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Abstract

Thin epitaxial NaCl and KBr layers of various thickness (from 3 to 100 monolayers) have been deposited on (100) surfaces of GaAs and

InSb semiconductors by means of molecular beam epitaxy (MBE). Electronic and structural properties of the freshly prepared ®lms were

subsequently investigated in the attached UHV analytical chamber by means of low energy electron diffraction, low electron energy loss

spectroscopy, Auger electron spectroscopy and an electron holography.

Alkali halide growth mode was found to be a two-dimensional layer-by-layer type (Franck van der Merve growth mode). It was possible to

demonstrate that the ®rst monolayer of alkali halide on the AIIIBV semiconductor is arranged by the strong bond formed between the halogen

ion and the AIII metallic element. In case of NaCl/GaAs(100) system a local atomic con®guration was found for an early stage of epitaxy

(three to ®ve monolayers) by means of the electron holography. A detailed analysis of the reconstructed diffraction patterns revealed that an

initial formation of the Cl-Ga bond occurred in the system, and after deposition of ®ve monolayers NaCl, the substrate was uniformly covered

by a layer at least three monolayers thick. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The growing interest in investigation of mezoscopic

systems is caused by remarkable electronic, optical, and

magnetic properties of such systems which are much differ-

ent from those of macroscopic ones. Moreover, the possi-

bility of modi®cation of those properties by varying their

size, and/or limiting their dimensions to two-, one-, and

even quasi-zero-dimension system causes that such

systems could have broad applications in micro- and

opto-electronics. One can produce nanostructures and

control their unique properties simply by proper choice

of their size [1]. One of the numerous methods in device

fabrication for electronics is the deposition of thin insulat-

ing layers on semiconductor substrate by means of chemi-

cal vapour deposition (CVD) or molecular beam epitaxy

(MBE). Recent developments in semiconductor-on-insula-

tor (SOI) technology require the fundamental understand-

ing of the electronic properties of these interfaces [2].

Early work has focused on the alkaline earth-¯uoride

compounds because of their cubic structure, the good

lattice match between the ¯uorides and several semicon-

ductors, and the ease of evaporating stoichiometric ¯uoride

®lm. The CaF2/Si system has provided the most impressive

demonstration of epitaxial growth in these systems [3,4].

This has been attributed to the small lattice mismatch (less

than 1%) between the substrate and the overlayer. Later it

has been found that thin epitaxial layers of several alkali

halides could be successfully grown on single crystal semi-

conductors such as Si, Ge, and GaAs. Alkali halides as

overlayers on semiconductors probably would not be

considered for the immediate technological applications,

but they seem to be ideally suited for investigations of

several aspects of fundamental interest, such as insulator-

semiconductor interface formation, ionic compound

deposition and epitaxial growth, alkali metal or halogen

adsorption, thickness dependent preferential desorption

and metallization processes in ionic epitaxial layers. In

this review we report on experimental procedures for

growth and characterisation of thin epitaxial layers of

NaCl and KBr MBE-deposited on (100) surface of GaAs

and InSb semiconductors, respectively.
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2. Geometrical structure of alkali halide nano-layers
epitaxially grown on GaAs and InSb studied with low
energy electron diffraction

Saiki et al. has found that NaCl easily grows epitaxially

on (100) GaAs substrate providing that the substrate

temperature is properly chosen [5,6]. This is due to the

fact that the lattice constants of these crystals differ only

by 0.4% (or even less at elevated temperature). In the case

of growth on the (001) surface, insulating ®lms have a

rather regular and ¯at surface with epitaxial orientations

NaCl(001)iGaAs(001) and NaCl[001]iGaAs[001]. Photoe-

mission studies suggest a formation of a Cl±Ga bond with

Cl atom in a bridge position on the GaAs surface. The

exact structure of the interface is still unknown, and in

addition, the studies are dif®cult due to a possible degrada-

tion of the alkali halide ®lms by electron-, and/or photon-

stimulated desorption [7].

