or non-contact) modes.

Feedback loop Display

Scanner

Laser

photodiode X-Y scan control

Cantilever

' Sample

Figure 2.6 Schematic illustration of AFM

2.6) High resolution X-ray diffraction (HR-XRD)

2.6.1) Conventional high resolution X-ray

Conventional high resolution X-ray diffraction (HR-XRD) is a powerful tool

for the non-destructive ex-situ investigation of epitaxial layers. The information
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which is obtained from diffraction patterns concerns the composition and

uniformity of epitaxial layers, their thicknesses, the built-in strain and strain

relaxation, and the crystalline perfection related to their dislocation density [5].

X-ray generator
Asym15 Ge(220)
Monochromator Ut (90°) =
Sym Ge(220\)\ : 9@3 Q-
Monochromator
Detector H ¥+

Figure 2.7 Schematic illustration of HRXRD geometry

Figure 2.7 shows the schematics of X-ray measurement system. It combines a

four-crystal monochromator and a multiple-reflection analyzer crystal to perform

high-resolution measurements for reciprocal lattice scans. The Ge (220) 4-crystal

monochromator added by the crossed slit attachment is used as an X-ray beam

source. The Ge 4-crystal monochromator produces a beam with very low
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divergence and small wavelength spread. For example, approximate divergence of

the Ge (220) 4-crystal monochromator is 12 arcsec. The crossed slit collimator is

designed to provide a point x-ray source. The slit is variable in width up to 10 nm

with a step of 0.02 mm. The diffracted beam is detected by a double arm

attachment which is used for high resolution application. One arm is a rocking

curve attachment and the second arm carries the channel cut analyzer crystal to

convert to a triple axis mode. A Ge crystal with symmetric (220) reflection was

used for the analyzer. For the X-ray scans, a beam of parallel and monochromatic

x-rays of wavelength A is incident on a crystal at an angle 0, Bragg angle, which is

measured between the direction of the incident beam and the crystal plane under

consideration.

2.6.2) o scan (rocking curve) and ®-20 scan

Any measurement of lattice spacing is in principle determined by Bragg law

(equation 2.2). This equation follows from kinematic diffraction theory and

neglects the fact the that the refractive index of matter for X-ray is less than 1 by a
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few parts in 10 and so the incident beam is refracted to an internal angle slightly
smaller than the external one.

In figure 2.8, two possible scans for measuring the intensity of Bragg reflection
due to the reciprocal lattice point (hkl) are indicated:

(1) Conventional powder diffraction uses a ®-260 scan for measuring symmetric
Bragg reflections. For such a scan, the detector is rotated twice as fast and in the
same direction around the diffractometer axis as the sample. In reciprocal space
(Figure 2.9), this conventional motion of sample and detector corresponds to a
change of ks in the following way: the tip of vector ks moves along the reciprocal
lattice vector Gypk. During this motion the angle @ between the incident beam and
the sample surface changes. For asymmetric (hkl) Bragg reflections, ®-26 scan
direction runs also radial from the origin (000) of the reciprocal space along Gy
(Figure 2.8a)

(i1) In the w-scan, the detector is fixed in position with wide open entrance slits
and the sample is rotated, i.e. ® changes. In reciprocal space, this corresponds to a

path as indicated in figure 2.8b by bold arrow. The scan direction is transversal in
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reciprocal pace. Thus the so-called rocking curve is obtained. In reciprocal space,

this corresponds to a path as shown in figure 2.9

" Ewaldsphere: _ Ewaldspheres

(Fixed )Y

v —— . w—_—

a. W-20 scan

Figure 2.8 Ewald sphere construction (for symmetric reflections, i.e. reflecting

planes are parallel to the surface) for the ®-26 scan geometry. The bold arrow

indicates the movement in the reciprocal lattice
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Figure 2.9 Reciprocal space map showing accessible range for Bragg reflection

measurement.

When we consider about rocking curve of heteroepilayers, there exist
difference of diffraction angle between the layer and substrate, which is caused by
tilt or mismatch. Double or mulitiple peaks will therefore arise in the rocking curve.
Peaks may be broadened by defects if these give additional rotations to the crystal
lattice, and there will also be small peaks arising from interference between waves

scattered from the interfaces, which will be controlled by the layer thickness. The
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material will show different defects in different regions. Table 2.1 summarizes the

influence on the rocking curve of the important parameter [6].

Table 2.1. The effects of substrate and epilayer parameters upon the rocking curve.

Material
Effect on rocking curve Distinguishing features
parameter
Splitting of layer and
Mismatch Invariant with sample rotation
substrate peak
Splitting of layer and
Misorientation Changes sign with sample rotation
substrate peak
Broadening invariant with beam size
Dislocation
Broadening peak No shift of peak with beam position
content
on sample.
Broadening may increase with beam
Mosaic spread Broadening peak
size, up to mosaic cell size
Broadening increases linearly with
beam size
Curvature Broadening peak
Peak shifts systematically with beam
position on sample
Different effect on symmetrical and
Relaxation Changes splitting

asymmetrical reflection
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Affects intensity of Integrated intensity increases with
Thickness
Peak layer thickness, up to a limit
Effects vary with Individual characteristics may be
Inhomogeneity
position on sample mapped

2.7) Cathodoluminescence (CL)

Cathodoluminescence (CL) is the emission of light under an electron

bombardment. Cathodoluminescence can provide contactless and nondestructive

and depth-/spatial- analysis of a wide range of electronic properties of a variety of

luminescent materials. The excitation depth can be varied from about 10 nm to

several pm for electron-beam energies. And it is an optical and electrical

phenomenon where a beam of electrons generated by an electron gun (e.g. cathode

ray tube) impacts on a phosphor causing it to emit light. In geology, a CL is used to

examine internal structures of rock samples in order to study the history of the rock.

The incident electrons in CL system are absorbed by the material and generate

electron-hole pairs that may lead to the emission of photons, what is called

radiative de-excitation. Indeed, as shown in figure 2.10, the pairs diffuse in the

material and recombine each other. This recombination may produce photons
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whose energy depends on the energy level of the center where the electron and the
hole are captured. This center is called the recombination center. However, the
deexcitation may also be due to phonons that are emitted by surface states, defects,

Auger process... This phenomenon is the nonradiative deexcitation.

