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1. Introduction, definitions
1. The atomic layer epitaxy process

Atomic layer epitaxy {ALE) is a surface controlled process for thin-film manufacturing
and for epitaxial growth of single crystals. It is primarily developed for compound
materials such as 1[I VIand 11V semiconductors, oxides and nitrides but it can also
be extended 10 covalent materials [1]. The term epitaxy comes from the Greek and
means “arranged-on”. Traditionally it has been used to describe the growth of single
crystal layers onto a host crystal surface which controls the structure of the growing
layer. In ALE. an “on arrangement” is obtained by sequentially controlled surface
conditions which not only controf the structuse of the growing material layer but also
the rate of the growth. to one atomic layer of “monolayer” in one reaction sequence.
The inherent structural control of the materiai and the “digital” rate contrel of the
growth process makes ALE attractive for (he growth of crystalline compound layers,
complex layered structures. superlattices and layered alloys. Originalty ALE was
developed for the growth of polycrystalline and amorphous thin films of ZnS and
dielectric oxides for electroluminescent display devices [2.3). In large-area thin films
ALE can be used to produce high-quality material with excellent uniformity and
reproducibility. The inherent control feature of ALE is also the key in cost efticiency of
the provess.

The sequential control of the growth in ALE is based on saturating surface reactions
between the substrate and cach of the reactants needed for the compound to be grown.
Fuach surface reaction adds one monoatomic layer of the material on the surface. A
monolayer obtained in a reaction sequence may be a “full monolayet™ corresponding
10 the densily of atoms in the corresponding crystal planc of a bulk crystal or itmay be
a “partial monolayer” due to preferred surface reconstructions or steric-hindrance
effects reluted to the reactant used.

11 the reactants used are elements of the material Lo be grown, the surface reactions
are additive reactions and the necessary condition for saturation is that condensation
of the reactant does not oceur (fig. TA) In the casc of compound reactants there are
several mechanisms of saturation, depending on the nature of the surface reactions m
question (fig. |B). Saturation of euch surface reaction is the charucteristic feature of
atomic layer epitaxy, sequencing ulone does not result in the surface control. Saturation
makes the growth rate proportional 1o the number of reaction cycles instcad of to
the intensity of the reactant flux. Instead of monitoring thickness during the growth
process. in ALE the thickaess can be determined by counting the number of reaction
sleps.

For ALE of covalent (clemental) materials a compound reactant or a pair of
compound reactants is needed. Two approaches to saturated reactions cun be used.
The first approach comprises a reaction adding a monolayer of the covalent material
10 be grown and a sepurate reduction sequence activated with extra energy which re-
establishes the sutface for a new monolayer (fig. 2). The reduction sequence may also be
a1 chemical reaction resulting in release of the surface ligands (fig. 3). In the best casc the
releuse of the surface ligand is performed with a reactant also adding a monelayer of
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Fig. 1. Basic sequences of ALE for compound AB. “A™ denoles a group-t, 1L 1T element, "B denotes a
group-V. VL V1l element. “X,” and "Y,” denote ligands of the reactants AX, and BY,, respectively. In (B it
is required that the ligands are able to form volanle compounds in a surface exchange reaction (see also hig, 6
(A} Sequences for elemental reactants, Alg) and B, (gx (a) introduction of A{g) onto the substrate surface, {h)
formation of an A(s) monolayer surface, ¢} introduction of B.ig) onto A(s) surface, {d) [ormation of Bis)
monolayer surface, {e) repetition of the cycle from (). (B) Sequences for compound reactants, AX,{g) and
BY,(g) {a) introduction of AX,(g) onto the substrate surface, (b) formation of an AX,ts) monolayer surface.
(c) ntroduction of BY (g} onto AX{s) surface, {d) formation of B(sl monolayer surface. refease of XYig)
(e) repetition of the cycle from (a). The release of ligands X, and Y, may also take place partially in cach
reaction sequence (see seclion 15).

the material grown (fig. 4). A pair comprised of a halide and a hydride of a group-1V
material could satisfy such a requirement. The saturation mechanisms in this approach
are basically similar to the saturation mechanisms of ALE of compound materials
using compound reactants.

Advantages obtainable with ALE arc dependent on the material to be processed and
the type of application in question. In single crystal epitaxy ALE may be a way of
obtaining a lower epitaxial crystal growth temperature. It is also a method for making
precise interface and material layers needed in superlattice structures and superalloys.
In thin-film applications ALE makes it possible 1o obtain excellent thickness unifor-
mity over large areas. The surface control of ALE results in reproducible physical
characteristics with good homogeneity and thickness uniformity. [t also results in an
effective step coverage and in a very low pinhole density in thin films.
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X(g)
Cisl+CXig)- CXis)+ienergyl= Cis)+CX(g)-
st Claiexig) COXis)
@) (b} @

Fig. 20 ALE of covalent matenial 7C™ (group-1V ¢lement} comprsing () a scquence for formattion of a
monulaver usimg resctant CX, and (k) a sequence for re-activating the surface for the next monalayer by extra
energy, heat, or photons, f€) sequence for next monolayer.

CXig)

XY(g)

Cs)+ CXig)= CX(s}+ vig)= Cis}+ CX(g)=
CC?X(S) Cis}+X¥{g) CCX(s)
(&} {b) (c)

Fig. 3. ALE of covalent matersal “C™ (group-1V element) comprising {a) a sequence for a monolayer
formation using reactant CX, and (b) a sequence for releasing the surface ligands by 4 reaction with Y, (g} gas,
{c) sequence for next monolayer.
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cv(g%
/

Gis)+CXig)= Cxis)+CY(g)-
CCX(s) CCls)+XY(a}
(a) {o)

Fig. 4. ALE of elemental materials by a pair of reactants CX, and CY, cach adding @ monclayer of the

material.{a) The reactant CX |g) adds a monolayer CX(s) onto the Cisysurface. Ib) the reactant CY fgraddsa

C(s) layer while releasing the X s} surface ligand as nXY(g) vapour. The ligand exchange may ilso be devided

between the CX (g} and CY (g} reactions. Then \he surface can be expressed as CX, (81 amd CY )
respectively.

The ALE process can be performed either in a vacuum system like MBE or in an
inert gas system like CVD. ALE can he considered as a special mode of an MBE ora
CVD process. When running a process in ALE mode. the reactants are supplied to the
growing surface sequentially, one at a time, under conditjons which result in a saturated
surface reaction for each of the reactants used. Basic requirements for saturation
conditions can be derived from the vapour pressure data of the reactants and the
reaction kinetics of the surface reactions. Surface reconstructions can strongly infiu-
ence the saturation characteristics.

The use of an MBE-type system makes it possible o use a varicty of n situ surface
analysis methods in the study of the growth mechanism and the surface structures
formed. The advantages of a CVD-type system ar¢ mainly a more productive
processing and greater freedom in choosing the reaction dynamics. In comparisen with
conventional CVD processing, a major advantage of ALE is the elimination of gas
phase reactions, which is a consequence of the sequencing in ALE.

1.2, Chemisorption, surfuce reactions. precursor states, activation eneryies

In its simplest mode of operation ALE is performed using the elements of the com-
pound to be grown as the reactants. In this mode the compound grows one full or
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partial monolayer in each reaction step as a result of an additive chemisorption in each
cycle. For monoatomic elemental reactants additive surface reaction may occur
directly. without a percursor state or an activation energy. For such a reaction one
must also assume that there are bonding sites directly available on the surface (fig. 5a).
{fa modification of the surface structure such as breaking of a surface reconstruction is
needed 1o create a bonding site, an activation energy of the surface reaction must be
assumed. The activation energy can be described with a precursor state connected to
the final bonding site (fig. Sb). A precursor state and an activation energy can also be
used to describe the surface reaction condition when modification of the reactant
molecule. such as dissociation or structural modification, is needed before chemisorp-
tion. Further. the surface model of fig. 5b is applicable to surface exchange reactions
where the chemisorption of the reactant molecule is accompanied by the production of
a byproduct which desorbs from the surface.

In order to express the surface reactions in ALE sequences in a descriptive way the
formalism defined in fig. & will be used. In ALE the reactions occur between a gas anda
solid surface. The symbols in fig. 6 indicate not only the chemical form of a surface
compound but also give an indication of the surface structure, especially the
topmost atom of a surface formed.

The characteristic feature of ALFE 1n all modes of operation is the saturation of each
surface reaction, which causes the growth to proceed incrementally. one reaction step
at a time. Accordingly. the surface reactions contro! the growth of the material. The
structure and the density of a monolayer formed in an ALE reaction sequence is

e

pre-
reaction
state

{a {b)

Fig. 5 Langmur medel of surface encrgies. (a) Chemisorption of atom A on a Bs) surface without @

Precursur state ar anactivation cnergy. E, [ Atsi]is the desorption energy {honding energy) of an Als) surface

atom. (b1 Chemisorption of reactant molecule Bylglon an Als) surfuce via @ precursor stale Bs) An activation

encriy £(BI results from a change in the surfice structure necessary o ereate a bonding site and or from a

change in the state of reactant molecule B, such as dissociation or structural maodification. £y(B,)denotes the

dissockttion encrgy of Big) gas. E | Bisi] denotes the desorption energy of @ Bis) surfave atom as Big)
maooalomic gas
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Fig. 6. Formalism of chemical symbols used for the surface structures formed in an ALE sequence. The
symbol expresses the depth of the surface counted as well as the order of atomic layers in the surface
structure. A, symbol for elements ionizing typicaily as cations tsuch as groups L IL T Ats), A as surface
atoms of material A in the solid phase, Alg), element A in gas phase (when vapounzalion is monoatomic), B,
symbol for clements ionizing typically as anions {such as group V. VL VI, Bis), B atoms as surface atoms of
solid AB material, B {g), element B in gas phase (when vapourization occurs as a-atom molecules), Bis) atom
of a dissociated B,(g) molecule in a precursor state, C.symbol for group-1VA ¢'ements, AB, compound of
elements A and B, AB(s), surface of compound AB with B as the surface alom. ABY is). surface of compound
AB with Y ligand surface bonded on B-atoms, BA(s), surfuce of compound AB with A as the surfuce atom,
AX(3), surface ol compound AB with X ligand surface bonded on A-atoms.

strongly dependent on the characleristic surface reconstruction of the material and the
crystalline face in question, For some 111V materials the saturation density has been
observed to correspond to the density of atoms in a crystalline face of the bulk
material. This case Is often referred to as “a full monolayer per cycle™ growth. In most
cuses the saturation density has been obscrved to be less than a “full monolayer”, which
refers to the important role of surface reconstructions in ALE growth steps. Use of
large reactant molecules may also reduce the saturation density of a monalayer.

In contrast to the requirements for reactants in CVD processes, optimal reactants in
ALE should react aggressively with each other. i.e. the activation energy of the surface
reaction should be low. In CVD a reaction threshold s needed for uniformity of
thickness. A reaction threshold is also needed to avoid gas phase reactions. In ALE, gas
phase reactions between reactants are automatically eliminated by the sequencing of
the reactants. Thickness uniformity results from the saturation mechanism. High
reactivity assures efficient saturation and a high material utilizauen factor. For a
uniform saturation it is also important that the reactants used are stable at the
processing temperature. Undesirable decomposition or partially completed cxchange
reactions may be reasons for non-complete saturation or sources of impurities in the
resulting material. Unstable ligands formed in the surface reactions may make the
process sensitive to the gas flow dynamics of the system.

AN
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1.3. Description of additive reactions using elemental precursors

Additive ALE growth is based on the use of the elements A and B of the compound AB
as the reactants. This mode of ALE growth is possible when the vapour pressures of
the elements A and B have suitable values for the necessary vapour transport at the
growth temperature. Examples of successful additive ALE processes are the growth of
several Il VT compounds, such as ZnS, ZnSe, ZnTe, CdS, CdSe and CdTe.

In the ALE process the reaction between the elements A and B has to be divided into
subreactions between a solid surface of one of the clements and the second element in
the vapour phase. To create a monolayer of A on a B(s) surface the B(s) surface is
exposed to an A(g) flux:

Bis} + A(g} —-— BALs). ' {1.3.1)

The reaction stops when the Bis) surlace is fully converted into BA(s), which means the
build-up of an A(s) surface. Necessary requirements for Ais) monolayer formation are
that the dose is sufficient and that the condensation of extra A{g) vapour on the A(s)
surface is prevented. which is done by choosing the reaction temperature high enough.
It is further required that the A(s} surface formed is stable enough to stay until the
reaction with Big) vapour occurs, which is described as dissociation of the B,(g) vapour
In a prescursor state BYys).

A(s)+ Boig) - — Als)+ nBis), (1.3.2)

lollowed by the surface reaction
Als) + B'is) ——— AB(s). (113

which establishes the original Bisy surface necessary for the next cycle of reaction
sequences.

L4 Saturation of the surfuce in an additive surface reaction

A basic requirement for monolityer saturation is selective desorption. ic, the desorp-
tion rate of atoms A from an A(s) surface formed should be higher than that of atoms A
from a B(s} surface.

Forselective desorption the bond energy between atoms A and a B{s) surface must be
higher than the bond energy between atoms A and an Afs) surface. For the utilization
of this condition, the processing temperature and the sequence time should be set to
values which result in an effective desorption of atoms A [rom Ais) and a negligible
desorption of atoms A from Bys).

For real surfaces the bond energy of atoms A on a B(s) surface may be a function of
the filling density or the surface reconstruction of the BA(s) surface. Accordingly, the
saturation of the surface reaction, eq. (1.3.1), does not necessarily result in full
monolayer coverage but in a partial monolayer, determined by the energeticaily most
favourable surface reconstruction at the temperature used. In the case of different
surface reconstructions at different temperatures, saturation density versus process
iemperature may show threshold behaviour in the case of some single crystal surfaces,
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such as CdTe in fig. 16 below, or a continuous temperature dependence as observed in
the case of some polycrystalline or amorphous surfaces. [n the latter case it maght be
more correct to refer to the change in saturation density as a consequence of the
distribution of surface bond energies available on disordered surfaces. Ligands from
compound reactants may essentially influence both the surface bond energies and the
preferred surface reconstructions when compound reactants instead of eclemental
reactants are used.

Additive ALE reactions based on the direct use of elements as the reactants are
limited to compounds for which the elemental components have the necessary vapour
pressure for practical processing. The Il VI compounds of Zn, Cd and S.Se, Te. can be
processed by ALE using the elements as the reactants.

1.5. Exchange reactions using compound reactants

The use of compounds as the reactants extends the use of the ALE process to materials
where the vapour pressures of the elemental components are tao low to give rise to the
additive mode of the ALE process. A basic requirement of a reactant is 4 reasonable
vapour pressure dt the processing temperature. Low vapour pressure of a reactant
leads to slow processing, especially with large-area substrates. Other requirements of
the reactant are a good reactivity with the surface it is reacting with and also thut the
surface formed after the reaction is reactive with the second reactant used.