In this chapter we report on our experimental low energy

electron diffraction (LEED) studies of the epitaxial growth

of NaCl and KBr ®lms on (001)GaAs and (001)InSb

substrates, respectively [8,9]. Our experiment was carried

out in the system shown schematically in Fig. 1, which

consisted of two UHV chambers. The sample preparation

chamber was equipped with a sputter ion gun, a Knudsen

effusion cell, and a quartz crystal microbalance. The analy-

sis chamber was furnished with a 100 mm hemispherical

energy analyser, a LEED, a quadruple mass spectrometer

(QMS), and an electron gun. The apparatus was also

equipped with a magnetic transfer to move samples between

the two chambers.

The substrates were initially sputter cleaned with 500±

750 eV Ar1 ions incident at angle of 308 with respect to the

surface. Typically, an ion current of 1 mA impinging into an

area of 1 cm2 for 0.5±2 h was suf®cient for cleaning. Subse-

quently, the sample was heated up to 6008C for GaAs and up

to 5008C for InSb and then cooled down. After such a proce-

dure no traces of carbon and oxygen could be found on the

surface as examined with Auger Electron Spectroscopy

(AES). The LEED pattern of c(8 £ 2) was observed indica-

tive of an established long range crystallographic order on

the substrate surface. The substrate temperature during

deposition of the NaCl overlayers was kept at 2008C,

whereas the best quality of the KBr ®lms was obtained for

the substrate kept at room temperature. The deposition rate

and the ®lm thickness were monitored by a quartz crystal

microbalance (QCM). QCM position with respect to the

effusion cell was equivalent to the position of the substrate

holder. A typical deposition rate was 0.1±0.2 nm/s. The

thickness of the deposited ®lms were in the range of 0.6±

100 nm. The quality of the epitaxially grown ®lms was

veri®ed with LEED and a Low Electron Energy Loss Spec-

troscopy (LEELS). Fig. 2a shows the LEED image repre-

senting a structure of the InSb substrate surface after the

cleaning procedure. The same type of LEED pattern was

observed for the (001)GaAs. Our preparation procedure

(sputtering/heating) is known to produce gallium or indium

atom terminated surfaces [10,11] which results in the

c(8 £ 2) LEED pattern. Metal termination of the prepared

surfaces was con®rmed by taking the Auger electron spectra

at grazing incidence and at 458. Fig. 2b represents the

surface of the epitaxially grown KBr. It appears to be the

same as the one for bulk cleaved crystal having the face

centred cubic structure. It is well known that the free surface
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Fig. 1. A scheme of the experimental set-up.

Fig. 2. The low-energy electron diffraction pattern of the (001) InSb

surface after the cleaning procedure (a), and for ®ve monolayers thick

epitaxial ®lm of KBr deposited on the substrate (b).



of alkali halides is extremely stable and shows no changes

(with accuracy of ,1%) of lattice constant at the surface in

comparison to the bulk values [12]. Therefore, we have no

doubt that our alkali halides grow epitaxially on the AIIIBV

substrates, however, we do not know how perfect the crys-

tals are, since the LEED patterns re¯ect only overall peri-

odicity of the surface. At this point it would be interesting to

know the structure of the alkali halide/semiconductor inter-

face. We found that a complete change of the LEED pattern

from c(8 £ 2) to (1 £ 1) took place after deposition of only

four monolayers. Thus, the growth mode seems to be a two-

dimensional layer-by-layer (Frank van der Marve growth

mode). Klauser et al. [13] have proposed that at the alkali

halide/GaAs interface the dominant bond is that of halogen

to gallium. Making a geometrical ®t one may ®nd the site

for halogen which is between two surface gallium atoms and

for alkali ion which is above arsenic in the second substrate

layer as shown in Fig. 3. Our LEED images shown in Figs.