Incident Photon Photon
electron l‘m~Eﬁ hv<E, »
~
#  Deep-level -

Generation of Near-band

v Ao radiation
electron-hole pai gap radiation

R— R >4

Figure 2.10 Diagram of generation and recombination of electron-hole pairs

The incident electron beam interacts with the material. It undergoes a
successive series of elastic and inelastic scattering events that randomize the
trajectories of the incident electrons. The deviation may be large compared to the
original trajectory. The scattered electrons form contours in the form of

“mushrooms”. As shown in figure 2.11, the visualization of the volume of
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interaction between the electron beam and the material may be done by the Monte

Carlo method [7].

2 kV —

Figure 2.11 Simulation of the scattered electrons by the Monte Carlo method

Moreover, as it may be seen in figure 2.12 the range of the electron penetration is a

function of the accelerating voltage Vy: the electron range R. is proportional to
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V,' 7, the linear coefficient depending on the material characteristics. So, the
increasing of the accelerating voltage allows us to characterize deeper areas and so

the influence of the depth-resolved luminescence

104 E T T T T T T =
T 4 si
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5 :
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o
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@ 4 ZnO 3
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Figure 2.12 Correspondence between the electron range and the electron

penetration

The excitation of cathodoluminescence is very important: 1 E-keV incident
electron may generate, in a material whose energy gap is E,, E/3E, electron-hole

pairs. Moreover, contrary to the photoluminescence where selective excitations
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cause particular emission processes, electron beam excitation may activate all

luminescence mechanisms present in the material. On the other hand, the

generation rate of electron-hole pairs g is proportional to the accelerating voltage

Vy and the beam current I,. Consequently, the generation density dgeneration Within

the irradiated volume is:

g
d =g /volume = 2.4
generation 8 4 / 3 R : ( )
v, *1
generation ~ (Vb]js )b3 (25)
b
dgenemtion ~ VI;4-25 >klb (26)

So, the generation density increases with increasing the beam current and decreases

quickly with increasing accelerating voltage [8].
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Chapter 3. Structural deformation reduction of MBE

grown ZnTe by LT-buffer

3.1) Introduction

Heteroepitaxy provides a wide range of freedom for the different kinds of
material growth of mismatched systems. However, for the growth of high quality
heteroepitaxial layers, one should solve the problem of accommodation of the
various mismatches between substrates and epitaxial layers. Buffer layer growth is
a widely adopted technique not only for heteroepitaxy, but also for homoepitaxy to
accommodate mismatches and to grow high quality film. It is understood that the
buffer layer performs four important roles such as (1) heterointerface formation, it
is especially important for the heteroeptiaxy with heterovalency, (2)
accommodation of lattice mismatch, actually it is the main role of a buffer, (3)
dislocation reduction, it is obtained through the various ways such as bending,
interaction, and looping of dislocations during the buffer layer growth, and (4)
provides optimum surface for epitaxy, a smooth surface enhances two dimensional

growth, which is indispensable for the high quality epitaxy [1].
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There have been many reports on the role of various buffer layers [2 ~ 4].

Kanisawa et al. [5] reported the reduction of interface fluctuation by using low-

temperature buffer for InSb growth. Song et al. inserted a thin ZnSe buffer at low-

temperature to reduce stacking faults due to Ga-Se reaction at the heterointerface

[6]. Chang et al. reported that low-temperature buffer growth reduces the

propagation of dislocation [1].

Since ZnTe has large lattice mismatch (+7.9 %) to GaAs, the high quality ZnTe

growth on GaAs has been restricted. Therefore, in this chapter, to grow the high

quality ZnTe on GaAs substrate the low-temperature ZnTe buffer (LT-buffer) used

and it annealed. The role of LT-ZnTe buffer in terms of the structural quality of the

overgrown layer has been discussed by using various methods such as RHEED,

XRD and reciprocal space mapping (RSM) results.

3.2) Experimental details

Two samples were prepared for the discussion: sample-A (HT-ZnTe/GaAs)

and sample-B (HT-ZnTe/LT-ZnTe/GaAs). The growth procedure was almost similar

to the previous report [1] except that ZnSe buffer layer was not grown in this
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chapter, because I just intended to observe the effect of LT-ZnTe buffer. GaAs (001)
substrates were degreased and etched by using NH4OH solution. Then it was
mounted on Mo-holder using In. Thermal treatment was performed at 640 C for 15
min in the ultra-high-vacuum (UHV) chamber to remove the oxide layer on surface.
During the thermal treatment of GaAs substrate, (4 x 2) reconstruction pattern was
observed. Its reflection high energy electron diffraction (RHEED) pattern was
almost streaky at the end of thermal treatment and it becomes completely streaky
when the growth starts. The growth rate was ~ 300 nm/h and VI/II ratio was
controlled to ~2 for both samples. LT-ZnTe buffer was grown at 250 C, and HT-
ZnTe buffer layer was grown at 300 C. High resolution X-ray diffraction
measurement (HR-XRD) was used to evaluate the structural quality of the samples,
and atomic force microscopy (AFM) was used to observe the surface morphology.
Reciprocal space mapping (RSM) was used to invstigate the structural deformation

of the ZnTe layers.
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Figure 3.1 Schematic drawing of prepared samples

3.3) Initial growth observation

ZnTe heteroepitaxial layers were grown on GaAs (001) substrates. After
finishing the thermal cleaning of the GaAs substrates, the substrate temperature
was lowered down to 250 C to grow LT-ZnTe buffer layer. The thickness of LT-
ZnTe buffer was controlled to 30 nm, which is well above the critical thickness of
ZnTe [7]. It should be pointed that the critical thickness is a function of growth
temperature and interface state [8]. Therefore, even in films having same thickness;
relaxation ratio will be changed by the growth temperature at the initial growth
stage. | assumed that the thickness of the LT-ZnTe buffer layer is enough to

accommodate the lattice misfit. But, there were several reports, that indicate that
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when the thickness of LT-ZnTe buffer layer is too thick, the quality of overgrown

film degrades fast [9].