Full advantage of the saturation of the surface reactions in ALE is obtained when
the process is perfermed in thermal equilibrium. This also means that the reuactant
should be chemically stable at the processing temperature. In the cuse of additive ALE
processes it was stated that the saturation densities of the monolayers are mainy
determined by the surface reconstructions formed in each reaction sequence. In the case
of compound reactants. the saturation densitics are also subject to theeflects of surluce
reconstructions, but they may also be determined by the physical sizes of the ligands of
the reactant melecules. Ligands may suppress the formation of surface reconstruc-
tions. This may help in obtaining a “full monolayer per cyele” growth condition. The
ligands have an important role in the surface reactions: accordingly, the choice of tae
compound reactants has a major effect on the ALE process.

In its simplest form the ALE reaction forming compound AB fram compound
reactants AX,(g) and BY {g) can be described by the equations

BY,(s) + AX,(g) = BAX, ,(s) + k XY(g) {15
and
AX,_, 5]+ BY (g) = ABY (s} +(n — KIXY(g) (1.5.2)

where the reaction pathway is determined by the index &, which may have any valuc
between 0 and n. The reaction pathway is complicated if thermal desorption of the
ligands occurs on the surface. Any decompaosition of the surface species results in o
dependence of the reaction pathway on the dynamics of the process. Fast SEQUENCINg,
may utilize full ligand interaction and selective exchange reuctions in the process. while
slow sequencing causes the process to proceed through reconstructed Agsh or Bis)
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surfaces and thermal desorption of the ligands in cach sequence. The loss of ligands
most probably reduces the selectivity of the surface. This is probably a basic reason for
the different results obtained in ALE of GaAs; TMGa + AsH y in different experimental
setups (section 3.1). Under dynamic process conditions the role of a non-inert carrier
gas might also become important by enhancing the release of the surface ligands or by
re-estublishing the ligands. For example. H, as carrier gas may enhance the release of
methyt groups and, on the other hand, it may re-establish O H or As H structures.

For a chemicalty balunced reaction cycle the release of ligands of each reactant has
10 be balanced. If one of the ligands is desorbed thermaily. there is no exchange avail-
able for the ligands of the second reactant. This is an important difference between the
sequentiat ALE reactions and the conventional hemogencous reactions. If the dyna-
mics of the thermal release of the ligands is unbafanced. some additional interaction
such as a chemically active transport gas, exlria energy (phatons, etc.) or an extra
reaction step s needed.

Full or purtial thermal release of the figands in an ALE sequence results both in a
temperature-dependent and in sequence-time-dependent process. Surface hgands
also have an important role in lerminating open bonds on the surface and thereby in
preventing the formation of surface reconstructions.

The doses of AX,(g)and BY (g must fulfil the requirements of saturation in the sume
way as discussed for elemental reactants, Highly reactive reactants are advantageous in
an ALE process. ie. the activation energy of cach surface reaction should be low. On an
atomic scale a low activation energy means a high probability of reaction at a hit of a
gas molecule to a surfuce site. Macroscopically, alow activation energy can be seen as a
high reaction speed and o high utilization factor of the reactant.

Saturation mechanisms of the exchange reactions are related to the reaction
pathway. If the reactants vsed and the surface ligands formed in the surface reactions
are stable in the timeframe of the cycle time used, the exchange reactions have major
role in the surface saturation. This type of reaction leads 1o a wide temperature window
of saturation. When thermal dissociation of the reactants or thermal release of the
surfuce liganas occurs, the saturation becomes more lemperadure sensitive as well as
sensitive to vther process parameters such as dosing, timing and type of mmert gas.

The saturation density of an AX, (s} surface 1 dependent on the reaction pathway,
the surface reconstruction and the physical size of the ligands staying on the surface
alter the reaction. While the ligands may have an essential role in controlling the
saturation mechanism, they may also have a very important role in blocking the
formation of surface reconstructions while terminating dangling bonds on the surface.

In practical processing a purge sequence between each reaction sequence is neceded.
When compound reactants are used not only the surplus of the reactant vapour but
also the gaseous reaction products or decomposition products are removed during the
purge seguences.

1.6, ALE processing window

The most important parameter available to control the saturation mechanism of an
ALF process is the processing temperature. A certain temperature is necded to keep the
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reactants in the vapour phase, to supply the activation energies necessary for the
reactions and to desorbextra surface species alter monolayer formation. As a summary
of the factors to be considered in choosing the reactants and the reaction temperature
of an ALE process, fig. 7 defines the ALE processing-temperature window for mono-
layer saturation. For further characterization of an ALE process one can definc ALE
processing windows related to other process parameters such as the dose of each
reactant and the timing of the reaction as well as the purge sequences. For any material
to be processed by ALE. the choice of reactants is a major factor in determining the
processing windows available.

Observation of the growth rale as a function of temperature gives a first indication
of the limiting mechanisms of an ALE process. One should, however, notc that the
limiting mechanisms of saturation are individual to each reaction sequence and the
growth rate characteristics reflect the total effect of the different sequences. With
reference to the symbols in fig. 7

Li:  Anincreasing growth per cycle at the low end of the processing window may
indicate condensation of a rcactant or the result of an exchange reaction.

L2: A decreasing growth per cycle indicates an activation energy limited process
( poor reactivity of a reactant).

W1t A 1ML per cycle growth indicates full monoelayer saturation in cach reaction
cycle, It also indicates that the formation of surface reconstructions has been
inhibited.

W2 A less than | ML per cycle growth may indicate surface reconstruction in at
least one of the monolayers formed. Tt may also indicate steric hindrance in 4
monolayer, probably due to large surface ligands. A decreasing growth per
cycle with an increasing temperature may indicate surface sites with
distribuled bond energies. This is characteristic of disordered surfaces such
as surfaces of polycrystalline and amerphous materials.

HIi:  Anincreasing growth per cycle at the high end of the processing window may
indicate lormation of non-volatile cracking products from a reactant or a
surface ligand.

Growth/
cycle
L1 H1
W1
1ML T
L2 M d H2
W2 \\
LY
AN
temperaiure

Fig. 7. Temperature windows of ALE processing. W1 denoles the pirt of the processing window where the
saluration denstty is 1 ML/cycle. W2 denotes the part of the processing window where the saturition density
is less than a monolayer/cycle. The meaning of L1, L2, HI and H2 is explained in the text.
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H2: A decreasing growth per cycle at the high end of the processing wipdgw may
indicate desorption of a monolayer formed or desorption or dissociation of a
surface ligand essential to activate the surface for the next reactant.

2. ALE processing. reactors

200 ALE processing reguirements

Tuble 1 summarizes some of the unique features of the ALE process and the related
challenges in practical processing. For an efficient ALF reactor as many of the listed
challenges as possible should be met.

Two types of conventional approaches 1o gas phase muterial processing are
maolecular beam epitaxy (M BE) and related vacuum processing methods and chemical
vapour deposition (CY1D) in its different forms (low pressurc. metalorganic, plusma
assisted. ete). All these processes can be classified as flux-controlled or source-
contrelled methods of muterial growth. This means that the rate of growth is mainly
controlled by the intensity of the reactant flux onto the substrate surface. By contrast,
ALE can be classitied as a surface-controlled process. which means thut the rate of
growth is controlled by the substrate surface rather than the incoming flux of the
reactant. One consequence of thas difference is that, for a uniform material thickness
the flux of reactants to each section of the substraie arca must be cqual in MBE, CVID
and related techniques while in ALE 10 is enough to provide a sufiicient dose of
reactunts to cach section of the substrate arca. This gives extra freedom in the
geometrical design of ALE cquipment compared to MBE und CVD equipment. On the

Table |
Fewtures of the ALE process and related challenges for practical processing
ALT process features Challenges of ALE equipment and
processing
[nherent control of growth Highly automated processing
rite {and uniformity) Large-urea capabihity

Large batch capability
Freedom in reactant supply geometry

Atomic layer level control of Capability (o produce multilayer
malerkal composition structures of different materials or super-
lattices
Inherent stoichiometry control  Capability to produce complex
compounds
Conformal coating Capability to grow on non-planar
churacteristics surfaces and to provide coatings

on porous malecials
Separated supply of reactants.  Favours highly reactive reactants.
#as phase reactions high material utilization possible
climinated High partial pressures of reaclants possible
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other hand, a special requirement of ALE equipment 1s fast sequencing of the
reactants, supplemented by an effective purging between the sequences of reactant
supply.

Any MBE or CVD system can be used in ALE mode provided that there are means
for switching the fluxes of the reactants. The switching of the reactants alone does not
make the process an ALE process. The characteristic feature of ALE is that each
reaction sequence is fed to a saturated surface condition on the substrate, which means
that the substrate temperature and the vapour pressures of the reactants as well as the
reaction products must fulfil the requirements discussed 1n section 1.6,

2.2. The ALE reactor

The main building blocks of an ALE reactor are presented in fig. K.

Atomic layer epitaxy processes can be carried out in vacuum oOr in an incrt gas
atmosphere. Any molecular beam epitaxy reactor can be operated in ALE mode by
choosing a substrate temperature that fulfils the surface saturating conditions for each
reactant and by sequencing the supply of reactants onto the substrates with necessary
purge time between the sequences. Solid sources in an MBE system are most oftzn
Knudsen cells. For Knudsen celis the necessary seqguencing can be obtained with
standard shutters. If volatile reactants are used (often referred to as chemical (vapour
molecular) beam epitaxy, CBE), sequencing can be performed with valves in the gas
supply lines. Combination of Knudsen-cell sources and volatile gas sources in one
process may result in poisoning of hot Knudsen cells in the vacuum chamber,

Chemical vapour deposition (CV D) reactors can be operated m ALE mode provided
that there are means for independent valving of the sources. Most CVID reactors.
especially metal-organic chemical vapour deposition (MOC VD) reactors, arc designed
for reactants which are volatile at room temperature. Maost CVD reactors have a

rangpart |J in<sitt | fin-situ r?léss
gas Suppy urface spectrometer
nalysis 1 -
— — £ -
heated reaction
spuUrces "I chamber
iquigl sourc%— ternperature
—————— control

gas sources }—

e flow/sequencing
control

Fig. 8. Block diagram of an ALE reactor. The reaction zone may bein o vacuum syslem or an nerl gas
s stem at low pressure or at almospheric pressure
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cold-wall design with inductive heating of the substrates. This minimizes the hot
surface area and reduces undesirable growth on the reactor walls. In order to minimize
gas phase reactions in a CVD process reactants which are too aggressive are avoided.

In MBE and MOCVD it is essential that, for uniform thickness, the reactant flux
onto the substrate surface is uniform over the whole substrate area. In ALE, the rate of
growth is controlled by the surface saturation mechanism. A uniform thickness in a
material layer is achieved provided thal the supply of each reactant is high enough for
the saturation of every part of the substrate surface. This gives extra freedom and
different boundary conditions for the design of ALE reactors. In a travelling-wave
ALEF reactor Lhe reactants are fed through a cassette of substrates by an inert gas flow.
A travelting-wave reactor utilizes multiple hits of reactant molecules on the substrate,
which restlts in a high material utilization efficiency. The saturation mechanism of
ALE ensures uniform thickness over the whole length of the substrate. Figure 9
summarizes some reactor constructions used for atomic layer epitaxy.

A travelling-wave reactor is typically a hot-wall reactor, which means that growth
also aceurs on the surfaces of the reaction chamber. In the F-120 (Microchemistry L.1d)
travelling-wave reactor the reaction chamber is formed by the 1 mm spacing betwecn
twor 50 % 5C mm? substrate faces, which minimizes extra surfaces subject to undesirable
material growth (fig. 9e). Material growth on the walls of the reactant supply tubes can
be avoided by supplying the different reactants through different tubes as close to the
reaction chamber as possible. A great advantage of the travelling-wave reactor is that it
is easily scalable to large substrates and to very large batches. At laboratory scale the
travelling-wave reactor is an effective tooi for studying the reaction kinctics of the ALE
process. Figure tO summarizes different types of thickness profiles which can be
observed in a travelling-wave reactor. The profile type can be used to characterize the
ALE process.

For in situ observation of the reactions, a mass-spectrometer can be used to monitor
the exhaust of u travelling-wave reactor. In order to detect low vapour pressure
exhausts the mass gauge as well as the gas sample line must be heated [5].

Sequencing, which is a characteristic feature of an ALE process, cian be performed
cither by valving the fluxes of the reactants or by using & moving substrate holder
which exposes the substrates sequentially 1o fluxes of different reactants. Examples of
ALE reactor constructions using rotating substrate holders for sequencing are pre-
sented in [2] and [6]. see also figs. 9b and Yc. Advantages ol a rotating substrate holder
are a high sequencing speed, reliable operation and easy application to different types
of reactants. including reactants which need high-temperature sources. A disadvantage
of systems based on rotating substrate holders is a smaller flexibility to achicve the
complex sequences nceded in superlattices or multilayer structures. Also scaling up of
syslems with maving substrates is more difficult than for systems with static substrates.

2.3 ALE cycles, dosing of the reactants

Inan ALE process the rate of growth is proportional to the speed of sequencing of the
reactants and to the saturation density of the reactants. A full ALE cycle consists of
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Fig. % ALE reactors. {a) High-vacuum (MBE-type} system with Knudsen-cell sotid sources and gas inlet for
valatile reactants. Sequencing of solid sources is carried out by mechanical shutters. (b) High-vacuum reactor
with a rotating subsirate holder [ 2], (c) CVD-1ype reactor utilizing rotating disk for sequencing. Purging and
separation of the different reactants is enhanced by a purge gas supplied to the center of the rotating disk (by
Colter etal. [6]). id) Flow-tube-type reactor often used in aimospheric-pressure CVD. For cold-wall
eperation inductive heating of the subsirate 1s used. (e) A "travelling-wave™ ALE reactor comprising hot-wall
design, fast Aow-dynamics and inert-gas-valved hot sources (by Microchemistry Ltd). () A cassette design of
a lravelling-wave reactor for production quantity processing (by Microchemistry Ltd).



620 T. Suntola

thickness thickness
(@) (a)
e =
(A) )
()
@ \“’
()]
B) D)

flow direction flow direction

Fig. 10. Characterization of ALE processes by observing the thickness profile of the Glm grown on

substrate (in the direction of transport gas flow). (A) A good ALE process: sutticient dosing and purgimg.

good saturation. (B) Study of reactivity by using insuflicient dosing of a reactant: (a} good reactivity s

observed as 4 sleep ending profile, (b) poor reactivity is observed as a shallow ending profile. (Must be studied

separately for each reaction sequence.) (C) (a) Shight, (b} strang desorption of formed menokayer oceurs {tao

high temperature, too long purging) (D} {a) Slight. (b} strong ¢ffect of insullicient purging ta CVID-lype
growth component observed at the feeding end of the substrate).

reactant supply sequences and a purge sequence alter each reactanl sequence
(fig t1).