2a,b were taken under the same experimental conditions and

it is easy to see that the four base spots for the two surface

structures are common. This re¯ects the fact that lattice

constants of NaCl and GaAs ®t together almost perfectly,

and the base unit cell has the same dimensions, shape and

orientation. However, for (100)GaAs surface there exists a

large number of possible reconstructions, related to various

arsenic concentrations, as a result of surface atom dimerisa-

tion and some missing rows [14,15]. These reconstructions

multiply the spot frequency at the LEED pattern. Thus

concluding our LEED measurements give results which

are consistent with Klauser model.

3. Local arrangement of atoms at the epitaxial NaCl/
GaAs(100) interface studied with electron holography

We applied the method of Kikuchi electron holography

[16] to investigate the formation and approximate structure

of the NaCl/GaAs(100) interface. This method allows for

short acquisition times, thus, the NaCl ®lm structural

changes due to ESD could be avoided. A diffraction pattern

formed by radiation emerging from an atomic emitter inside

a solid could be interpreted as a hologram [17]. The radia-

tion emitted directly to the detector is treated as the holo-

graphic reference wave, whereas that being additionally

scattered on nearby atoms is taken as the object wave.

The 3D real-space structure can be directly reconstructed

by a numerical Fourier-transform method [18]. Providing

that the closest environment of every emitter is nearly the

same, the reconstruction gives the average real-space image

of the sample with `an atomic resolution'. A long-range

periodicity of the lattice is not required for this technique.

Since with this method atoms bellow the emitter can also be

imaged, this makes the electron holography particularly

suitable for investigation of interfaces.

Inelastic or quasi-elastic interactions of medium energy

electrons with surfaces result in a loss of any external coher-

ence of the scattered beam. Such so called `Kikuchi elec-

trons' can be treated as spherical waves emitted from atoms

which served as back-scattering centres for the external

beam. The scattering geometry of the experiment is shown

in Fig. 4. The electron waves interacting with atoms

surrounding the emitters produce diffraction patterns (elec-
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Fig. 3. A ball model of the NaCl/GaAs interface. From left to right: - alkali and halogen atom arrangement at the interface, - an unreconstructed GaAs surface, -

a 2 £ 1 reconstructed (001) GaAs face. The ball gray levels denote different atom depth.



tron holograms). Real-space images reconstructed from a

single-electron energy hologram are largely distorted by

artefacts coming from multiple-scattering, self-interference

and anisotropic character of the electron scattering on a

single atom [19,20]. Twin images can also hinder the proper

structure determination. Great improvement of the real-

space images can be achieved by applying multi-energy

methods. In our work, the intensity versus energy curves,

I(V), measured for several different emission directions are

transformed into the 3D real-space images [21]. Although

the atomic structure is visualised directly, the atomic images

might be shifted out of the true positions due to complicated

behaviour of the scattering amplitude. Thus, the structure

could be determined only with an accuracy of ,0.5 AÊ . The

acquisition of Kikuchi diffraction patterns is very ef®cient

and allows multi-energy measurements [22]. Consequently,

this method can effectively be used as a fast direct tool to get

the approximate positions of lattice atoms.

Normal-incidence Kikuchi patterns were measured with a

conventional automated four-grid reverse-view LEED

optics (968 full opening angle) at room temperature. The

calibration was based on the position of the LEED spots.

Each pattern was taken ten times and then averaged to

improve the signal-to-noise ratio. In order to eliminate the

Bragg spots, two images for different suppressor values

were measured and subtracted, for each energy [23]. Conse-

quently the resulting patterns were free from the secondary

electron background as well as from the elastic scattering

contribution to the image intensity. The diffraction patterns

were measured for energies corresponding to equally spaced

k-intervals (dk � 0.2 AÊ 21) in the range of 236±450 eV. For

this set of parameters the quality of the real-space recon-

struction was already suf®cient allowing for the total acqui-

sition time to be shorter than 30 s and thus, the possible

degradation of the NaCl ®lm was avoided.