Figure 3.2 shows the RHEED observation results of both samples: (a) sa

mple-A and (b) sample-B. Initial nucleation mode (three-dimensional growth)

appeared within a few minutes from both samples. Then a streaky pattern with a (2

x 1) reconstruction was observed during the whole growth process. Since the

growth conditions were optimized, significant difference cannot be observed except

that the sample-B shows relatively streaky RHEED patterns.
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Figure 3.2 RHEED images of (a) sample-A (HT-ZnTe/GaAs) and (b) sample-B

(HT-ZnTe/LT-ZnTe/GaAs)

3.4) Surface morphology

Figure 3.3 shows AFM images. Sample-A and sample-B shows root-mean-
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square (RMS) roughness of 4.127, and 4.122 nm, from 10 x10 pm’® area,
respectively. Although the sample-B shows relatively small value, the difference
was not considerably large as that which corresponds with the RHEED observation.

Surface smoothness is known as a function of growth temperature, grain size,
growth rate and so on. Also it indirectly reveals the crystal quality of the film. Thus,

the AFM results indicate that the crystallinity of both samples would not show

large difference.

Figure 3.3 AFM images of (a) sample-A (HT-ZnTe/GaAs) and (b) sample-B (HT-

ZnTe/LT-ZnTe/GaAS)
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3.5) The investigation of crystallinity

Figure 3.4 shows ® and ®-20 scans of both samples. From both scans, sample-

B shows relatively narrower linewidth than sample-A, but as expected above, large

difference was not observed. The linewidth decreases from 260 to 247 arcsec in ®-

20 scan and from 1236 to 1208 arcsec in ® scan, respectively. Based on these facts,

I conclude that the sample-B has better crystallinity than sample-A. Although due

to the thin layer thickness, the XRD linewidth is broader than that of previous

report [1].
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Figure 3.4 X-ray diffraction measurement results of (a) w/®-20 scan of sample-A

(HT-ZnTe/GaAs) and (b) ®/®-28 scan of sample-B (HT-ZnTe/LT-ZnTe/GaAS)

It is worth to consider about the various parameters that determine the XRD
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linewidth. The linewidth of X-ray rocking curve reflects various factors such as
rotation of mosaics, crystal size effect, local strain and defect density in the film.
The measured linewidth of the XRD rocking curve can be explained numerically as
[10]

B = B0+ B0+ B2k + B2 (kD) + B2+ 2R (3.
where the [ is the intrinsic linewidth [9], the (G, is the intrinsic rocking curve
width for the first crystal, the [, is the linewidth due to angular rotation at the
dislocations, the (. is the linewidth by the strain surrounding dislocations, the G
is the term of crystal size effect, and the (. is the bending effect. Among them, the
layer thickness () and dislocation density in the layer (5, [B;) may have
dominant affect on the XRD linewidth of the ZnTe layers. In this experiment, since
the layer thickness is the same, the improvement of crystallinity is deduced to the
reduction of dislocation (grain boundary) density.

Also the surface-normal lattice constants are evaluated as 6.088 A and 6.101 A
for sample-A and sample-B, respectively, from XRD (004) ®-20 scan. Sample-B
shows the lattice parameter, which is very close to that of bulk ZnTe. Note that the

lattice mismatch relaxation accompanies the dislocation generation. Therefore,
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lattice misfit relaxation broadens the XRD linewidth of epitaxial layer. In our

experiment, however, the sample-B has narrower linewidth than the sample-A,

which strongly indicates that the LT-buffer accommodates lattice mismatch

effectively.

3.6) Crystal deformation

Figure 3.5 shows reciprocal space mapping (RSM) results of ZnTe layers. The

RSM result of sample-A indicates the misalignment between the reflection planes

of grown film and substrate, while it was not observed from sample-B. Such a

misalignment is known due to the monoclinic distortion or tilting, which originates

from the partial relaxation of lattice strain.

These results imply that ZnTe layer without buffer suffers significant lattice

deformation. It can be understood that since the LT-ZnTe buffer layer enhances

lattice misfit relaxation, the layer grown on LT-buffer would have less strain.

Therefore, the sample-B shows less deformation than sample-A.
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Figure 3.5 XRD reciprocal space mapping results of (a) sample-A (HT-ZnTe/GaAs)

and (b) sample-B (HT-ZnTe/LT-ZnTe/GaAs)

The role of LT-ZnTe buffer described in this experiment can be summarized as

follows (a) the reduction of misfit dislocation generation in the overgrown layer,

(b) the enhancement of misfit relaxation and (c) the diminishment of the structural
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deformation. Note that all these effects may improve the crystallinity of overgrown

layer.

3.7) Conclusion

The effect of LT-buffer on the structural properties of high-temperature-grown

ZnTe layers has been investigated. Structural deformation of ZnTe layer was

reduced by using LT-buffer and the role of LT-buffer layer is found to be the

following: the reduction of misfit dislocation generation and the diminishment of

the structural deformation in the overgrown layer due to the fast misfit relaxation

during the growth of LT-buffer.
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Chapter 4. MBE growth of GaSb films by using three-

steps ZnTe buffer layer

4.1) Introduction

The GaSb-based compound semiconductors have great potential for various
military and civilian applications such as laser diodes, photo-detectors and high-
frequency electronic devices. Therefore, numerous efforts have been made to grow
high quality GaSb and related compounds. However, the crystal quality of GaSb
has been restricted due to the large lattice mismatch to the conventional substrates.
A lot of approaches have been tested to solve the problem [1-7]. Usually, a buffer
layer with graded or staircase composition profile is adopted to grow high-quality
GaSb heteroepitaxy [2]. However, cumbersome and time-consuming process with
highly accurate control of growth conditions is required to improve the crystallinity
of the heteroepitaxail layer. Therefore, it is inevitably required to develop a new
buffer layer growth technique.

In this chapter, a three-step ZnTe buffer layer is introduced for the growth of a

high-quality GaSb layer. Since ZnTe (Lc = 6.104 A) has a very close lattice
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constant to GaSb (Lc= 6.095 A), it is regarded as one of the best buffer layer for
GaSb growth. Also, the role of the buffer layer, especially for the structural quality
of GaSb layers, has been discussed by using reciprocal space mapping (RSM)

results.