The dose of reactant needed in a sequence is determined by the total surface area of
the substrates, the saturation density. the reaction probability per it and the hitting
efficiency. [n vacuum systems and in cold-wall CVD systems the hitting efficiency s
generally less than one,ic. only a fraction of the reactant flux hits the substrate surface.
In a travelling-wave reactor the hitting efficiency may be orders of magnitude greater
than one, i.e. reactant molecules which hit the surface but do not react make another bt
or several further hits onto the substrate before leaving the reaction chumber. In the
following we study the dosing requirements for monolayer saturation; we will use d, 1o
denote the dose of the reactant (reactant molecules per substrate surlace unit arca
supplied from the source to the reaction chamber in one sequence {cm ., is the
length of the reactant supply sequence(sh, eff, is the hitting, eflicicney (apparalus
parameter, il represents the number of hits on the substrate per number of reactant
molecules in the dose), i = d, eff, /¢, s the hitling density of the reactant on the substrate
fem~2s™ ) and eff, is the reaction efliciency (process parameter, it represents the
reaction probability per hit).

When assuming an immediate desorption of Alg) atoms hittng the Als) surfuce
formed and no surface mobility or precursor states of A atoms on Bistor A(s) surlaces.
the buiid-up of an A(s) surface proceeds as

d[A(s)}/de = heff [1 - A(s)/A.] — AlsIR[A.B(s)]. (2.3.1}

where A, is the saturation density of BA(s) surface and R[A, Bis)] the desorption
rate of the A(s) surface formed.

4
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Fig 11, Delinition of reaction and purge sequences

If the desorption of the formed A(s) surface is neglected. a simple asymptotic
approach to saturation occurs, see fig. 12,

Ats) = A, | —expl — (i)} (23.2)

where (_ is the saturation time-constant and equals A fthefl,).

With the pre-assumptions above, an cffective dose per unit area d, necded for a
reasonable saturation of an A(s) surface must be well in excess of the saturation density
A_ of the Als) surface. In practice, the perfection of the saturation and the dose needed
are highly dependent on the specific surface conditions, such as the reaction probability
upon a hit (often referred to as the reaction speed), possible precursor states, surface
mobilities on filled and non-filled surface areas, surface reconstructions, preferred
nucleation mode and desorption rate.

monolayer

saturation  density
lormation T 1

t, t, time

Fig. 12, Build-up of an Ats)surlace.



622 1. Suntola

The filling density obtained in a reaction sequence time 7, can now be expressed as
afs)=a,{l1 —exp[ —1,/t,]} = a,{1 —exp{ —d,efl,eff, /a.]}. (23.3)

In a “single-shot™ reactor remarkable overdosing is necessary for a satisfactory
saturation,

d eff, eff »>a, {2.3.4)

If one assumes a residence time and a certain surface migration of the reactant on the
filled surface sites, the filling of the surface approaches a linear filling mode, ie.
molecules hitting the substrate surface migrate into empty sites until saturation is
obtained. In such a case the material utilization efficiency is limited by the flux efficiency
only and the effective dose approaches the number of surface sites:

d,eff, =a, (2.3.5)

Surface migration is a part of the reaction kinetics which is characteristic of the
reactants, the reacting surface and the processing conditions used.

Material utilization efficiency in an ALE process can be improved with hot-wall
reactor designs, such as the travelling-wave reactor described in fig. 9e. In such a
reactor the primary hitting efficiency is close to unity and an “eflective hitting denstty”™
is obtained as the sum of the primary hits plus secondary hits created by reactant
molecules desorbed after the first hit, ic. eff, = .

In a travelling-wave reactor the number of hits by a reactant molecule on the
substrate is proporticonal to the ratio of the thermal speed of the molecules 1o the drift
speed of the travelling wave. Typically the thermal speed of the reactant molecules is
100 to 1000 times higher than the drift speed of the traveliing-wave, which results in an
effective multiple hit condition in the reaction chamber. The number of hits is also
dependent on the reactor geometry and the diffusion constant of the reactant in the
transport gas. A high diffusion constant is advantageous for high hitting efficiency.
which can be obtained at a low transport gas pressure. While the reactant carrying
capability of the transport gas is directly proportional to the pressure. the optimal
pressure of the transport gas is a compromise between the diffusion and the reactant
transport efficiency.

In a travelling-wave reactor the density of reactant molecules is gradually decreased
while passing the substrate surfaces as a consequence of surface reaction, ie. the
effective hitting rate decreases in the direction of the flow. Due to the multi-hitting
condition the material efficiency may still be high, provided that the number of hits per
unit surface area stays higher than the product of reaction efficiency and saturation
density of the monolayer for the whole length of the substrate,

2.4. Transport of the reactants

In high-vacuum systems the dosing and the transport of the reactants do not generally
need any special arrangements. The reactant fluxes are simply directed to the substrates
from Knudsen-cell-type evaporation sources or through valves from separate gas

-
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sources. Pulsing is carried out either by mechanical shutters in the vacuum vessel or by
fast valves for externally fed reactants.

In CVD-type equipment inert gas can be used for reactant transport both from
internally heated sources and from external gas sources. In Lhe case ol gas sources the
use of a transport gas is necessary tf the system pressure is higher than the vapour
pressure of the reactant in the gas source.

The dose of reactant needed to give a monolayer coverage on substrates with a total
surface area A (m?) can be expressed as

D, =a.A/efy (molecules), {24.1}

where efly is the reactant utilization efficiency. The reactant molecule density n, in a
gas can be expressed as

n, o= p kT (m ), (2.4.2)

where p, is the partial pressure of the reactant in the source (Pa), & Boltzmann's
constant (J/Kyand T the temperature (K).

In order to express the necessary transport flow for a reactant with a source vapour
pressure p. we still need the following definitions: p, is the partial pressure of the
transport gas {Pa). p, the source pressure (p, = p, + p,) (Pa), r=pp, is the reactant
pressure ratio, ¢, s the time of the reactant dosing sequence (s). Ty, 18 room temperature,
where the gas flow 1s measured (300 K). T is the temperature of the reactant source
{wherc the partial pressure p, was generated) (K). T, is the temperature of the reaction
chamber (K), F,is the transport gas flow at room temperature (Pam®/s), F_is the gas
output from a source (F = (1 -r) 'F,T.7, "} (Pam?¥s), 7 is the gas flow in the
reaction chamber from non-activated sources to the reaction chamber (Pam®/s)and F,
is the total gas ow in the reaction chamber (F, = F, + F.T,/T,} (Pam?).

A dose of reactant supplied from a source, see fig. 13, can now be expressed as

D o=t Fpn)=t FrkT (molecules) (2.4.3)
By combining egs. (2.4.1) and (2.4.3) we can express the sonrce output flow as

Fo= Ao kT reffer,)  (Pumis) (2.4.4)
The necessary transportation-gas input flow supplied al room temperature will be

Fo= (T T - oF, =[AakTyl — rijr]jefigt,)  (Pam?¥js), (2.4.5)

heater
L 1
I 1

F, _/ ¥__F,

PP+ P, ,
[ 1
' heater !

Fig. 13 Supply of reactants by (ransport gas.
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or the necessary length of a reactant transport sequence is
t, = [Aa,/eflek To(1 — r)jrlfefiy F)  (s) {2.4.6)

For volatile reactants dosed without a transport gas the necessary dose in the reaction
chamber can be expressed using eq. (2.4.4) simply by setting r = 1. The necessary flow
from a source is then

F,= AakT./(efg 1,). 124.7)

Example: ALE growth of CdS from the elements, Cd and 5, on two 50 x 50 mm?
substrates at 380°C temperature in a travelling-wave reactor {fig. 9¢). Then
A=50cm?=5x10"*m? a(Cd)=15x10"9/3=5x10"* atoms/m* {saturation
density 1), effy = 0.8, k = 1.38 x 107} J/K, r, =025 and r = 0.01. If sulphur vapour is
assumedtobe S, Sgthenumber of molecules needed to give the Isaturation density is
a,(8) <025 x 10'* molecules/em? or < 2.5 x 10'” molecules/m”. By applying ¢q. (24.5)
the transport flow for Cd can now be expressed as

FACd)=5%x 1077 x5x 1018 % 300 x 1.38 x 10727 ~ 9902 x (1L}
= 6.4 x 107} {Pam?/s) = 640 (mbar cm?/s).

Duetothe S, Sy molecule, the transfer flow for sulphur is less than one half of the flow
needed for cadmium. Accordingly,

F(S;) > 320(mbarcm?/s)

for a 0.2 s reactant supply sequence.

If the total pressure of the sources is 10 mbar, we need 4 partial vapour pressure of
0.1 mbar for each reactant to obtain r = 0.01. The source temperatures needed for the
0.1 mbar partial pressures of Cd and $, are about 34t and 150 C, respectively. [na
hot-source reactor, it is important that there is no decrease of temperature between the
source and the reaction chamber in order to avoid condensation of the source
materials. Accordingly, a reaction temperature equal to or in excess of 340 C s
required.

The choice of the total flow and the total pressure of the system is 4 compromise
between inert gas valving, transportation of reactants, speed, mert gus consumption.
material utilization efficiency, system cost, etc. In small reactors, as in the exumple
above, a useful pressure range is 5-20mbar. [n bigger reactors for large substrates &
pressure range 1- Smbar is more nearly optimal.

2.5. Valving with inert guas flow

Valving of the reactants is a characteristic feature of the ALE process. For gas sources
at room temperature valving can be performed simply using fast solenoid valves in the
reactant supply lines directly. Valving of low vapour pressure reactants from heated
sources is technically much more difficult. Valving must be performed at a high
temperature and the reactants arc typically aggressive chemicals. The speed and
reliability requirements of the valving are very high because there might be thousands

/3

Atomic Layer Epitaxy 625

of valviras in one ALE process. An effective way of performing the valving of
high-temperature sources is the use of inert gas flows to block and open the gas flow
from the sources to the reaction chamber {7,8] (fig. 14).

The basis of inert gas valving is a blocking of transport flow and diffusion of the
reactant with a laminar flow of inert gas. In a one-dimensional case, which can be
applied Lo tubes, we can get the speed of a diffusion front by solving the diffusion
equation

dp,idt = Dd?p idx?. (2.5.1}

If the source is opened to a tube at 1 = 0, the partial pressure of the reactant p, (x.t) in
the tube (without inert gas flow) statts to develop as

pea)ip,, = erle(x/2 /i), (2.5.2)

where p,,, is the partial vapor pressure of the reactant in the source and x the distance
from the source (in the tube). For a fixed p (x.1)/p , = ¢ ratio we get

x/2y Dt =erfc™ '{¢) (2.5.3)

or

X2 Di=C,, (2.5.4)

where the erfc ~ ! (¢} function has been replaced by the content ratio factor €, which has
a fixed value for any p,ip,, ratio. If a limited diffusion source is assumed, the solution of
the diffusion equation (2.5.1) is a Gaussian function instead of the erfc function and
eq. (2.5.4) applics by counting the content ratio factor C_ as a Gaussian function.

erfe ')
pop, 1000 Ci-h=12
mp, =10 : CAi-21= 18
Po P = 1077 C-31=23
Peipen = 100 Co—4)=28
PP = 1007 Ci(-5=32
P =107° Ci-6=36

valving gas
—= =

transport ———————, I
Qas

D S
_" source o o

exhaust

reaction
chamber

Fig. 14 Two-way blocking flows Fy, and F,, between a source and the reaction chamber.
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The speed of a front for a given C_(p,/p, ) value can be obtained by solving dx/dt from
eq. (2.54)

dx/de = 2C (p,ip,o)2D1x (2.5.5)

Equation (2.5.5) gives the speed of a (p./p,)-lront as a function of x. By setting a
blocking speed v, of an inert gas in the opposite direction we can express the blocking
distance X, as a function of the ppm-level blocking speed v, as

X, =206y Div,. 12.5.6)
The diffusion constant D in the gas can be expressed as
D =2/3dHkT) 2 (m> Y34p  (m?s), (2.57}
where d is the diameter of a gas molecule {m), m the mass of a gas molecule (kg) and p
the pressure {Pa). Most often the diffusion constants are based on experimental values.

Useful information in eq. {2.5.7) ts the temperature and pressure dependence of the
diffusion constant:

D= Dn(Tf‘"TQ)J"IZ(Po«":P} (mz.f.S)s (2.5.8)

where D, is the diffusion constant at T, p,. By combining egs. {2.5.6) and (2.5.8) and
by expressing the blocking flow as

Fo=FooT/Ty=pr,d (Pam?®s). (2.59)

where Fg is the blocking gas flow measured at T, and A the cross section of the
blocking channel, we can derive an expression for the ppm-blocking length of 4 flow
channel with 4 cross section A4 as

X, = (2C,( = 6P Dopo(Ti Ty S AY F,. (2.5.10)

Expression (2.5.10) states that the blocking length is independent of the pressurc when
the gas flow is used as a parameter. At high pressure both the diffusion constant and the
speed of the blocking flow are low; at low pressure both of them are high.

Example: To block a sulphur source at ppm level in a 10em long feeding tube of
0.3cm in diameter at a temperature of 140 C, we need a blocking flow of

Fo=1{2x13 x 1BO[(140 + 293)/293]1% " x 0.3%/4}/10 = 39.3(mbar cm*/s),
since Dyp, = 180cm?/smbar and T, = 20°C = 293 K.

2.6. Purye time

The widening of “a travelling wave of a reactant™ can be estimated from the diffusion
equation by assuming a limited source instead of a constant diffusion source and by
applying the analysis derived for static blocking to blocking of the "moving source”
presented by the travelling-wave of the reactant.

In practice, the gas volume in the reaction chamber is changed very quickly. In an
F-120reactor the typical flow speed in the reaction zone is of the order of 10 m/s. which
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means that the gas volume in the reaction chamber is changed in about 5ms. This is
faster than the valving times and the purge time will be determined mainly by the
geemetry and the chemistry of the surfaces.

For a fast travelling-wave reactor it is important that the valving takes place close to
the reaction chamber. Also, to optimize the necessary gas flow, it is advantageous to
minimize the flow cross section in the reaction chamber. This supports the use of
cassctie-type substrate holders in travelling-wave reactors of industrial size. A limit on
the packaging density of the substrates is set by the gas conductivity of the flow
channels between the substrates.

With a good gas flow design, sequence times of the order of 4 second can be achieved
also with large-area substrates and big cassettes of substrates. This results in a high
throughput and a high production efficiency of the ALE reactor.