The I(V) curves for individual emission directions

(,128 £ 128 directions) were derived from a complete set

of the previously measured holograms. A polynomial back-

ground (2nd order) was subtracted from each curve by a

least-square ®t procedure (different for each curve). In this

way, strong forward-focusing peaks (zero-order diffraction

peaks) were eliminated. We have used the reconstruction

algorithm initially proposed for photoelectron diffraction

[19], and later applied for Kikuchi electron holography

[20,21]. Normalised I(V) curves for a given emission direc-

tion, i.e. x (kkÃ), were ®rst Fourier transformed according to

fk̂�r� �
Zkmax

kmin

x�kk̂�e2ikreikrdk �1�

and then individual transforms were summed over the emis-

sion direction

f�r� �
X

k̂

fk̂�r� �2�

The real space was represented by uf (r)u2 or urf (r)u2

where the second expression takes into account the radial

fall-off of the scattered waves.

Fig. 5 shows the Kikuchi electron diffraction patterns

measured for the clean GaAs(001) surface at the energy E �
384 eV (a), and after deposition of ®ve monolayers NaCl

®lm onto the semiconductor surface (b±d). The presented

images show the structural changes of the ®lm due to the

electron beam irradiation (I , 1 mA/mm2) as a function of

the irradiation time. The pattern presented in Fig. 5b was

recorded just after the switching of the electron beam on

(t � 0). One can clearly see that this pattern has a different

shape than that recorded for the clean GaAs(001) surface,

re¯ecting a new NaCl structure formed at the surface. Due

to the ®lm degradation the pattern becomes diffused for a

more prolonged electron bombardment. After longer time

(Fig. 5d, t � 120 s) the Kikuchi pattern is almost isotropic,

and the features present in the pattern recorded for the clean

GaAs(001) surface are also not visible. It is seen that the

NaCl ®lm is not completely removed from the substrate but

rather it has a disordered structure due to ESD induced

metallization of the surface [7].

The two-dimensional cuts of the 3D reconstructed real-

space structure of the clean GaAs reproduced from Ref. [24]

are presented in Fig. 6. The imaged area is 8 £ 8 AÊ 2, and the

inverted gray scale was used for the intensity. The (001) cuts

obtained for a given z-co-ordinate containing the images of

four atoms in the ®rst plane below the emitter (z � 0:98 AÊ )

and another four atoms in the second plane below the emit-

ter (z � 2:28 AÊ ) are shown in Fig. 6a,b, respectively. The

(110) perpendicular cuts in the emitter plane and at the

distance of 1.9 AÊ from the emitter are shown in Fig. 6c,d,

respectively. Schematic drawings of the local GaAs(001)

bulk structure (`as seen' from the emitter) are presented in

Fig. 6e.

The real-space cuts of the 3D reconstructed NaCl/GaAs

interface are presented in Fig. 7. For this multi-emitter

system, the structure can not be determined equivocally.

At ®rst, it is possible that only the NaCl ®lm is imaged.

The image of the atom located directly bellow the emitter

represents a superimposed image of the Na and Cl ions `as

seen' from Cl or Na emitters (for this structure, all emitters

in the different layers are equivalent). The four remaining

images correspond to the Cl ions imaged from the Cl emitter

M. Szymonski et al. / Thin Solid Films 367 (2000) 134±141 137

Fig. 4. Scattering geometry in the hologram formation process.



located in the plane above. The intensity of the Na atomic

images at these positions can be neglected due to the weaker

scattering amplitude, as shown by the single scattering clus-

ter calculation [25]. The images of Na atoms (visualised by

a Cl emitter) not placed into the back-scattering cone are

invisible due to effects resulting from the shape of the scat-

tering amplitude.

Secondly, if the strong Cl±Ga bond is formed at the inter-

face, the atomic images can correspond to the Ga atoms

imaged from the Cl or Na atom of the NaCl ®lm. The atomic

image of the atom directly bellow the emitter corresponds to

the Ga atom viewed from a Cl atom bonded to it. The other

features can be interpreted as images of Ga atoms `as seen'

by the Na emitter. In this case the Ga-Cl distance should be

of the order of 1/2a0. The Na atoms could be situated closer

to the GaAs surface since there are no atoms directly bellow

the Na emitter at the interface (see Fig. 7b). The schematic

drawing of the structure re¯ecting the two possibilities are

presented next to the real-space cuts. The second option,

however, is less probable. The Na atom acts as a weaker

scatterer and emitter, and the images of the Ga atoms `seen'

by such an emitter should have weaker intensities.