4.2) Experimental details

For the MBE growth, GaAs (001) substrates were degreased and etched by
using NH4OH solution. Then it was mounted on a Mo holder using In. Thermal
treatment was performed at 640 C for 15 min in ultra high vacuum (UHV).
During the thermal treatment (4 x 2), reconstruction pattern was observed. The
reflection high energy electron diffraction (RHEED) pattern was almost streaky at
the end of thermal treatment.

Two samples were prepared for this chapter: sample-A is GaSb/GaAs and
sample-B 1s GaSb/HT-ZnTe/LT-ZnTe/GaAs. To highlight the effect of the buffer
layer, both samples were grown at the same growth conditions except for the
existence and nonexistence of the buffer layer. The growth of GaSb was performed

at 540 C, and the thickness of the GaSb layer was controlled to 500 nm. The
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growth rate was optimized to 300 nm/h for ZnTe and to 500 nm/h for GaSb layers,
respectively. Flux ratio was controlled at ~2 (VI/II) for ZnTe and at ~5 (V/III) for
GaSb, respectively.

The three-step buffer was grown in following way: (the first step) thin (~30 nm)
low-temperature buffer (LT-buffer) was grown at 250 C, then (the second step)
high-temperature annealing was performed at 330 C for 30 min, finally (the third-
step) a relatively thick (300 nm) high-temperature buffer (HT-buffer) was grown at
310 C. After finishing the three-step buffer growth, GaSb layers were grown at
540 C.

The LT-ZnTe buffer layer is introduced to minimize the defect generation at the
ZnTe-GaAs heterovalent interface. Annealing of the LT-ZnTe buffer layer is
employed to terminate the threading dislocation, also the HT-ZnTe buffer layer is
employed a smooth surface for two-dimensional GaSb growth.

During the growth, RHEED pattern was observed. High-resolution X-ray
diffraction measurement (HRXRD) was used to evaluate the structural quality of
the samples. The surface morphology was observed by atomic force microscopy

(AFM). Reciprocal space mapping (RSM) was used to observe the structural
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deformation of the GaSb layers.

4.3) Surface observation

Figure 4.1 shows the RHEED patterns observed during the growth. In the case

of sample-A, the initial growth mode is very similar to that of ZnTe/GaAs due to

the similar lattice mismatch (+7.8 %). As shown in Figure 4.1 (a), the growth was

initiated from three-dimensional (3D) growth, then after a few minutes, the growth

mode was changed into 2D growth. During the growth, a (1 x 3) reconstruction

pattern was observed.

But the growth of sample-B shows a remarkable difference from sample-A. The

initial 3D growth was not observed and the RHEED pattern during the growth was

streaky and (1 x 3) reconstruction pattern from the very beginning of the growth.

Note that the lattice misfit of GaSb/GaAs substrate is 7.8 %, while it is just

0.14 % for GaSb/ZnTe buffers. Generally, the 0.14 % misfit can be accepted as a

nearly lattice-matched condition [8]. Therefore, initial 3D growth was not observed

during the growth of GaSb/ZnTe buffer.
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Figure 4.1 RHEED images of (a) sample-A (GaSb/GaAs) and (b) sample-B

(GaSb/ZnTe bufter/GaAs)

4.4) Surface morphology

Figure 4.2 shows AFM images. As one can expect from the RHEED

observation results, sample-B shows a much smoother surface morphology than
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sample-A. Sample

-A shows rough surface with a root-mean-square (RMS) roughness of 107 nm from
10 x 10 pm® area. But sample-B shows a very smooth surface with an RMS
roughness of 3.3 nm from the same observation area.

The difference could be understood in terms of the difference of an initial
growth mode. Sample-B should have a smooth surface, because it was grown
without 3D mode even at the initial stage. Once the 3D growth initiates, the
migration length of adaptom will be decreased and the surface will be roughened.
Thus, the remarkable difference of surface morphology can be deduced to the
growth mode difference, which is provides by the ZnTe buffer.

Also, surface smoothness is known as a function of growth temperature, grain
size, growth rate and so on. Since large size means smooth surface, it indirectly
reveals the crystal quality of the film. Therefore, improvement of structural quality

is expected from sample-B.
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Figure 4.2 AFM images of (a) sample-A and (b) sample-B

4.5) Crystallinity improvement

Figure 4.3 shows XRD ®- and ®-20 scans of GaSb layers (sample-A and —B).

The linewidth decreases from 177 to 171 arcsec in ®-20 scan. But drastic decrease

is observed in ® scans. It decreases from 1154 to 606 arcsec. If one considers the

large lattice mismatch between GaSb and GaAs, the narrow XRD linewidth of

sample-B clearly demonstrates the improvement of crystal quality by the ZnTe

buffer layer.

Note that the XRD linewidth of sample-B is comparable to the reported value
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[9], which is 582 arcsec MBE grown GaSb film with 500 nm-thick, although the
growth conditions was not optimized yet. In this chapter, since the layer thickness
was the same, the improvement of XRD linewidth is deduced to the reduction of
dislocation (grain boundary) density.

Also the surface-normal lattice constants are evaluated as 6.118 A (sample-A)
and 6.098 A (sample-B) from the (004) »-20 X-ray rocking curve, respectively.
Sample-B has the lattice parameter, which is very close to that of bulk GaSb lattice
constant, while considerable residual strain observed from sample-A. The residual
strain is estimated as — 0.377 % and — 0.0949 % for sample-A and —B, respectively.