3. ALE processes for differeat materials
3100 VI compounds

314 Cadmium sulphide (CdS)

J0 CdS; Cd + 5. Cadinium sulphide can be produced by ALE using an additional
reaction of the elements [9]. On an amorphous AL, Q| substrate a growth rate of about
! of 4 monolayer per cycle can be observed at prowth temperatures between 350 and
420 C (fig. 15} CdS grown from the elements shows fi-cubic crystalline structure
primarily oriented in the (11 1) direction.

L2 CdS:CdCl, + HL,S. CdS grown from CdCl, and H,S shows a growth rate of
1ML cycle [8]. Duc to the low vapour pressure of CdCl, a minimum growth
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Fig. 15. Growth characteristics of CdS = Cd +(1/mS, [8].
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temperature of 470°C was needed. The crystalline structure of the CdS was observed to
be sensitive to the starting surface. On an amorphous Al,O, surface the CdS showed a
mixture of cubic and hexagonal structures. When a few atomic layers thick indium
oxide interface layer was grown on the alumina, the CdS layer showed pure hexagonal
crystailine structure.

3.1.2. Cudmium selenide (CdSe)
There are no published works on ALE of CdSe. According to the author’s experience
CdSe can be grown from the elements at temperatures between 350 and 450 C.

3.1.3. Cadmium telheride (CdTe)
3.1.3.1. CdTe/Cd + Te. As with most of the 11 VI compounds, CdTe can be most
conveniently grown using elementat reactants. The growth rate is temperature depen-
dent and controlled by surface reconstructions. Faschinger and Sitter [ 10] have grown
monocrystalline (1001 CdTe on (1 00) GaAs. Al substrate temperatures between 260
and 290 C the growth rate is on¢ monolayer per cycle. At higher temperatures the rate
decreases to 0.5 ML/cycle and stays at this value until it decreases exponentially at
temperatures near 400°C {(fig. 16). RHEED patterns of the Cd and Te saturated
surfaces show basically similar surface reconstructions at the different temperature
ranges where growth rates of | and (1.5 ML/cycle were observed. For Cd stabilized
surfaces the lypical reconstruction was a mixture of (2 x 1)¢(2x% 2) and for Te
stabilized surfaces (2 x 1) [11].

CdTeon p-type CdTe (100)and (1 1 1A substrates has been grown af lemperatures
of 120-270°C. The best crystal structure was obtained in the temperature range
220 270°C[12 (4]

Growth Rate (MLfcycle}

100 200 300 400 500
Growth Temperaturs ("C)

Fig. 16, ALE processing characteristics of CdTe:Cd + Te Several saturation densities can be observed | 10

N
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Fig 17 PL spectra of polyerystalline CdTe [ 18] Thickness of sample (@) is 2060 nm and of sample (b)
1060 nm. For sample (b the intensity of the peak at 145 ¢V is monitored using ,1,, ampliication compared 1o
uther praks

ALFE-grown CdTe on amorphous substrates shows good crystaliinity. Figure 17
shows the PL spectra measured from two samples having different CdTe layer
thicknesses. The growth of the samples has been carried out at 430°C [15]. The
bound-cxciton peak is relutively higher by u factor of three for sumple (a), of thickness
2060 nem, than for sample (b}, of thickness 1060 nm, in fig. t7. The crystalline quality of
the thicker sample is somewhat better than that of the thin one. [t should be noted that
the luminescence radiation originates mastly from the surface layer of the sample, so it
would be more correct to say that the crystalline quality of the surface layer improves
with increasing layer thickness [16].

3.1.4. Zinc sulphide (Zn8)

3140, ZnS;Zn + S. ALE was demonstrated for the first ime by growing ZnS using
elemental zine and sulphur as the reactants [2]. On a glass substrate the growth rate
was typically about | of a monolayer per cycle. The growth can be carried out in a
temperature range of 250 to 450 C. The rate of the growth decreases with increasing
temperature. The growth rate can be enhanced within certain limits by fast sequencing
and by high dosing of the reactants.

3.1.4.2. ZnSiZnCl,+ H,5. The ZnCl, + H,S (zinc chloride + hydrogen sulphide)
ALE process for ZnS was developed in the 1970s to meet the requircments of
electroluminescent display devices [3]. In spite of the practical goal of the develop-
ment, some quantum chemical studics of the mechanism of the process were carried
out [17, 18]

A Results from quantum chemical calculations of the initiat (low-coverage) chemisorp-
tion of ZnCl, and H,S were extrapolated to saturated surface configurations with
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melecular modelling techniques [17, 18]. The chemisorption of ZnCl, on the polar
sulphur-ending (00 2) crystal face of hexagonal Zn§8 was taken as the starting point for
the investigation. The first step of the ALE reaction is critically iraportant since
different adsorption modes and thus surface coverages of ZnCl, lead to different
growth mechanisms.

The single ZnCl, adsorbate, binding from the zinc atom to the surface sulphur atom.
forms a stable surface complex. Linear in the gas phase, the adsorbate will bend at the
surface. This associative adsorption of ZnCl, is energetically favourable compared to
the dissociative adsorption at two sulphur atoms (fig. 18).

When the interactions between different ZnCl, adsorbates on the ZnS surface were
taken into account, two extreme modes of adsorption were obtained. ZnCl, adsor-
bates at adjacent sulphur centres were shown to associate, forming a bridged structure.
For adsorbates at next-nearest-neighbour sites, however, the bridging is no longer
possible, and the optimum adsorbate orientations are determined by the chlo-
rine- chlorine repulsion. For the independently chemisorbed ZnCl,. the maximum
surface coverage was ! of the sulphur sites, whereas for the linear bridged ZnC'l, chains
it was 5. Two different growth mechanisms were developed on the basis of these
different adsorption modes.

The ZnCl, overlayers on ZnS expose zine and chlorine atoms to the H,S adsorbates.
The strongest interaction can be expected between the zinc and sulphur atoms. A clear
difference was found for the H,§ interaction between the chained ZnC1, overlayer and
the independently chemisorbed ZnCl, surface. In the ZnCl,-chain case the reduction
of the chlorides by the hydrogens of the H,S leads to the formation of ZnS chains with
energetically favoured proper six-membered ring structure. HCl is released in the
exchange reaction. When the independently chemisorbed ZnCl, initiates the reaction,
the critical step is the release of HCI. In this case an additive reaction of H,S to the
adsorbed ZnCl, molecules is preferred.

The chain mechanism, see fig. 19, was shown 1o give a new ZnS surface layer in two
ZnCl;, H,S cycles, whereas the mechanism initiated by independently chemisorbed
ZnCl, needed three cycles. In the first case HCl was released only after the exposure to

~-395 kJ/mal

® n -80 kJ/mol

Fig. 18, ZnCl, adsorbate on an S-surface.
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Fig. 19, Build-up of Zn & bonds.

H,5. In the second case HClwas, on average, released both after the exposure to ZnCl,
and to H,8.

A mass-spectroscopic study of the ALE of ZnS using ZnCl, and H,$ as the
reactants showed HCI production after the H,S sequence but not after the ZnCl,
sequence [ 5]. This sugpests the reactions:

Sish+ ZnCly{g) -—— SZnClys),
ZnCl, + H,8 - — Zn§(s) + 2 HCl{g).

(3.142.1)
(3.1.4.2.2)
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Fig. 20. (A) X-ray diffraction results for ZnS
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ZnS grown from ZnCl, and H,S on AL, O, thin films made by ALE on soda-glass
substrates shows hexagonal or cubic crystaliine structure depending on the tempera-
ture of the growth. The thin films grown at or below 350°C were found to be
polycrystalline, mainly cubic structures. In thin films grown at 500 C purely hexagonal
X-ray diffraction peaks can be observed [19-21]).

The ZnS films, having thicknesses in the range 10 500 nm. were strongly oriented
with the (00 1) hexagonal or {1 [ 1) cubic direction perpendicular to the substrate.
Figure 20 shows the degree of orientation of samples grown at 350 500°C measured
by the reflection method.

Zero phonen lines of ZnS thin films grown on AL Q; thin films confirm the high
crystalline perfection of the material [22].

3.1.4.3 ZnS/Zn(CH,CO0), (zinc acetate) + H,S. successful growth of ZnS using
zine acetate and hydrogen sulphide as the reactants has been reported [16] at
290-360C.

Ellipsometric study of the optical properties of ZnS grown by Zn(CH,COO), on a
soda-glass substrate showed high-density film with good crystallinity [23]. From the
refractive index results, the volume fraction of ZnS was 0.93 0.97, except in a 200 nm
thick interface region against the amorphous substrate. The ZnS tilms studied had a
columnar structure with large crystallites.

3.14.4 ZnS;DMZn(dimethyizine) + H,S. The growth has been carried vutatatmos-
pheric pressure in the temperature runge 25 500 C. Close to | MLscyele growth was
observed over the whole temperature range. The grain size of the resulting polycrystal-
line film obtained on single crystal silicon walers on Corning 7095 glass increases with
increasing temperature. The reaction eycle time used was typically 3s [241

ZnS has been grown using dimethyl zinc and H,S cracked at temperatures of 950
and 1080 C. respectively [25]. The process was carried oul in a vacuum system. The
substrate was a (00 1) oriented GuAs surface. With the cracking conditions used 907,
of the DMZn and 65°,, of the H,S were estimated to be decormposed. A full monolayer
per cycle growth was observed at 250 310°C, see lig. 21, curve (a). The growth speed of
7nS when elemental Zn and S are used as the reactants is typically about } monolayer
[2]. One has to assume that the non-cri cked compound reactants have a role in the
surface reactions. This was also supported by ZnS grown on a borosilicate-glass
substrate from DMZn and H,S without crackers by Yamaga and Yoshikawa [26). A
wide | MLscyele temperature window was observed in a low-pressure MOCVD
system with H as the carrier gas, sce fig. 21, curve (b) [26}.

The process showed sensitivity to H, purge and also to the dosage of DMZn. Tt was
found that the growth rate decreased when the hydrogen flow rate exceeded a certam
value, either as the purge gas ot as the transport gas of DMZn. It can be considered as a
physical “blow-off effect”, but also as a chemical-reaction interaction of the H, gas
removing the CH, groups rom the Zn surface. H,S does not react on an elemental Zn
surface (authors cxperience). Accordingly, the reaction can be described by the
equations

Sis) + ZniCH ), (g) -—= SZn(CH )5} (31.44.1)

o
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Fig 2! ALF processing characteristics of ZnS;DMZn + H,S. (a} Pre-cracking of the reactants was used
| 254, (b) N pre-cracking of the reactants [26].

and

ZniCH,)5(8) + Hy8(g) —— ZnSis) + 2CH,. (3.1.44.2)
The growth is probably nhibited by the reaction

Zn(CH ),(8) + Hy(g) —— Zn(s) + 2CH,{gh (3.1.44.3)

resulting in a Zn surface which is inactive 1o H,8 interaction.

3.1.5. Zine selenide (ZnSe)
3150 ZnSeiZn + Se. DESe (diethyiseleniwa). Yao et al. [27] studied 11 V1 growth
from clemental reactants by using in situ RHEED anaiysis. For ZnSe they observed
that the surface reconstruction patterns changed from (2 x I)to ¢{2 x 2) and vice versa
when the Se-covered surface is turned into the Zn-covered surface. The substrate used
was GaAs (00 1),

Growth of 1 monolayer/cycle of ZnSe ona GaAs {00 1) substrate has been ohserved
at 280 C [28] and between 250 and 350 C [29]. see fig. 22.

'RHEED analysis has been used in studying the growth mechanism of ZnSe and
a four step model was suggested [30.31}:

(1) Adsorption of atoms in mobile precursor states,

{2) Desorption of atoms from the slates, characterized by a desorption energy.

(3) Chemisorption of atoms into the states on the surface.

{4} Sublimation of atoms from the surface to the precursor stage. charactetized by a

sublimation energy.

By cbserving the changes in the RHEED pattern intensities Yao et al. [27] have
determined the desorption coefficient for the reactants as well as the desorption rafe
constant of the adsorbed surface spectes from different sites.
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Fig. 22. ALE processing characteristics of ZnSe.Zn + S¢ |29].

In comparison with MBE-grown ZnSe layers, it can be concluded that the concen-
tration of impurities and point defects in ALE films is substantiaily reduced, according
to a PL spectrum which contained dominant excitonic emission lines [32].

ALE of ZnSe in an MBE-type evaporation system has been reported by Cori.elissen
et al. [33] asa partof ZnSe/ZnS,Se, _ superlattice growth. Based on thickness measure-
ments, the saturation level was found to be less than one monolayer per cycle.

By replacing elemental selenium with diethylselenium (DESe) a 1 ML cycle growth
rate has been achieved between 225 and 250 'C [34]. Hydrogen, used as carricr gas for
DESe, might have a role in releasing the ethyl groups form the DESe molecules on the
Zn surface.

3.1.5.2. £nSe/DMZn (dimethylzinc) + H,Se. ZnSe has also been produced from a
reaction of DMZn and H,Sc reactants [35]. However, both reactants were thermally
cracked at 950 and 850°C, respectively, resulting in at least 80", cracking cfliciency of
the reactants. Depending on the pre-treatment of the GaAs substrate, 0.67 or
0.82 ML/cycle growth was observed. Typical growth temperatures were between 200
and 230°C.

The basic reaction was explained by an additional reaction of elemental source
materials. When hydrogen gas was introduced during ALE growth, a full monolayer
growth of ZnSe was observed between 180 and 200°C. The observed less-than-
monolayer growth without hydrogen was explained by surface reconstructions of both
the Zn stabilized surface and the Se stabilized surface. In the case of H,. the jack of
reconstruction was explained by H, termination of the surfaces.

One can also consider formation of a H,Se gas which could react with a non-cracked
DMZn surface according to the equations:

Zn(CH,), (s} + H,8¢(g) —— ZnSe(s) + 2CH,(g) (31321

Ve
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and

Se(s) + ZniCH, ), (g} —— SeZn(CH ), (s). (3.1.5.2.2)

3.1.5.3 ZnSeiDEZn (diethylzine} + H,Se. ZnSe layers on GaAs from DEZn and H,8¢
have been made in a low-pressure MOVPE reactor. One ML saturation occurs
between 350 and 400 'C. The resulting material layer is single crystal ZnSe with high
purity and good crystallinity [36].

Yoshikawa et al. [37] compare the ALE of ZnSe in MBE-like and CVD-like modes
by comparing the material produced when a cracker has been used or has not been used
for the DMZn and H,Se reactants, The crystalline material produced in MBE-like
ALE refers to the reaction through elemental reactants and was found to be better than
the material produced through exchange reactions between DMZn and H,Se. The
better erystallinity was explained by a higher surface mobility of the elements on the
growth surfaces compured to the surface mobilities of the compound reactants. In the
cracked mode for elemental reactants the | MLseyele growth window 1s 200-280°C.
There may also be another stable growth rate of about 0.8 ML/cycle between
300 350 C.see fig. 23

Maonolayer epitaky of ZnSe on GaAs substrates by alternative adsorption of
diethylzine and hydrogen seienide has alse been reported by Shibata and Katsui [38].
One ML saturation was observed at 350 400 C.