The real-space images obtained in this work indicate that

after ®lm deposition equivalent to ®ve monolayers, the

GaAs(001) substrate is completely covered by an epitaxial

®lm at least three monolayers thick since the atomic images

of the GaAs(001) substrate cannot be recognised. For irre-

gular, island like coverage the images of bulk GaAs(001)

should be visible due to a high value of the electron inelastic

mean free path in NaCl, and rather weak scattering ampli-

tude of Na and Cl as compared to the Ga and As scatterers.

Note that in the case of a clean GaAs(001) surface, it was

found that Ga and As atoms can be imaged even in the third

surface layer.
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Fig. 5. Kikuchi electron diffraction pattern for the clean GaAs(001) surface measured for energy of 384 eV (a), and after deposition of ®ve monolayers NaCl

®lm onto the semiconductor surface (b±d). The images (b±d) show the structural changes of the ®lm due to the 1 mA/mm2 electron beam bombardment for

various irradiation time.
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Fig. 6. The two-dimensional cuts of the 3D reconstructed real-space structure reproduced from Ref. [24]. The imaged area is 8 £ 8 AÊ 2, and the inverted gray

scale was used for the intensity. (a) The (001) cut in the distance of 0.98 AÊ bellow emitter. The inter-planar spacing in the GaAs(001) structure is 1=4a0 � 1:41

AÊ . (b) The (001) in the distance of 2.3 AÊ bellow the emitter. (c) The (110) cut in the emitter plane. (d) The (110) cut in the distance of 1.9 AÊ from the emitter. (e)

Schematic drawing of the atomic positions imaged in the GaAs(001) bulk structure corresponding to the images (a±d).
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Fig. 7. The cuts of the real-space image of the NaCl/GaAs interface reproduced from Ref. [24]. The imaged area and the gray scale is the same as in Fig. 6. (a)

The (001) cut in the distance of 0.98 AÊ bellow the emitter. (b) The (001) cut 2.3 AÊ bellow the emitter. In the inset the (001) cut 2.8 AÊ bellow the emitter is

shown. (c) The (110) cut in the emitter plane. (d) The (110) cut in the distance of 1.9 AÊ from emitter. Bellow are presented schematic drawings of atomic

con®gurations which could reproduce the images in (a±c). (e) Only the atoms in the NaCl layers are considered. (f) The structure of the interface is imaged and

the Cl±Ga bond is formed.



4. Conclusions

We have found growth procedures for deposition of thin

epitaxial layers of NaCl and KBr of various thickness

(from three to 100 monolayers) on (001) surfaces of

GaAs and InSb. Our LEED studies indicated that the alkali

halide growth mode was a two-dimensional layer-by-layer

type (Franck van der Merve growth mode). It was possible

to demonstrate that the ®rst monolayer of alkali halide on

the AIIIBV semiconductor is arranged by the strong bond

formed between the halogen ion and the AIII metallic

element.

The structure of the thin epitaxial NaCl ®lm grown on

GaAs(001) substrate has been investigated by Kikuchi elec-

tron holography. The reconstructed real space images can be

explained if a model of an interface is assumed in which Cl

atom is bond to the Ga atom directly on top of it. The same

real-space images may, however, correspond to bulk NaCl

structure, which causes the structure determination to be

ambiguous. By a comparison with real-space images of

the clean GaAs surface, it seems that for MBE deposition

equivalent to a ®ve monolayers of NaCl at least three mono-

layers of the ®lm are uniformly grown on the surface. The

results demonstrate for the ®rst time that Kikuchi electron

holography can be used as a fast but approximate tool for

examining the epitaxial growth.
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