Note that the lattice mismatch relaxation accompanies the dislocation
generation. Therefore, lattice misfit relaxation broadens the XRD linewidth of the
epi-layer. However, sample-B has a narrow XRD linewidth than sample-A; this fact
strongly indicates that the ZnTe buffer is effective for the accommodation of lattice

mismatch.
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Figure 4.3 X-ray diffraction measurement results of (a) w/®-20 scan of sample-A

and (b) ®/®-26 scan of sample-B

4.6) Structural deformation

Figure 4.4 shows reciprocal space mapping (RSM) results of GaSb layers. The
RSM result of sample-A shows significant misalignment as large as 0.1°, while it
is diminished to 0.025° from sample-B. Such a misalignment is known due to the
monoclinic distortion or tilting, which originates from the partial relaxation of

lattice stain. The result implies that the ZnTe buffer is a successful template for the
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growth of GaSb.
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Figure 4.4 X-ray diffraction reciprocal space mapping results of (a) sample-A and

(b) sample-B
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The effects of the three-step ZnTe buffer described in this experiment can be

summarized as follows: (a) the efficient accommodation of the large lattice misfit,

(b) providing smooth surface for the following layers, (c) the reduction of residual

strain (of course, it is very closely related with the relaxation of lattice misfit) and

(d) the diminishing of the structural deformation due to incomplete relaxation of

strain.

These effects can be understood through the consideration of the role of the

three-step buffer. It was reported that the accommodation of lattice misfit is mainly

accomplished by the LT buffer [6]. During the growth of the LT buffer, high-

density misfit dislocations are generated by the relaxation of lattice mismatch.

These dislocations are terminated by making loop or bending during the annealing;

thus the annealing process is indispensable for the growth of high-quality HT

buffer with low dislocation density. Therefore, it can be concluded that the role of a

three-step ZnTe buffer is really essential for the remarkable improvement of GaSb

layer quality in terms of providing high-quality substrate.
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4.7) Conclusion

Remarkable improvement of crystal quality of GaSb heteroepitaxial layer is

achieved by inserting a three-step ZnTe buffer. The effect of ZnTe buffer to the

structural properties of GaSb layers has been investigated. By using the three-step

ZnTe buffer, smooth surface morphology, narrow rocking curve linewidth and the

reduction of residual strain in the GaSb layer have been achieved. It is concluded

that the ZnTe buffer layer is really effective for the accommodation of the misfit to

grow high-crystalline GaSb layer.
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Chapter 5. MBE growth of GaSb films; The influence of

the chemical composition of ZnTe surface

5.1) Introduction

In the previous chapter 3, ZnTe (Lc = 6.104 A) buffer have been suggested
as a new buffer layer for the growth of GaSb on GaAs, and the growth of the high-
quality GaSb was achieved by using three-step ZnTe buffer layer in chapter 4.
However, the influence of GaSb/ZnTe heterointerface didn’t be considered
systemically. Note that the GaSb/ZnTe hetero-interface contains unstable bonds
such as Zn—Sb and Te—Ga. It implies that the crystal quality of overgrown layer
will be greatly influenced by the interface chemistry like as the ZnSe/GaAs hetero-
interface in which preventing Ga—Se bond has been known as a key point to
improve the ZnSe quality [1-4]. In this chapter, the crystallinity of GaSb has been

optimized in terms of [I-VI/III-V hetero-interface.

5.2) Experimental details

All samples were grown by solid-source molecular beam epitaxy (MBE). The

86



thickness of GaSb layers directly grown on GaAs substrates was controlled to 1.4
um. While it was controlled to be 0.4 mm in the case of grown on thick ZnTe
buffers of 0.3 um. The respective growth rate was 600 nm/h for ZnTe and 700 nm/h
for GaSb layers. Flux ratio was ~2 (VIU/II) for ZnTe and ~5 (V/III) for GaSb,
respectively. ZnTe buffers were grown at 300 C, however in order to find out the
optimum growth condition, GaSb layers were grown at the elevating temperatures
(460 ~ 540 C).

To highlight the effect of surface composition, two samples were prepared with
other treatment of ZnTe surface; sample-A was grown on Zn-terminated ZnTe
surface and sample-B was grown on Te-terminated ZnTe surface. During the
growth, RHEED pattern was observed to monitor the growth. High resolution X-
ray diffraction measurement (HR-XRD) was used to evaluate the structural quality
of the samples. The surface morphology was observed by atomic force microscopy
(AFM).

The cathodoluminescence (CL) measurement were performed from 20K to
room temperature by using liquid helium with temperature controller. The CL

system was installed in a scanning electron microscope (HITACHI-S4200) with a
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beam blanking system. The excitation energy and current were 10 kV and 3.5 nA,

respectively. The electron range, which is measure of the range of electron-hole

pair generation in the specimen, is calculated according to the formula given by

Kanaya and Okayama [5]. The light was collected with an ellipsoidal mirror and

led by an optical fiber to detection unit, and the monochromator was used to record.

CL spectrum was detected by photomultiplier (Hamamatsu; H10330-75)

5.3) Growth temperature optimization

Large lattice mismatch in GaSb/GaAs system (+ 7.8 %) will be relaxed just

after the growth start. Once the relaxation begins, it accompanies high-density

dislocation which causes difficulty for the exact evaluation of hetero-interface.

Therefore, the growth of GaSb on GaAs substrate is optimized to magnify the

influence of hetero-interface.

Figure 5.1 shows the evolution of the surface roughness and the HR-XRD full

width at half maximum (FWHM) values depending on the GaSb growth

temperature. The thickness of each GaSb layer is fixed to 1.4 pm. As shown in

figure 5.1, both surface roughness and HR-XRD FWHM monotonically decrease
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as increasing the growth temperature up to 525 C. However, when the growth
temperature increases higher, surface roughness and HR-XRD FWHM deteriorate.
At the optimum growth temperature (~ 525 C), the HR-XRD FWHM value of
(004) »-28 scans is 352 arcsec, and the root-mean-square (RMS) roughness is ~1.2
nm. Note that both surface roughness and XRD linewidth varies similarly. As the
growth temperature increasing, smooth surface is obtained owing to the migration
length increasing of adsorbed atoms (adaptom) on the surface. Since MBE is a
kinetic process which happens under almost non-equilibrium condition, thus
smooth surface enhances two-dimensional (2D) growth and resultantly improves
the crystallinity of film. While when the growth temperature is too high, desorption
of adaptom increases, which sometimes degrades the quality of film significantly.
The degradation of crystallinity at high growth temperature is known to be mainly
originated from the increase of Sb-desorption [6]. When the Sb-desorption
increases, V/III ratio decreases, and the crystallinity degrades due to the collapse of

stoichiometry in the film.
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5.4) RHEED observation by interface composition

Two distinct bonds are expected during the growth of GaSb on ZnTe. One is
Ga-Te bond, another is Zn—Sb bond. The reaction of Ga and Te results in the
formation of a Ga,Tes. Generally, it contains a lot of cation vacancies, therefore the
crystallinity of overgrown film degrades [7]. While, as a result of the reaction
between Zn and Sb, Zn3;Sb,- like structure is expected. Although, details on Zn;Sb;
were not known, that structure was estimated that it has similar physical properties
with Zn3N,, which has anti-bixbyite structure with anion vacancies [8]. Therefore,
both interfacial structures have negative effect to the high quality GaSb film growth.