3154 ZnSe:ZnCl, + H,Se. A ZnSc process using zine chloride (ZnCly) and hydro-
gen sclenide (H,Se¢) as the reactants shows 1 MLicycle growth between 400-480C
[39]. The growth has been carried out in a rotating-substrate CVD reactor using H,Se
and in situ gencrated ZnC'l, as the reactants. the purge gas was H, (fig. 24). The
smoothness of the films improved with increasing temperature.
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Fig. 23. ALE processing characteristics of ZnSe/DMZn + H,Se [37].
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3.1.6. Zinc telluride (ZnTe)

3.1.6.1. ZnTejZn+ Te. ALE growth of ZnTe has been carried out in an MBE-type
vacuum reactor on an amorphous substrate at temperatures between 320 400 €. The
films show polycrystalline structure with preferred (1 | 1} orientation [40]. The substra-
te used was soda glass. On a (001} GaAs substrate ALE growth of ZnTe hus been
observed within a temperature range of 200 400 C [283 A growth rate of
0.5 ML/cycle has been observed when small doses of Zn and Te were used [41].
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Fig. 25. ALE processing characteristics of the Zn¥e - Zn + Te reaction |249].
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Dosho et al. [29] have observed | ML/cycle growth between 240 and 280°C, see
fig. 25. The best surface morphology was obtained at a growth temperature of 240°C.
The growth rate was | ML/cycle; however, due to the low re-evaporation rate of Te at
that temperature certain control of the Te beum was necessary. The influence of Zn
and Te beam intensities on the growth rate at 250 'C has been studied by Takemura
et al. [42]. Saturated growth of 0.5 ML/cycle was observed for Zn overdoses of 710 30
times an ML and for Te overdoses of 2 to 15 times an ML.

3.1.7. Other sulphides

3.1.7.1. CaS. SrS. BaS/Mithd), + H,S. Tammenmaa et al. [43] have reported alka-
line earth sulfide (Ca$, SrS BaS) thin films prepared on glass substrates using metal thd
{thd is 2,2, 6, 6-tetramethyl-3,5-heptanedionate) and H,S. Observed growth rates were
0.3 0.4 ML/cycle. According to X-ray diffraction patterns and PL spectra the films
were polycrystalline and chemically pure. All films were slightly oriented, but each
towards different directions: Ca$ along (220), SrS along (1 | 1) and Ba$ along (200}
[43].

Strontium sulfide has been grown using Sr{thd), and H,S as the reactants at
temperatures in the range 260 400' C. The rate of the growth increases from 0.3 to
0.6 ML/cycle with increasing temperature. Above 450 C another mode of growth
appears, The high-temperature mode of the growth is probably related to thermal
decomposition of the Sr(thd,) reactant {44].

318 L VI chalcapyrites

There are very few works on ALE of VI VI chalcopyrites such as
Cu(Al Ga,In)(S,Se), in spite of their potential in light-emitting devices as well as in
solar-cell devices. Otoma et al. [45] have prepared CuGaS, using cyciopentadienyl-
tricthylphosphinecopper (CP Cu TEP), TEGa and H,S as the reactants. Substrate
temperatures used were 550 and 600°C. CP Cu TEP and TEGa were supplied
simultaneously and H,S separaled by H, purges. A one monolayer per cycle growth
was observed within certain feeding rates of the metallic components. Major improve-
ments in the thickness uniformity of the resulting tilm were observed when compared
to films grown in conventional MOCYD mode.

3.1.9. 11 VI superlartices
Konagai and co-workers [46--48] observed drastic improvement in the interface
abruptness of ZnSe ZnTe superlattice structures (SL.S) when the growth modes of the
ZnSe and SeTe materials were switched lrom conventional MBE to the ALE mode.
The PL intensity was much higher in the ALE grown SLSs. Strong emission at room
temperature was observed in (ZnSe), (ZnTe), structures. The ZnSe and ZnTe layers
were grown at 400 C using diethylzing, diethylselenide and dicthyltelluride as the
reactants. While pre-cracking was used for all reactants the surface reactions may be
primarily elemental reactions.

For ZnSe/ZnTe strained-layer (SL) surfaces the RHEED patterns show surface
reconstruction (2 x 1) lor the Zn-covered surface and (1 x 2}for the Se- and Te-covered
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surface [49]. The substrate was {1 00) GaAs and the substrate temperatures were 350 C
for ZnS/ZnTe SLs and 280°C for ZnSe/ZnTe SLs.

Growth of CdS/ZnS superiattices (SLs) at temperatures of 185 and 190 Con (100
GaAs surfaces has been demonstrated by Ohta et al. [507. The growth was performed
inan MBE-type system using the elements as the reactants. The SL growth progressed
with a surface reconstruction change from c(2 x 2)Zn to (2 x 1)S for ZnS and from
(1 x DCd ore(2 x 2)Cd to (2 x 1)S for CdS. The SL structures were confirmed by the
satellite peaks observed in X-ray diffraction spectra. The SL structure exhibited flat and
smooth surfaces. The photoluminescence spectrum of the (CdS)aAZnS)., (55SL)
shows a sharp peak at 440nm and suggests that the light emission originated from
the quantum level in the SL.

ZnS/(ZnSe),/7nS single quantum well structures combining MBE of ZnS and ALFE
of ZnSe have been demonstrated by Yao et al. [5t]. The thickness of the ZnSe layer
was | to 20 molecular layers.

3.2, 1 -V materials
3.2.4. Aluminium arsenide (41As)

3.2.0.1 AlAs TM AL MM Al (rrifmonomethyluluminium) + AsH . AlAs has been made
in a vertical MOCVD reactor using H, carrier gas at 70 Torr pressure. Reactants were
monomethylaluminium (MMAL) and arsine (AsH,) [52]. MMALI was produced from
trimethylaluminium (TMAI) by cracking at 400-C temperature. One ML saturation
was observed. By using TMAIl or DMAIH (dimethylaluminiumhydride) also
2MLjcycle growth has been observed [53, 54]. A high-speed hydrogen flow may play
an important role in the surface reaction mechanism.

AlAs has been made by enhancing the decomposition of TMAI with a pre-cracker
[55]. in a vertical MOCVD reactor the pressure was 70 Torr, carrier gas for both AsH ,
and TMAI was H,. With the pre-cracker the saturation temperature window was
extended to 20°C from practically zero, to a range of 460 480 C. in this case only
TMAl was pre-cracked, not AsH ,. Mass spectrometry suggests that Al atoms us well is
MMAland DMAlare formed in the cracking tube. Al atoms are, however, adsorbed on
the wall of the cracking tube,

By using a mixture of dimethylaluminiumhydride (20, and trimethylaluminium
{70%,) as the Al reac.ant hoth | and 2 ML/cycle growth rates have been demonstrated,
depending on the dosing and the growth temperature [ 54]. The saturation lemperature
range for 1 ML/cycle growth mede was 425 525°C and for 2 ML /cycle growth mode
400-500°C.

In the case of AlAs, using aluminium alkyls as the reactants for aluminium, the laser
enhanced growth mechanism is explained by a site selective desorption model where
the laser irradiation enhances the difference between the desorption rate of aluminium
alkyl on the Al-terminated surface and the As-terminated surface [56]. Aluminium
alkyl adsorbed on the Al-terminated surface is easily desorbed from the surface by the
laser irradiation compared to when adsorbed on the As-terminated surface. It is
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suggested that Al atoms are sclectively deposited on the As-terminated surface and that
the difference in the desorption rate of aluminium alkyl on each surface provides the
ALE growth. A possible role of As H surface species on the selective adsorption has
not been studied.

Theenergy gap of AlAsis larger than the photon energy of the Ar laser, which means
that photon-activated carriers are not generated at the surface. Laser irradiation on
adsorbed TMAL is important in achieving a saturation controlled growth of AlAs, In
the TMAI + AsH, system the TMAI molecules decompose not only on the As-
terminated surface but also on the Al-terminated surface. The site selectivity of the
decomposition and desorption of TMAL is not enhunced by irradiation. Saturated
growth has not been achieved,

32020 AlAs:AICTH + AsH . AlAs has been grown in an atmospheric-pressure multi-
tube CVD reactor with a moving substrate using AsH, and AIC; as the reactants and
H, as the carnier gas [57]. One monolayer per cycle growth was observed at 350°C. At
600 C the growth rate was from | to 2 ML cycle in different positions on the substrate.
Above 600 C the growth turned into etching of the AlAs material. A possible reaction
path, in analogy 10 ALO, growth is,

AsH{st+ AICEHtg) —— AsALICL () + HCl{g) (32821

and

AICL (s) + AsH {g) — - — AlAsH(s) + 2HCl{g). {3.2.1.2.2)

3.2.2. Gallium arsenide (Ga As)

3220 GuAs:Gu + As,. The ALF of GaAs from elemental reactants suffers from the
low vipour pressure of Ga. By controlling the amount of Ga ALE-type growth can be
obtaimed. In the growth of GaAs on silicon by sequential supply of the elemental
reactants, it has been shown that a great reduction in defect density associated
generatly with & three-dimensional growth mechanism has been obtained by a two-
dimensional nucleation mode [58 60].

32220 GaAs; TMGa tivimethylyullivm) + AsH  {arsine). The most intensively studied
ALE process is the growth of gallium arsenide using trimethylgallium {TMGa) and
arsine (AsH ) as the reactants. Observed saturation characteristics of the TMGa show
big differences depending on the experimental conditions. In an ultra-high-vacuum
system no saturation {62] or a narrow temperature range of saturation has been
detected without photon excitation {63.64], see figs. 26a and 26b. The temperature
range of saturation can be enhanced by laser irradiation [62], sec fig. 26c. When a
high-speed flow and hydrogen transport in a CVD-type system is used, a wide
saluration range has been found withou' photon excitation [65 687, see tigs. 26d and
26e.

Nishizawa [61] has shown remarkable differences in the surface reaction mecha-
nisms on different crystal surfaces. While saturation of the TMGa reaction could be
observed on{1 00)and (1 1 1)B surfaces. no reaction occured on a(ll DA surface [61]
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Fig. 26. ALF processing characteristics of the GaAs TMGa + AsH, process i different experimental
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[651, (e) high-speed hydrogen transport, rotating-disk CVI system | 681

According to a site-blocking model [61,69 71] first proposed by Nishizawa the
adsorption sites on an As surface are blocked by a monolayer of GaCH , groups which
prevents further adsorption of TMGa through a partial decomposition of the reactant.

The study of the growth mechanism has been concentrated mainly on the saturation
of the TMGa. As-surface saturates over a wide range of temperature and arsine dose.
but there are few experimental observations on the chemical nature of the resulting As
surface structure under different conditions. ¥From a chemical point of view (see
egs. (1.5.1) and (1.5.2)) one could assume that As H structures on an adsorbed As
surface could play an important role in selective decomposition or surface exchange
reaction of the next TMGa exposure by enhancing CH, release at the surface. The
site-blocking model is not far from a site-selective model [72] which emphazises the
role of surface-catalyzed decomposition in the saturation.

Kobayashi et al. [73] applied a surface photoabsorption (SPA)in situ analysis in the
study of the saturation of the TMGa reaction on an As surface. A conclusion was that
the saturation is primarily due to the formation of GaCH , surface, which prevents the
adsorption of further TMGa. It was further found that a prolonged H, purging
sequence after the TMGa sequence results in the release of the CHy from the Ga
surface, which turns the surface into metallic Ga.

Using the formalism developed in section 1.5 and by ignoring spontaneous thermal
decomposition or pre-cracking of the reactants, we can express the reaction paths of
the GaAs ALE process using TMGa and arsine as

AsH, _,(s) +{CH,),Ga(g) - —— AsGa(CH ) (s) + (3 — K}CH (g (32221
and

Ga{CH,),(s) + AsH ,ig) —— GaAsH,_,(5)+ kCH,{z}. (3.2.22.2)
where k =0,1,.2,3.

ST,
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Both the site-selective and the site-blocking model refer most closely to k = | in the
equations above. There is no direct evidence for the role of As—H structures in the
removal of methyl groups from the TMGa on an As surface, as suggested by
eq. (3.2.2.2.1) when & = 1. Most in situ studies of the TMGa adsorption are based on
analysis which is not sensitive to hydrogen. Also, many of the surface analysis methods
are too slow to be directly applicable in ALE growth dynamics.

Anmnapragada et al. [74], based on information from Fourier-transform infrared
spectroscopy (FTIR), suggest that As- H species play an essential role in the removal of
hydrocarbon species from the growth surface. Thermal decomposition of As-H
structures on a Ga surface is not known in detail. Selectivity in AsH, decomposition on
different GaAs crystalline surfaces at temperatures from 450 to 650°C has been
reported [61]. A continuous hydrogen flux, used as a dilutant of arsine and as a purge
gas after the arsine exposure, may also have a role in stabilizing As -H surface
structures under certain experimental conditons.

Some enhancement of the TMGa and AsH, surface exchange reactions can be
obtained by photons [63, 75-77]. Laser-assisted ALE for Ga using TMGa and arsine
as the reactants has been done in a vertical MOCVD reactor operated at atmospheric
pressure [67]. The carrier gas used was hydrogen; purge times used were 8-20s. Argon
ion lasers with power densities up o 500 W/cm? were used cither during TMGu or
arsine exposition.

Figure 27 [67] shows the dependence of growth rate as a function of laser power
density. Similar results were obtained when the laser excitation occurred during the
TMGa or the AsH ; exposure.

In the TMGa + AsH, reaction the role of the CH, group on the Ga surface and, on
the other hand, the role of H, in the thermal decomposition of TM{a has been
confirmed by changing the carrier gas for TMGa from H, to N, [78,79]. The ALE
temperature window of the process was increased from the 490--300"C range to
490-520"C, see fig. 28. The carrier gas used for As was still hydrogen.
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Fig 27 The «flect of laser power density on the growth rate of GaAs in the TMGa + AsH, reaction [67].
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Fig. 28. Effect of TMGa carrier gas on the ALE processing window of the GaAs, TMGa + AsH, process
[78]. (4} TMGa carrier gas H,, (b) TMGa carrier gas N,

By using in situ X-ray photoelectron spectroscopy, Kodama et al. [80] have shown
that, when fast injection of TMGa is used, the saturated layer resulting from the TMGa
reactton is metallic gallium. This means a complete selective decomposition of the
TMGa molecule on an As or AsH surface. It is further suggested that the fast injection
of TMGa on the substrate minimizes the thermal decomposition of TMGa, which
might dominate over the selective decomposition necessary for maonolayer saturation.
One can also consider that fast injection of AsH, in an H, stream may establish an
AsH, surface which could effectively result in CH,, gas formation and 2 full conversion
of TMGa into metallic Ga.

As H species play an essential role in promoling the selective decomposition of
TMGa [74]. If arsine is assumed 1o adsorb on a Ga surface as AsH , molecules, the
reactions could be expressed using k = 0 in eqs. (3.2.2.2.1) and (3.2.2.2.2);

AsH,is) + Ga(CH,),(g) —— AsGais) + 3CH,(g),
Galis)+ AsH,(g) —— GaAsH,(s).

(3.2.2.2.3)
(32.2.24)

Due to the poor thermal stability of AsH, [81] one can assume that an AsH, surface
can be maintained only in favourable conditions such as a strong H, stream and a short
purge time before TMGa exposure.

De Keijser and van Opdorp {82] have confirmed the importance of hydrogen in the
TMGa/AsH, reaction by injecting atomic hydrogen generated by microwave plasma
after an AsH, or TMGa pulse. They could establish the self-limiting mechanism
between 400-500°C. The role of atomic hydrogen was assumed to have 1o deal with
enhancing the selective decomposition of TMGa by As H surfuce species. When the
atomic hydrogen is introduced after the AsH ,, a complete exchange of TMGa on the
AsH, surface, as in egs. (3.2.2.2.3) and (3.2.2.2.4}, can be assumed.

When the atomic hydrogen flux is introduced after the TMGa, one can assume thut
the partial decomposition of TMGa occurs immediately on the As H surface and ts
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then completed by further decomposition activated by the a.omic hydrogen according
to the equations

AsH,(s) +(CH ), Gafg) - ~~— AsGa(CH s} + 2CH ,{g). {3.2.2.2.5)
AsGaCH,(s) + H{g) —— AsGafs) + CH,(g). {3.2.2.2.6)
Ciuls) + AsH ;(g) —— GaAsH,(s)+ 1H,(g). (3.22.27

In the expertmental test setup used there was a background pressure of H, which might
also influence the reaction pathway by cnhancing the thermal decomposition of
TMGa.

If decomposition of arsine is assumed, generation of both hydrogen and methyl
radicals must be assumed:

As(s) + GUCH ) 1g) ~—--— AsGa(s) + 3CH,(g). (3.2.2.2.8)

Giais) + AsH () -~ GaAs(s) + TH,(g) (32229
or

2ASH j(gh = As,(g) + 3H (g (3.2.2.2.10)

20ats) + As,ig) — 2GaAsis). (3.2.2.2.11}

Depending on the experimental setup, cracking of arsine may also occur as thermal
decomposition before the reaction with the Ga surface (3.2.2.2.10and (3.2.2.2.11). At
typical reaction temperatures also elemental As is volatile encugh to result in a
monolayer saturation. For the reaction (3.2.2.2.11) surface dissociation of As, mole-
cules must be assumed.

Memmert and Yu [83] showed that the hydrocarbons from TMGa may desorb as
*"H, radicals. which means that the hydrogen incorporation on the As surface is not
crucial for the decomposition of TMGa. Yu et al. [84] have developed a dynamic
model to explain the saturation of TMGa desorption. Their conclusion was that the
site-blocking mechanism alene does not explain the saturation of TMGa. The
experimental procedure used to buck up the model was based on mere TMGa exposure
on an As-rich surface of GaAs, thus excluding any effects of As H species as a part of
the reaction mechanism.

A thorough study of TMGa saturation has also been presented by Mau and Dapkus
[85]. Their experimentul setup consists of a sample preparation chamber and an
analysis chamber with X-ray photoelectron spectroscopy (XPS) and reflection high-
energy clectron diffraction (RHEED) capabilities. For the study of reaction kinetics,
reflectance difference spectroscopy (RDS) was applied in the preparation chamber. The
gallium reactant used was TMGa, the rcactants for arsenic were clemetal As,,
tertiarybutylarsine (TBAs) and monoethylarsine (MEAs).

In this test setup the Ga surfaces, formed at a temperature above 440 C by TMGa
exposure, showed a (4 x 6) REED pattern which is characteristic of Ga surfaces. The
formation speed of the Ga surface increased rapidly when the reaction temperature
was increased from 430 to 500 'C. The change of the formation speed was explained by
the slow desorption of the CH, radicals from the Ga atoms on the surface. In these
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experiments, the surface exposed to the TMGa flux was a hydrogen-iree As surface ol a
GaAs crystal.

In [86] Dapkus etal. have summarized some of the key clements of the
TMGa + AsH, process. It is stated that the dynamical conditions of the process play a
very important role in the growth characteristics. For TMGa it is essential to suppress
the undesirable thermal decomposition of the precursor which might occur in the gas
phase or on any surface of the growing material. The decomposition is enhanced by the
presence of hydrogen. One approach to suppressing the decompaosition of TMGaisto
use nitrogen instead of hydrogen as the carrier gas for the TMGa. Another important
issue is the nature of the As stabilized surface after AsH, exposure. As  H species on the
As surface may not only result in a more favourabie surface configuration than a pure
arsenic surface but also enhance the desirable decomposition {or exchange reaction) of
TMGa on the AsH_surface which results in the selectivity of the one moenolayer per
cycle saturation.

The purge sequence after AsH , exposure also may play an important role in main-
taining the dynamic As-- H balance on the As surface. Maximum occupation of hydso-
gen is favourable for the selectivity of the TMGa decomposition. Availability of extru
hydrogen gas during the TMGa exposure may result in undesirable cracking of the
TMGa. At the typical growth temperatures there s a certain rate of thermal decompo-
sition of TMGa which involves a dynamical feature in the saturation mechanism.

Typical c(2 x 8)/(2 x 4) surface reconstruction ol As has an As coverage of 0.75 ML
which cannot support full t ML/cycie growth. Banse und Creighton [87] suggest that a
super As-rich surface could be obtained with high AsH, dosing 1o break the surface
reconstruction. As- H structures could also explain the 1 ML cycle rather than
0.75 ML/cycle saturation.

The fact that the saturation growth rate of the GaAs TMGa + AsH, reaction is
1 ML/cycle supports the role of As Hand Ga CH, ligand interactions as an essential
part of the reaction mechanism under most experimental conditions. Thisis notonly to
enhance the selectivity of the process. bul also to inhibit the build-up of surface
reconstructions typical of both clean Ga and As surfaces. Nishizawa et al. |64]
have reported results on 0.8 ML/cycle saturation which might be an indication of a
reaction pathway incorporating build-up of surface reconstruction of the Ga or the
As surface.

There is also evidence for the slow formation of a saturated Ga surface without any
exchange between TMGa and As H structures. Complete decomposition of TMGa
occurs at a certain rate on a hydrogen-free As surface, still maintaiming o monaolayer
saturation feature at a Ga surface reconstruction density [88]. RHELD studics of
TMGa adsorption ona(2 x 4) As stabilized GaAs surface shows that a4 x Nor{d = 2)
Ga stabilized surface construction resuits. The surface temperature in the experiment
was typically 440 530'C. In the experimental setup used. the As surfice was re-
established by using elemental arsenic, which eliminated the formation of As H
structures. Exposure times of TMGa were in excess of 30min, This type of test setup
shows an essentially wider saturation temperature range, 370 5300 C_ than fast se-
quencing of the reactants. To explain the saturation under these conditions one cannot
exclude the possibility of continuous slow thermal decomposition of TMGa on both
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As and Ga surfaces followed by stow thermal desorption of extra Ga from the
reconstructed Ga surface.

Chiu and Cunningham [89] have shown, by using RHEED, that a limniting mecha-
nism which inhibits the continual adsorption of TMGa on a surface saturated with Ga
alkyl is found to exist for a short period of time depending on the growth temperature.
The dynamical evolution of the surface reconstruction indicates that the saturation
coverage of the Ga alkyls instead of Ga atoms is responsible for the limiting mecha-
nism. One ML saturation can be achieved at 55°C for a finite period of time. The
surface reconstruction pattern indicates that adsorption of Ga alkyls during this time
period is responsible for the limiting mechanism. When the methyl radicals desorb
completely, adsorption and pyrolysis of TMGa is not imhibited.

The (2 x 4) As dimerized surface will change to a (1 x 1) pattern during the initial 4s
deposition time of TMGa. This indicates that a layer of disordered Ga alkyls destroys
the surface reconstruction and only the underlying bulk-like structure is observed. Iin
about 1 s alter the deposition a clear (4 x 8) pattern appears. Then, § s later this pattern
converts 1o a (4 x 6) pattern characteristic of a Ga stabilized surface at this tempera-
ture. At low substrate temperature the time required to complete this evolution
becomes progressively fonger.

The importance of the reaction dynamics can also be seen in the dependence of the
saturation on the dosing parameters used. [n a low-pressure MOCVD reactor the
growth rute per cycle has been observed to be a function of the TMGua pulse length.
Also, 4 dependence of the saturation density on the partial pressure of the reactant has
been observed, see fig. 29 [90]. [n the experimental test setup used, the arsine and
TMGu pulses arc injected i a constant H, flow of 1 m/s at a temperature of 500 C.
While there is a clear saturation as a function of TMGa partial pressure. the level of
saturation is strongly dependent on the length of the TMGa supply. The result
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Fig 29 Eflect of the partial pressure of TMGa and the tength of the reaction sequence on the saturation
[90]. Total pressure is 1500 Pa. partial pressure of AsH, is 9.4 Pa. flow speed is 0 em, s and the lemperature
15 SO0 C Sequence times for TMGa are (a) 1s ¢h) 25 () 3sand (d) 4.
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emphasizes the importance of surface kinetics in the ALE process of GaAs;TMGA +
AsH,.

The TMGa + AsH; ALE reaction has a very wide saturation region in a rotating-
disk reactor [68], (fig. 26e). The rotating disk employs very fast puising and eflective
purging with hydrogen. One monolayer per cycle growth cun be observed over a wide
temperature range, 450-700°C. In order to minimize the carbon content of the
resulting GaAs material, it was essential to minimize the exposure to the TMGa flux
especially at high growth temperatures. It was also observed that the carbon content,
ranging from 10'* to 102°, in the resulting GaAs material was strongly dependent on
the exposure time with increasing exposure of the TMGa and with decreasing
temperature of the substrate.

GaAs malerial produced in a high flow speed rotating-disk reactor with fast pulsing
shows excellent electrical characteristics. The background carrier concentration is
10'*-10'* cm ™ and a mobility of about 30000cm?/V s for 2mm thick films at 77K
has been obtained. The 4K photoluminescence indicated high-purity GaAs. The
material quality improved with increasing V-1 ratio and growth temperature [91].
Essential for the low carrier concentration are optimized TMGa and efficient arsine
eXposures,

3.2.2.3. GaAs/TEGa(triethylgallium) + AsH ,{arsine). The TEGa + AsH, system does
not show saturation without laser irradiatton [64,92 94]. Laser irradiation results in
an ALE window for the process between 350 and 430'C depending on the power
density used [93,95]. Nishizawa et al, [96] have demonstr :ted a wide ALE window by
UV-excitation with a Hg-lamp, see fig. 20.

Aoyagi et al. [93] explain the TEGa reaction as a surface-selective photochemical
decomposition of TEGa on the As surface, which means that. under laser irradiation,
the gallium alkyl decomposes more effectively on an As surface than on a Ga surface.
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Fig. 30. ALE processing characteristics of GaAs/TEGa + AsH, reaction with different phoeton excitations.
(a) No photon excitation [93], (b} laser excitation [93]. ic) U V-cxcitation by Hg-lamp 196].
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The mechanism is also called laser-induced site-selective decomposition [94]. The site
selectivity is explained by a two step process: (1) photon absorption by chemisorbed
gallium alkyi molecules due 1o the broadening of the optical absorption band and (2)
transfer of carriers, gencrated at the substrate by the laser irradiation, to the chemisor-
bed molecules.

In the processing characteristics shown in tig. 30 all the observed saturation densities
are | ML/cycle, which shows that surface reconstructions have been avoided,

Nishizawa et al. (63] report that, in the TEGa  AsH, system, electrical properties of
the GaAs material depend strongly on the subsirate orientation, On (100)and (1 1 DA
faces the epitaxial layers are p-type, on (11 1)B faces the layers are n-type and on a
(100) face the layers exhibit both n- and p-type conduction with changing growth
conditions. In the TMGa  AsH; system, carrier concentration is in the range of
1'% 10*%cm % Inthe TEGa AsH, systemiit improved by as much as three orders of
magnitude. With increasing irradiation wavelength the carrier concentration of the
tayers grown on a (1 00) plance in both the TMGa AsH, and the TEGa AsH, system
decreases. Especially, with irradiation with a XeCl (308 nm) laser the epitaxial layers
show high resistivity. For the (11 1)B plane in the TEGa AsH, system, with irradi-
ation the layers become strongly p-type.

Nishizawa el al, [95,63] report on the doping characteristics of GaAs with Cd, Zn.
Si. Se and Te dopants. The observed carrier concentrations of GaAs films were in the
range from 1.8 x 10" 10 1.9 x 10" em  ? for p-type and from 1.3 x 10'7 10 2.2 x 10'?
em ™ * for n-.ype material, respectively. The GaAs growth was carried out using AsH,
and TEGa as the reactants. It was also observed thal the carrier concentration
depended strongly on the order of the injection of the impurity gas components with
respect to the main gas sequences in the growth.

3224, GaAs/TMGa (trimethylyallium) + TBAx (tertiarybutylursine). Tsenet al. [97]
report GaAs growth using TMGa and lertiarybutylarsine (TBAs) as the reactants in
ALE and laser-assisted ALE in GaAs. The processes were cacried out in a conv:n-
tional atmospheric-pressure MOCVD system. The carrier gas used was H,. One ML/
cycle saturation was obtained at 480 C without laser irradiation and at 380°C with
argon laser irradiation. When compared with the ALE material obtained in similar
conditions using AsH , instead of TBAs, one can observe about ten times higher PL
efficiency and a lower carbon content in the fiims, Broad-area laser diodes have been
successfully demonstrated from structures grown using TBAs.

Maa and Dapkus [98] have studied the mechanism of TMGa + TBAs reaction
using reflectance difference spectroscopy. Their experiments were performed in an
ultra-high-vacuum system consisting of two chambers. The analysis chamber is
equipped with X-ray photoelectron spectroscopy (XPS) and reflection high-energy
electron diffraction {(RHEED). The other reaction chamber provides exposure to
TMGa and TBAs in UHV [88].