Two samples were prepared to highlight the influence of interface chemistry.
Sample-A is GaSb grown on Zn-terminated ZnTe surface, and sample-B is a GaSb
grown on Te-terminated ZnTe surface. Zn (Te)-terminated surface was achieved by
Zn (Te) flux exposure onto the ZnTe surface for 10 min at 300 ‘C. The surface
chemistry was confirmed by the RHEED reconstruction patterns. The optimum
growth temperature of GaSb is too high to keep the intended surface, therefore
GaSb growth was started at low temperature (300 C), and after short (2 min)

growth, the growth interrupted to increase the growth temperature to 525 C then
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proceeded again to grow 0.4-pum thick GaSb films.

Figure 5.2 shows the RHEED patterns observed during the growth. Figure

5.2a—c show RHEED patterns obtained from sample-A. Figure 5.2a shows a ¢(2 x

2) Zn-reconstructed surface. The surfaces were almost streaky and when the growth

was started of GaSb, 3-dimensional (3D) feature was not observed as shown in

figure 5.2b, while figure 5.2d—f show RHEED images during the growth of sample-

B. Figure 5.2d shows a (2 x 1) Te-reconstructed surface. The surface was almost

smooth, but 3D growth was obviously observed at the initial growth stage (figure

5.2e), which just continued less than a few tenth of seconds (< 10 nm). It should be

noted that an extra spots indicating the existence of different structural phase were

not observed, which makes me exclude the possibility of considerable alloying at

the interface.
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k/[110] kA[100] ki[1-10]
Sample-A
{a) C(2x2) Zn-terminated ZnTe surface

{b) Initial growth of GaSh

{c) 0.4 Um GaSh

Sample-B

{d) (2x1) Te-terminated ZnTe surface

{e) Initial growth of GaSh

) 0.4 P GaSh

Figure 5.2 RHEED patterns of sample-A (GaSb/Zn-terminated ZnTe) (a) c¢(2 x 2)

Zn-terminated ZnTe surface, (b) initial growth of GaSb, (c) 0.4 mm GaSb; sample-

B (GaSb/Te-terminated ZnTe) (d) (2 x 1) Te-terminated ZnTe surface, (e) initial

growth of GaSb, (f) 0.4 mm GaSb.
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To understand the RHEED evolution for each sample, the surface chemistry of

the surfaces have been considered, because the probability of unwilling interfacial

structure might be mainly determined by the surface coverage and formation

energy of chemical bond for each surface. First of all, the Zn-coverage of c(2 x 2)

surface is known to be half-monolayer (ML) [9], while Te-coverage on (2 x 1)

surface is believed to be almost unity [9]. Therefore, Te-terminated surface will

make larger influence on the GaSb than Zn-terminated surface, under the

assumption of similar bonding strength for Ga—Te and Zn—Te bonds. Although,

reliable report on Zn—Sb bond is lacking, chemical bonding strength is able to be

estimated by the bonding length for each bond. The respective covalent radii for

Zn—Sb bond and Ga-Te bond is estimated to be 0.267 nm and 0.258 nm, based on

the reported tetrahedral covalent radii [10]. It implies that Ga—Te bond has higher

probability than that of Zn—Sb bond. The discussion on both surface coverage and

bonding length predicts that interfacial layer is more presumable for Te-terminated

surface. It corresponds with the RHEED observation results (figure 5.2). Note that,

when a film begins to grow on a surface with low surface energy, 3D growth is

preferred to decrease Gibbs total energy in the film [11]. In this experiment, lattice
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mismatch is negligible due to negligible small lattice mismatch (0.14 %) between

GaSb and ZnTe, hence 3D growth during the initial growth of GaSb should be

deduced to the formation of interfacial layer. Therefore, the 3D growth during the

initial growth stage of sample-B (GaSb/Te-terminated ZnTe) was attributed to the

low surface energy of interfacial layer, which indicates that Zn-termination is

desirable to diminish the influence of interface layer.

5.5) Surface morphology

Figure 5.3 shows AFM images of (a) sample-A and (b) sample-B. As expect

from the RHEED observation results, sample-A shows smaller surface roughness

(RMS = 1.42 nm) than sample-B (RMS = 1.82 nm). Sample-B reveals a typical

morphology of 3D growth, which coincides with the RHEED observation results as

shown in figure 5.2. Surface roughness is known to be determined by growth

temperature, grain size, and growth rate. Since large grain size means smooth

surface, it indirectly reveals the crystal quality of the film. Therefore, high

structural quality is expected from the sample-A due to the smooth surface

corresponding to the RHEED images.
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Figure 5.3 AFM images of (a) sample-A (GaSb/Zn-terminated ZnTe, RMS = 1.419

nm) and (b) sample-B (GaSb/Te-terminated ZnTe, RMS = 1.82 nm).

5.6) Evaluation of structural characterization by interface composition
Figure 5.4 shows (004) ©-26 scans of GaSb films. Figure 5.4a and b show HR-
XRD results of GaSb layers grown on ZnTe buffer (sample-A and sample-B),
respectively, while figure 5.4c¢ is a result of GaSb directly grown on GaAs substrate.
Sample-A and sample-B reveals XRD FWHM of 113 arcsec and 163 arcsec,

respectively, but sample-C reveals relatively broad FWHM as broad as 352 arcsec.
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Considerable improvement of crystallinity in terms of XRD FWHM is obvious for
GaSb/ZnTe samples. Also sample-A shows narrow XRD FWHM than sample-B.
Remind that the growth on Te-terminated surface accompanies 3D growth (sample-
B), hence GaSb growth on Te-terminated surface shows broader HRXRD linewidth
in compare to sample-A. It reveals strongly that Zn-terminated ZnTe surface is

useful for the high quality GaSb growth.

(004) ©-26 scan

GasSb (0.4 um)
FWHM: 113 arcsec
(a) Sample-A

N\ (] lNMH IMMV.\JH\M\M v

GaSb (0.4 pm)

FWHM: 163 arcsec
(b) Sample-B

Normallized intensity [arb.units]

GaSb (1.4 um)
FWHM: 352 arcsec,

-0.5 . 0.0 . 0.5
Angle (degree)

Figure 5.4 XRD (004) ®-20 scan of (a) sample-A (GaSb/Zn-terminated ZnTe), (b)

sample-B (GaSb/Te-terminated ZnTe) and (c) GaSb/GaAs.
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Table 5.1 Lattice constant, residual strain and relaxation ratio of GaSb layers

grown on GaAs substrates with/without ZnTe buffer

GaSb Lattice Residual strain
Sample No.
thickness constant (e)
Sample-A
0.4 um 6.096 A -0.0164 %
(Zn-termination)
Sample-B
0.4 um 6.101 A - 0.0984 %
(Te-termination)
GaSb without buffer
1.4 um 6.1078 A -0.21 %

(525 C growth)

To consider the structural properties in detail, lattice constant, residual strain, and
relaxation ratio of those samples are listed in table 5.1. The respective surface-
normal lattice constants are evaluated to be 6.096 A (sample-A), 6.101 A (sample-
B) and 6.108 A (GaSb/GaAs) from the (004) »-20 scan. Note that sample-A has
both the narrowest XRD FWHM and smallest residual strain, which is paradoxical
result. Generally, it indicates that XRD linewidth broadens as a function of
inhomogeneous strain induced by imperfection of crystal, thus small linewidth

means low defect density in the film. However, residual strain in a heteroepitaxial
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film is generally decreased by the relaxation of mismatches. In generally, fully

relaxed film contains higher dislocation density than strained film. Moreover,

sample-A (0.4 um) is even thinner than GaSb (1.4 um) film grown without ZnTe

buffer. When the films are prepared under the same conditions, crystal size effect

predicts that thinner film will have broad XRD linewidth [12]. Therefore small

residual strain and narrow HRXRD linewidth for sample-A strongly indicate the

availability of ZnTe buffer. Consequently, it is concluded that Zn-terminated

surface provides optimum surface for the growth of high-quality GaSb films.

5.7) Low temperature cathodoluminescence properties.

In previous section (5.1 ~5.4), Zn-terminated ZnTe surface for GaSb growth

selected for GaSb growth to obtain high quality GaSb layers and the interface

quality was proved in terms of surface morphology and structural property.

However, the luminescence properties were not investigated. Its investigation

required for the optical application. Therefore, the low temperature (20 K) CL

spectrum of sample-A (GaSb layers grown on Zn-treated ZnTe buffer layer) is

shown in figure 5.5. A strong emission at 0.775 eV with a FWHM of 33.56 meV is
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attributed to the radiative recombination by native acceptor level [13].

eA0

;g 80000 |- 0.775 eV E,~ OI.813 eV .
3 !
:'? E, ~ ?.775 eV
0
c
3 A
40000 00 [ | e - Ep
- Ey
(6]

0}, .

0.66 l 0.72 l 0.78 l 0.84 l 0.90 l 0.96
Photon Energy (eV)
Figure 5.5 Cathodoluminescence spectrum of GaSb/Zn-terminated ZnTe at 20 K.

The inset is an energy diagram for the conduction band to neutral acceptor

transition (eAo)

The eAy is known to be associated with a native acceptor (as shown in the inset
of figure 5.5) and evidence for this native acceptor appears in spectra of GaSb
grown by all of the major growth techniques. The acceptor is intrinsic, and has

been shown by Van der Meulen [14] to be a gallium vacancy-gallium antisite
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complex (Vaa, Gasp). The inset of figure 5.5 explains the origin of luminescence by

native acceptor level. At low temperature (5K) the Fermi level is below the

acceptor level, which is therefore not occupied by an electron and is thus neutral.

Luminescence transitions proceed from neutral donor levels to neutral acceptor

levels, and at the higher temperatures (15 K ~), it changes into the transition from

the conduction band to the native neutral acceptor levels [15].

5.8) Temperature dependence CL properties

This assignment of eA, by native acceptor level is demonstrated clearly in

figure 5.6 (a) and (b) where they were plotted as a function of temperature from 20

K to 300 K.

As increasing the temperature, the intensity of eAy was attenuated and quenched in

figure 5.6 (a). Also, the temperature dependence of CL emission peak position does

not shrink monotonically. Generally, the peak position variation is not shifted

nearly until 100 K then it moved exponentially to the low energy with increasing

temperature. But, in this experiment, the peak position shows the red-shift from 20

K to 60 K, and it moved to the higher energy (blue-shift) from 60 K presumably
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due to the thermal activation of e Ay emission.

To validate the thermal activation of eA,, the temperature dependence of the

integrated intensity of the 775 meV peak is shown in figure 5.6 (b). It is clear from

data in figure 5.6 (a) that the temperature dependence of the 775 meV excitonic

line can be divided into two distinct regions having very different slopes. The

activation energy AFE was fitted by using the Arrhenius equation (5.1) [16]:

I(T)=1,/[1+Cexp(AE/ k,T)] (5.1)

1, is a constant related with internal luminescence efficiency, C is the ratio of

nonradiative transition probability, kg is Boltzmann constant, and 7 is the absolute

temperature. From the equation (5.1), thermal activation energy is estimated to be

15.6 meV which this value is very close to the reported binding energy (16 meV) of

the neutral acceptor bound exciton [17], which supports the assignment. Thus at

high temperatures, eA emission from native acceptor is the nonradiative centers

due to thermal activation energy in temperature dependence CL spectra.
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Figure 5.6 (a) temperature dependence CL spectra and (b) activation energy of eAy

emission.