Under these conditions no carbon can be detected on either TMGa saturated or
TBAs saturated surfaces. As compared to AsH ,, TBAs reacts more effectively on a Ga

surface. The most probable surface adsorbate giving rise (o the reaction is AsH _(x = |
or 2) [99].
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The As-H surface may result from the reaction

Gais) + C,HoAsH,(g) —— GaAsH(s) + C,H, (g} (3.2.24.1)

In the case of C,H,-radical desorption, an AsH, surface is established. 1t is further
proposed that a possible interaction between pairs of As H forms arsenic atom on the
surface by releasing hydrogen as

AsH(s) + AsH(s} —— 2As(s) + H,(g). (3.2.24.2)

The removal of H-ligands from an arsenic surface 1s observed when the substrate is
heated to 500" C, as confirmed by RHEED study [99]. Similar surface behaviour has
been observed when monoethy! arsenic, MEAs, 15 used instead of TBAs. The rate
limiting step is the reaction which yields adsorbed AsH | species. Interaction between
AsH, pairs on the surface forms arsenic dimers on the surface [ 100}

3.2.2.5. GaAs/GaCl+ AsH,. Adsorption of gallium chloride (GaCl) on GaAs (100),
(11 Da and (1 t 1)b surfaces is studied by temperaturc-programmed desorption, TPD
[101, 102]. A GaCl molecular beam is produced by letting Ci, gas How over a Ga
source at 650 -800° C. For all GaAs surface reconstructions studied, GaCldesorpaonis
observed, while no decomposition or reaction giving AsCl, is observed. This study
indicates that in ALE of GaAs using GaCl and As one must assume exchange reaction
on the surface between GaCl and H,. The self-limiting mechanism 1s explained by the
shorter residence time of GaCl on the gallium stabilized surface than that on the As
stabilized surface.

Another explanation for the saturation GaCl/AsH , process could be an exchange
reaction between GaCl gas and an AsH , surface structure completed with or preceded
by desorption of H,:

AsH (s) + GaClig) —~ GaAs(s) + HClg) + H,g). {32251)

With reference to the TMGa ana AsH , discussion one can also consider a full exchange
reaction between DEGaCl gas and AsH, onasurface with k = 0 3, us deseribed by egs.
(3.2221)and (3.22.2.2).

3.2.2.6. GuAs/DEGaCl {diethvigulliumchioridey + AsH,. In un ALE process for GaAs
using DEGaCl and AsH, a wide saturation temperature range was observed [103].
The growth was carried out in a horizontal low-pressure MOCVD system. The total
pressure in the reactor was 100 Torr and the total low rate of H, was 9000 scem. The
substrate was {1 00) GaAs. The carrier gas was H,. According to the model proposed,
DEGaC! decomposes into GaCl and a Langmuir monolayer adsorption of Ga(lon
surface As atoms takes place.

The DEGaCl reaction has also been demonstrated with elemental As as the other
reactant [ 104]. The As source was kept at 400 C and the As vapour was transferred with
the aid of hydrogen transfer gas. The process resuited in u lower carbon content than
with the DEGaCl + AsH, process. The difference may be a different reaction pathway
or the diffcrent cons'ruction of the reactor, especially the hot-wall design. which might
promote a pre-decomposition of the DEGaCl into hydrocarbons and GaCl. Passible
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formation of AsH, in the As source has not been reported. However, under these
cenditions, an As—H surface structure on the substrate can probabiy be produced. The
observed temperature range for saturation shows similar behaviour as in the
DE-GaCl + AsH, process. At the high end of the temperature range the saturation
is slightly below 1 ML.

A Hall measurement shows conversion of DEGaCl ALE GaAs from p-type to
n-type with increasing growth temperature. In the GaAs material processed at 600°C, a
TTK electron mobility of 22400cm?/Vs with an electron concentration of
1.1 % 10**em ™ * has been obtained. A PL spectrum indicated that the carbon content
of the material decreased as the growth temperature was increased [103]. n* *-GaAs
with an electron concentration of 1.1 x 10'*em " ? has been obtained by Si,H, plane
doping at 450 C [103, 105].

Usui [ 106] describes a delta-doped FET based on GaAs which was made using the
DEGaCl + As, process. The reactant for selenium doping was H,Se. The gate length
was | pm and the measured extrinsic transconductance was 190 mSv/mm.

Dependence of the laser enhancement on the photon energy has been demonstrated
by compuring the effect of irradiation at 1.6 um and at the YAG laser wavelength
{(514.5nm) [107]. While the YAG laser irradiation results in a sharp saturation as a
funclion of laser power density. no saluration can be observed with the 1.6 Hm
irradiation.

The adsorption of DEGaCl and TMGa vapours on clean As-terminated GaAs and
InAs surfaces prepared by conventional MBE has been studied by [shii et al. [108]. Tt
was shown that, al temperatures of 300 320°C. a monolayer of Ga was observed on
GaAs and InAs surfaces after exposure to TMGa and DEGaCl vapours, respectively,
No production of GaCl was observed in either case. The cxperiment suggests that 4
complete decomposition of TMGa and DEGaCl occurs on an As sirface but not on a
Ga surface or on an In surface.

3.0.27. GaAs/GaCly + AsH,. The widest temperature window for | ML/cycle ALE
growth for GaAs has been reported by Jin et al. { 109] using GaCly and AsH, as the
reactants {fig. 311 AsH,, in this casc. is supplied without thermal crucking; which
suggests an exchange reaction

AsH(s) + GaCly(g) —— AsGaCl,(s} + HClig) (3.2.27.0)

and

GuaCls) + AsHy(g) —— GaAsHis) + 2HCl(g). {3.227.2)

At temperatures ubovg 500°C the growth rate is found to decrease. probably due to
desorption of surface ligands necessary for the growth reactions.

3.2.3. Indium arsenide (InAs)

3.3‘.3.]. InAs¢ TM In(irimerhylindium) + AsH, ALE growth of InAs has been done by
using TMIn ana AsH , as the reactants in an atmospheric-pressure MOCVD reactor at
340 C. tl'hcrsaturalif)n levelis affected by the total TMIn exposure. The dose-dependent
saturation 1s explained by steric-hindrance effects of the initial adsorbate [110].
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Fig. 31 ALE processing characteristics for the GaAsGaCl, + AsH, reaction. The reactor used was a
multi-tube vertical atmospheric-pressure CVD reactor with rotating substrate holder. The carrier gas and
purge gas was H, { {09],

3.2.4. Indium phosphide (InP)

3.24.1. InP{TMIntrimethylindium) -+ PH, (phosphine). ALE grewth of [nP has been
done on GaAs and InP substrates in the temperature range 320- 3600 C in a low-
pressure MOCVD systern with a fast switch-gas manifold. The carrier gas used was
argon [111]. The growth temperature was varied from 300--380 'C and the working
pressure was maintained at 76 Torr. The total flow rate was 7slm, giving a gas flow
speed of about 100 cmys. The typical number of growth cycles was 300, The thickness
of the tayers (roughly 9000 A) was determined by selectively removing InP layers
grown on a GaAs substrate using HCl and/or by removing the silicon mask on an InP
substrate using HF. The growth characteristics are shown in fig. 32.

The saturation characteristics at 340°C were also studied as a function of TMIn
injection time, TMin How ratc and PH, injection time and PH, flow rate. The
I ML/cycle saturation was observed over a wide range of all these parameters. All the
surfaces obtained were mirror-like for growth rates up to I ML/cycie. For growth rates
over 1 ML/cycle or in the case of insufficient supply of PH, a hazy surface was
observed. The growth was also performed at 300 Torr pressure, with similar results.
The temperature range for 1 ML/cycle saturation is wider than the temperature
window reported for InP grown in an H, atmosphere [97]. This might be due 0
reduced decomposition of TMIn in the argon flux.

Inthe ALE of InP by Kobayashi and Kobayashi [112] along H, sequence is needed
after the TMIn exposure. By using surface photoadsorption {SPA) analysis they
showed that in order to get a 1 MLjcycle growth, a purge with H, was needed 10
complete the decomposition of the TMIn surface, They explain that either PH,
pyrolysis did not occur or occurred very slowly at a CH ,-terminated indium surface.
while it occurred more effectively on an In-metal surface. Also. this mi-ht indicate that
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Fig 32 ALE growth characteristics of the InP TMIn + PH, process [ 111].

PH  has been thermally decomposed before entering the surface and that clemental P is
not capable of bonding 10 4 CH ,-terminated surface but adsorbs on an In-metal
surface.

InP has also been grown in a modified MOCVD system at 10 mTorr pressure using
TMin and PH, as reactants. One ML ‘cyele saturation was observed at 340°C [113].

325 HT V superalioys and superlattives

AlGaAs has been processed m a rotating-disk reactor [4]. The substrate rotates
between streams of organometailic group-V and group-ItI hydride reactants, The
TMGaand TMAl are supplied simultaneously from one column. The GasAl content is
controlled by the molar ratio of TMGa and TMAL Self-limiting growth was observed
in the temperature range 550 700' C. The ALE-grown films of AlGaAs have superior
photoluminescence properties when compared to the MOCYD-grown films. As-grown
ALE films are p-type with carrier concentrations in the 10'7 10%cm - range,
depending on the growth conditions [L14, 105].

AlGaAs/GuaAs structures have been applied to the fabrication of pnp heterojunction
bipolar transistors with carbon-doped collector and emitter, AlGaAs/GaAs pnp HBTs
have been demonstrated with carbon as the p-type dopant [116].

GaAs/AlAs guantum structures have been reported by Inoue et al. [52], using
pre-cracked TMAL and TMGa + AsH, diluted with H,. The TMAI + AsH, reaction
does not show saturation without pre-cracking of the TMAL When this is done, an
ALE temperature window can be observed between 460 48¢°C. This matches the
temperature window of the TMGa + AsH, process. The growth equipment was a
vertical MOCVD system and the operating pressure was 70 Torr. Based on mass
snectroscopic ohservations, the cracking was concluded to result in monomethyl
aluminium. Resonant tunneling structures were demonstrated with ALE-grown AlAs
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barriers. Negative resistance is observed in the /-1 characteristics of a 120 pm?
resonant tunneling structure at liquid-nitrogen temperature.

GaAs/InAs structures have been prepared in a vertical atmospheric-pressure
MOCVD system using TMGa and AsH, as the reactants. The processing temperature
for GaAs was 350-450°C [117] and for InAs 30¢°C. The reactants for InAs were DMIn
and AsH ,. The application here was superlattice structures of GaAs and InAs.

AlAs/InAs-layer superlattices have been grown on (100), 311) and (211) GaAs
substrates at 350°C using elemental molecular beams in MBE-type equipment. Due to
the low vapour pressures of Al and In, saturation may only occur during the As, pulse
[59). Puising of the elements enhances surface mobility and the nucleation mode
[118].

Extremely high beryllium doping of gallium indium arsenide by low-temperature
atomic layer epitaxy has been done by Ohtsuka et al. [119]. The growth temperature
was 350' C and the reactants used were TMIn, TEGa and AsH ;.

Short-period (GaAs), (GaP), for n = | -5 superlattices have been grown by Kodama
etal. {120] using a pulsed-jet epitaxy mode of ALE. Zone-folding effects on the
longitudinal acoustic (LA) phonons were observed. The Raman peak observed for the
{GaAs), (GaP), monolayer superlattice was also assigned to the scattering from
zone-folded LA phonons. The result indicates that the growth of the malerial has
occurred in full atomic planes without significant interdiffusion or roughness at the
GaAs/GaP interface.

Al, ,Ga, ,As/GaAs double heterostructures have becn made by combining laser-
assisted ALE (LALE) and conventional MOCVD. Quantum-well | isers with an active
region grown by LALE are demonstrated [121]

GalnP has been made by using in situ formed GaCl and PH , pre-decomposed into
P, and in situ produced [nCl as the reactants [122]. The growth temperature was
450°C and the reactor pressure 1atm. The reactor used was a threc-tube moving-
substrate system.

GalnP has also been grown in a vertical-flow rotating-disk reactor using TMGa,
TEIn and PH, as reactants. The growth was carried out at 480 550 €. For TMGa the
exposure time was 0.3 s and for PH; 15s. While the substrate was under PH , flow, the
TMGa flux was shut off and the TEIn one turned on. The sample was then rotated
under TEIn for 0.3 s and back to PH , for another 15s to deposit InP. Tt turned out that
the critical parameter for seli-regulation proved to be the lead time after the 111
element (Ga. In) deposition. This indicates a definite time-dependent mechanism
when the exposure time of PH, is not sufficient [123}].

3.2.6. GaAs/Si interface

The use of ALE for an interface layer for Si on GaAs has been demonstrated by
Hajafuji et al. [124]. Experiments with 100-cycle ALE-grown buffer layers indicated
that the final GaAs layer of 1.5 um was both the more uniform among the different
substrates in the reactor and also better in quality than similar layers made on
MOCVD-grown buffer layers. The growth of the bufler layers was done at 450°C.
Similar results have been reported with ALE buffer layers grown at 500 C from TMGa

and AsH, [125].

gt o AT Uik A
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3.3, Oxides, nitrides

331 Aluminium oxide (Al O;)

2300 ALOLAICH + H,0. Based on a mass spectrometric study of the Al,O,/
AIC1, + H,0O reaction, there is HCI production both after the H,0O and the AICI,
sequence [ 126]. A possible reaction path is

O,H s} + 2AICL{g) ———— O,ALCl,(s) + 2HCl(g) (33.1.11)

and
ALLCl,(s) + 3H,0tg) —— AlLO,H,(s) + 4HCl(g). (3.3.1.1.2)

33120 ALOTMAl (trimethylatuminium) + H,0. Al,0, growth has been performed
at substrale temperatures between 100 and 300 C by using TMAl and H,O as the
reactants. The growth was carried out in a vacuum chamber where the TMAland H,O
pulses of 0 5s were fed through pulse valves. The chamber was evacuated for §s
between the reactant exposures. The growth rate was about 1 ML/cycle, bused on a
thickness measurement. The substrate used was p-type Sitl 00)[127.128]. The pro-
posed reaction pathway can be expressed by the equations

20H(s) + AI{CH  ig) ——— O, AICH i{s) + 2CH ,(g),
AICH ,(s) + H,U(g) —— AIOH(s) + CH,(g).

(33.1.2.1)
(33.1.2.2)

3.3.1.3. AL, 0,/ AICT, + 0,. Al,O, has been made on single crystat sapphire(! 1 02)and
(000 1) substrates using a AlCt; and the He + 15%, O; gas mixture as the reactants
[129]. Pulse times for ALCi, were 30s and lor He + 15", O, 605 and the temperature
was 660 'C. For Nb(1 00y substrates the growth temperature used was 450 C. On both
substrates the growth rate was 0.09 nm/cycle. Saturation density is cxplained by a
geometrical hmitation of AICl-molecule adsorption.

33104 ALOTMAltrimethylaluminium) + H,0,. High-quality Al,O, films for op-
tical and mechanical coatings have been made using TM Al and H,0, as the reactants
[130]. At the reaction temperature of 150°C a growth rate of 1.13 /i,"cycle wis
observed. Room-temperature reaction was also demonstrated.