103



5.9) Accelerating voltage dependence CL properties

The depth profiling was by varying the accelerating voltage of the incident
electron beam, different electron penetration depth can be obtained. The
accelerating voltage is varied from 5 to 10 kV, which corresponds to the penetration
depth of 275 nm to 876 nm deduced by Kanaya and Okayama model [17]:

R, =(27.64/ pZz***)yW " (nm) (5.2)
where V. is an accelerating voltage in kV, A4 is the atomic weight in g/mol, p is
g/em’, and Z is the atomic number. The exciton power is kept at 3.5 nA throughout
the entire study to maintain a constant generation rate of electron-hole pair [18].
This low power can minimize the radiation damage produced by the electron beam.
IN fact, negliable physical damage and luminescence intensity variation is
observed on the surface of the films after the measurement. Therefore, changes in
the CL intensity of the depth profiling can determine the luminescence distribution

as a function of depth. In this work, CL depth profiling is estimated to determine

the affects of the heterointerface in GaSb film with Zn terminated surface.
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Figure 5.7 Acceleration voltage dependence CL spectra

Figure 5.7 illustrates the depth dependence of the CL spectra on the beam
voltage. When the beam voltage is relatively low (5 kV ~ 6 kV) negligible variation
of intensity and peak position was observed. This phenomenon is known due to

dead layer. The dead layer is a surface layer which is formed due to the existence of
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space-charge depletion region, and it is caused by pinning of the Fermi level by

surface states [19]. As shown in figure 5.7, no obvious excitonic emission is

observed for the low beam voltage of 5 ~ 6 kV, indicating that the radiative

recombination is almost absent within the top dead layer. In this case, for the small

incident voltage, the effect of surface recombination is dominant, reducing the pair

density near the surface and leading to lower total level of excitation.

However, the emission increases rapidly as increasing the beam voltage

due to the increase of excitation volume. As the penetration depth increases, the

loss due to surface recombination diminishes, especially for large bulk

recombination, and thus, the luminescence intensity is increased. On the other hand,

from 8 kV to 9 kV, it shows anomalous behavior of both intensity and peak position.

The increase ratio of intensity decreases and the peak position is occurred the red-

shift. The decay of the intensities increase ratio implies that a part of the emissions

is being reabsorbed into the epilayer. Internal absorption has been reported to affect

the near band edge cathodoluminescence of GaN [20]. It not only reduces the

emission intensity, but also red-shift the position of emission line. The absorption is

caused by the pronounced band tail that is due to the structural disorder such as the
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inhomogeneous strains as well as extended and point defects [21]. From these

results of depth dependence CL spectra, it is known that the disorder or defect

provides the anomalous characteristic of emissions. If the intensity decreases at

high excitation energy over 9 kV, it can be attributed to the nonradiative

recombination of minor carriers within the interface. In this work, the intensity

increases over 9 KV. Therefore, this strongly suggests that the Zn-terminated ZnTe

buffer layer does not make the interface.

5.10) Conclusion

The MBE of GaSb films grown on ZnTe buffer layers have been studied. GaSb

films were grown on two distinct surfaces of ZnTe and the influence of surface

chemical composition of ZnTe surface on the morphology and structural properties

of GaSb film has been investigated. 2D growth of GaSb layer is obtained on Zn-

terminated surface consequently smooth morphology and high crystal quality are

achieved. The GaSb film grown on Zn-terminated ZnTe surface reveals narrow

linewidth along with small residual strain. Also its luminescence properties show

that eAo emission dominates at the low temperature cathodoluminescence spectra.
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Temperature dependence of emission shows thermal activation of eAy emission.

Moreover, from the acceleration voltage dependence, considerable feature

originated from the GaSb/ZnTe has not been observed presumably due to high

interface quality, which strongly supports the availability of ZnTe buffer for GaSb

growth.
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Chapter 6. Summary and conclusions

GaSb is very useful materials for IR applications due to the narrow bandgap
energy, however, the high quality GaSb growth has been restricted due to the large
lattice mismatch to conventional substrate such as GaAs and InP. Therefore ZnTe
buffer layer was suggested for the growth of a high-quality GaSb layer since ZnTe
(Lc= 6.104 A) has a very close lattice constant to GaSb (Lc= 6.095 A), it is
regarded as one of the best buffer layer for GaSb growth.

For the high quality ZnTe buffer, in the chapter 3, the role of low temperature
ZnTe buffer layer was investigated for the high quality ZnTe buffer layer. XRD
reciprocal space mapping results show structural deformation of ZnTe layer
reduced by using LT-buffer and the role of LT-buffer layer is found to be the
following: the reduction of misfit dislocation generation and the diminishment of
the structural deformation in the overgrown layer due to the fast misfit relaxation
during the growth of LT-buffer.

In the chapter 4, by using the three-step ZnTe buffer, smooth surface

morphology, narrow rocking curve linewidth and the reduction of residual strain in
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the GaSb layer have been achieved. It is concluded that the ZnTe buffer layer is

really effective for the accommodation of the misfit to grow high-crystalline GaSb

layer.

In the chapter 5, GaSb films were grown on two distinct surfaces of ZnTe and

the influence of surface chemical composition of ZnTe surface on structural and

optical properties of GaSb film has been investigated. The GaSb film grown on Zn-

terminated ZnTe surface reveals narrow linewidth along with small residual strain

and it shows the eA, emission at cathodoluminescence spectra. Moreover, from the

acceleration voltage dependence, considerable feature originated from the

GaSb/ZnTe has not been observed presumably due to high interface quality. These

results strongly support the availability of ZnTe buffer for high quality GaSb

growth.

In conclusion, High crystal-quality GaSb heteroepitaxy layers are obtained by

MBE. Novel ZnTe buffer layer has been introduced to growth high quality GaSb

films, and the feasibility of Zn-terminated three-step ZnTe buffer layer has been

demonstrated. These demonstrations indicate that ZnTe buffer layer will facilitate

the growth of high quality GaSb films for the various applications in IR wavelength.
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