33015 ALOGAICH, AICOR ) (aliphatic alcohols) + H,0.0,. ALLO, on a glass sub-
strate has been grown using “water-free” oxtdants, such as aliphatic alcohols together
wilrl aluminium chloride as the reactant for aluminium [ 131). Growth rates from 0.4 to
0.7 A/cycle were observed between 300 and 500 C. Aluminium ethoxide together with
water vapour gave a growth rate of 1.2 A,e“cyclc.

3.3.20 Tantalum pertoxide (Tu,04)
33.2.4. Tay04/TaCly + H,0. Ta,Og thin films have been grown in a vacuum system
using tantalum chloride and water vapour as the reactants. The in situ Auger spectra
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indicate that chlorine stays on the surface after the TaCly pulse and completely
disappears after the H,O pulse [132].

3.3.3. Titanium dioxide (Ti0,}

3.3.3.1. TiO/TiCl, + H,0. The initiation of TiQ, growth on a silica substrate and
OH-group interaction have been studied using large-area porous substrates
[133-136]. This also indicates an extension of the applications of ALE to the
manufacture of heterogeneous catalysts in a surface-controlled mode.

When applying ALE to catalysts on porous supports, a single reaction cycle may be
enough to obtain the necessary surface structures. The chemistry of the starting
surface, typically silica or alumina, is therefore critical for the process. As an example,
the interaction with the support surface and the reaction temperature of TiCl, at the
formation of TiO, on silica is reviewed.

The knoweldge ol the amount, type and character of the bonding sttes of silica is
important. Silica consists of two types of bonding site: OH-groups and siloxane
bridges. OH-groups are divided into isolated or “free” and H-bonded OH-groups.

Isolated OH-groups are further divided into single and paired OH-groups and the
H-bonded ones into strongly and weakly H-bonded OH-groups. The strongly H-
bonded OH-groups are present on the silica surface and thus involved in the reactions,
whereas the weakly H-bonded OH-groups (so-called inaccessible or bulk OH-groups}
are unreactive, The amount of these different reactive sites depends on the heat-
treatment temperature of the silica and the type of silica used. A simplified picture of
the surface species is shown in fig. 33.

The interaction between TiCl, and the OH-groups of sitica is highly dependent on
the reaction temperature. Lower reaction temperatures { < 280°C) favour the forma-
tion of amorphous titanium species, whereas an increase of the reaction temperature
up to 320°C initiates agglomeration into TiQ, with anatase and rutile crystal structure,
as shown in fig. 34. The pre-heating temperature of silica has an effect on the amount
and in some cases also on the character of the different titanium species. Despite the
agglomeration, the reactions are surface controlled with a precise saturation density.

At lower temperatures (< 280°C) TiCl, reacts both mono-lunctionally and bi-
‘unctionally with the OH-groups of silica and HCl is evolved. The formed amorphous
titanium species is quantitatively etched with dilute sulphuric acid without the
decomposition of silica. The amount of doubly bonded titanium species depends on
the pre-heating temperature of silica and the reaction temperature used. The pre-
heating temperature of the silica determines the internuclear distance between neigh-
bouring OH-groups and the reaction temperature determines the minimum cnergy
needed for TiCl, to be capable of reacting bi-functionally.

To obtain the highest possible surface coverage of covalently bonded amorphous
titanium species, TiCl, is reacted at 1 75°C with silica pre-heated at 200 C.In this case a
bi-functional reaction takes place with strongly H-bonded QOH-groups still present on
the silica. A singly bonded titanium species is formed with isolated OH-groups. The
strongly H-bonded OH-groups are the first ones to be removed on raising the
pre-heating temperature of the silica. When the strongly H-bonded OH-groups are
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Fig 23 Bonding sites of silica and titanium surface species G al reaction lemperatures of 175 and 250 €
and thyat 350 C and higher, after exposures 1o TiCl, and subsequent H 0 seguences [ 134]

removed from the surface. the amount of titanium species decreases and the amount of
doubty banded titanium species is controlled by the distance between the remaining
OH-groups and by the reaction temperature. Upon water treatment, anatase-like
Ti OH groups are generated.

Eiching with sulphuric acid reveals the amount of amorphous titanium species
present on the silica surface. Alter TiCl, reaction, carried out it 300 €, the character of
the titanium species 15 changed, as reflected by the decreasing amount of etched
titantum  specics. When the reaction temperature is raised 1o 320 C and above,
agglomeration into Ti(), with anatase and rutile crystal structure takes place. Reaction
lemperatutes below 450 C lead to anatase crystalline structure and at 450 C the rutile
crystalline structure appears as well. A reaction temperature of 550 C leads exclusively
to the rutile crystalline structure.

The amount of amorphous titanium species is a function of reaction temperature at
a constant pre-heating temperature of the silica and also a function of pre-heating
temperature at a constant reaction temperature. Therefore both the reaction tempera-
ture and the pre-heating temperature of the silica have an effect on the amount of the
different titanium species to be bonded 10 silica. Furthermore, the higher pre-heating
temperatures of the silica at a constant reaction temperature favour the formation of
rutile. 1t must be emphasized that TiO, is formed during the main reaction, not upon
water treatmenl. Water treatment of these Ti/silica samples generates Ti OH groups
due to amorphous tilanium species, and most of the OH-groups of silica re-appear.
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Fig. 34. XRD-spectra of a silica surface after TiCl, expasures atl 175 $50°C. The pre-ltreatment lemperature
of the silica surface is 560rC {136].

This is because, with an increasing reaction lemperature, an increasing amount of
OH-groups are exchanged for chloride by TiCl, except for those binding to amorphous

titanium species.
In continuous ALE growth on a planar surface, it has been observed that at 400°C

the TiO,/TiCl, + H,0 reaction produces HCl only after H,0 exposure, as confirmed
by mass spectrometry. This suggests the reactions

0,(s) + TiCl{g) —— O, TiCl(s) (333.1.1)

and

TiCl, + 2H,0 —— TiO,(s) + 4HCl(g). (333.1.2)

X5
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Thelatter reaction in its complete form is valid only if all the chloride is removed during
the H,O exposure. The above reaction scheme is also consistent with the results from
growth on porous silica surfaces at high temperatures, where most of the OH-groups
of silica were occupied by chloride and no Ti—-OH groups due to crystalline TiO, were
observed.

Polycrystalline TiQ, can be grown over a wide range of temperatures, from 150 to
600°C [137]. The rate of the growth is about 0.3 ML/cycle.

3.34. Nitrides

So far, the use of ALE in the growth of nitrides has been rare. Hiltunen et al. {44]
published the first ALE-nitride work in 1988. Polycrystalline metal-nitrides of tita-
nium, niobium, tantalum and molybdenum were grown on soda-glass substrates at
500°C using chlorides and ammonia as reactants. In all cases the growth rate was low,
ie. 0.2 0.3A/cycle, which is much less than | ML/cycle. Chiorine was found to be
present as an impurity in the TiN films, but not in other films. Later, the work
concentrated on II1- V thin films of AIN, GaN and Al Ga, _ N, which have many
potential applications in microelectronic and sensor technology [137].

3.3.4.1. Indium nitride (InN). InN from indium chloride (InCl,) and ammomia (NH,}
[139] has been grown at 420 to 520 C in an atmospheric-pressure hot-wall reactor.

3.3.4.2. Gallium nitride (GaN)y/TMGa, TEGa+ NH,. Khan et al. [140,141] started
their work with the growth of GaN, but they extended their studies to include
Al,Ga, . N prepared from triethyigallium (TEGa), triethylaluminium (TEAID and
ammonia (NH,} on sapphire substrates, typically at 800 1000°C. The optical and
electrical quality of the films was equal or better than the quality of conventional
low-pressure MOCVD films. The studies showed that single crystal epitaxy was
possible at temperatures as low as 450°C, whereas with conventional technigues a
temperature of at least 700"C was required. ALE films were smoother when compared
to conventional films. GaN single crystal films were highly insulating [142].

3.3.4.3. Aluminium nitride {AIN). Mayer et al. [138] outlined the conditions under
which atomic layer growth of AIN from trimethylaluminium {TMAI) and ammonia
(NH,) should be possible. They restricted the temperature of growth to the range from
550 to 650 K. At temperatures higher than 650 K adsorption of TMAI was no ionger
self-limiting. A1 temperatures lower than 550 K the elimination of CH, was incomplete
and reaction with NH, slow. Actual growth experiments on Si{1 00) substrates at
600K, studied by XPS and LEED, showed significant carbon contamination of the
films. Also. no indication of crystalline film formation was observed. Mayer et al.
mentioned, however, that they did not attempt to optimize the growth, nor to extend it
past three full cycles.

3.3.44. Niobium nitride (NDN). Niobium nitride made by Hiltunen et al. [44] shows
superconductivity below 10K. The films were (1 | )-oriented 6-NbN films.
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3.4. Group-1V semiconductors

34.1. Germanium (Ge)

3.4.1.1. Ge/GeH , (germane) + thermal cycling. Atomic layer epitaxy of Ge on silicon
has been demonstrated using flash heating for chemical vapour deposition [ 143]. The
reactant used for Ge was GeH,, which was decomposed on the surface by heating it
with an Xe flash lamp. Silicon 11 1) and {1 00} surfaces were subjected to continuous
interaction with GeH, vapour, which resulted in a monolayer coverage of GeH,
surface. When a t ms Xe lamp shot of 20J/cm? was applied, decomposition of the
surface Ge hydrides occurred. The formation speed of 4 new monolayer of GeH, was
from 20 to 60s depending on the partial pressure of GeH,. Saturated growth at one
monolayer per shot was observed at temperatures between 260 and 270"C. {See fig. 35))

3.4.1.2. Ge/DEGeH, (diethylgermane) + thermal cycling. Monolayer growth of single
crystal germanium films is obtained without carbon contamination [144] by
thermal cycling of Ge(C,H;),H, (diethylgermane), which is adsorbed at 320 C. At
heating by an argon laser, the desorbing surface species is the ethyl radical. Layer-
b,-layer growth has also been observed by DEGe adsorption at 220 'C and desorption
at 510°C [145].

3.4.2. Silicon (Si)

3.4.21. Si/Si,H(or SiyHy)(di-or trisilane) + thermal cycling. Monoliaver growth of
silicon has been obtained by combining self-limiting adsorption of S8i,H, on
Si(100){2 x 1) and ArF-laser irradiation. After exposing an Si(100)(2 x 1) clean
surface toan Si,H, dose of 2 x 10'" ¢cm ~2, a uniform dihydride surface is formed. This
adsorption process is found to be essentially self-limiting at room temperature.

2.0
2
z 1 ML/Ge (111)
-
= o R
= 1.0
3 1 ML/Ge {100)
[
&

0.0

100 200 300 400 500

Growth Tempearature ("C}

Fig. 35. ALE of Ge and Si on Ge{l 1 1} and Ge{1 00) surfaces [ 143].
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[n order to release hydrogen, the Si - H surface is heated to at least 450 C. Hydrogen
can also be relcased by pulsed KrF-laser irradiation which keeps the average surface
temperature almost constant. A growth rate of 0.4 ML/cycle has been demonstrated
[146, 147, 113]

Single crystal silicon has also been made by thermal cycling using Si;Hy as the
reactant [148]. Si Hy is first adsorbed on a (I 1 1) surface at a substrate temperature
below 380 C. Hydrogen staying on the surface is subsequently desorbed at a tempera-
ture above 520 C. The experiment has been carried out in an MBE system. The
observed growth rate was 0.8 ML per cycle.

3.4.2.2. Si:DESIH , + thermal cyeling. Study of diethylsilane decomposttion onsilicon
surfuces suggests that DESiH, is a potential reactant candidate for ALE on silicon
while adsorbing DESIH, at 640 C. DESiH, adsorbs associatively {CH, = CH,) via
f-hydride elimination and deposits silicon and hydrogen on the stlicon surface. Ifthis is
followed by a thermal annealing to 800 K to desorb H,, saturated ALL growth of
013 ML cycle can be performed [ 149).

3.4.23 Si:SiHLCL (chlorosilune) + thermal cycling. The chemizorption of SiH,CE, on
4 siicon surface has been proposed as an allernative for ALE on silicon. In the
chemisorption. a SiCl surface 1s formed which probably could be reduced with atomic
hydrogen at 600t C. Atomic hydrogen is probably needed 1o remove the chlorine [150].

Adsorption of SiH,Cl, on the Ge(1 00 surface is found to be self-limiting below
350 €, according to X-ray photoelectron spectroscopy and thermal desorption
neasurements [ 1517,

3.4.3 Silicon curbide (SiC)

ALE of silicon carbide has been demonstrated by Fuyuki et al. [152] by using disilane
{Si,H,)and acetytene (C,H,) as the reactants. In situ RHEED analysis of the surface
structure after 81, H,, exposure shows a (3 x 2) patternand a (1 x 1) pattern after C,H,
exposure. The rate of the growth was determined by the Si-utom density in the (3 x 2)
reconstructed monolayer, which means % monolayers per cycle. The growth was
carried out in gas-source MBE equipment at about 10~ Torr. The substrate was cubic
SiC crystal and the temperatures used were 1000 and 1050 C.

4. Summary

Atomic layer epitaxy is a surface-controiled method of producing atomic surface
layers. epitaxial layers and thin films. In spite of the principal simplicity of the process,
lhc_ surface chemistry of ALE is not very well understood, The surface chemistry is
strictly individual for each material to be processed and for each combination of
reactants used lor the process. In ALE, chemical reactions are divided into well-defined
sub-reactions. This helps, by penetrating deeper into the reaction mechanisms and

rcacli-on pathways in ALE, to serve as a link between theoretical and experimental
chemistry.
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Application-oriented work with ALE is directed to areas like:

— Epitaxy of II1-V and T1-VI single crystals: optoelectronic devices, etc.

— Superlattices of I11-V and I1- VI single crystals: semiconductor lasers, quanium
devices.

— Layer-by-layer controlled epitaxy of covalent materials: conformal growth, ad-
vanced semiconductor devices.

— Interiaces, thin dielectric layers, controlled superalloys: advanced semiconductor
devices.

- Large-area thin-film applications: EL devices, thin-film solar cells.

-~ Tailored molecular surfaces: heterogeneous catalysts.

ALL has already shown its productive capability in the electroluminescent Aat-panel
display technology [3]. The cost efficiency of the process 1s based on the inherent
self-control, which makes handling of large baiches in a small volume possible. ALE
also makes it possible to produce different types of materials in one process. For
electroluminescent thin-film structures the whole stack of dielectric semiconduct-
ing -dielectric thin films can be made in one process by using ALF. While ALE was
originally developed to meet the qualitative requirements of the materials [2]. it has
turned out that the inherent seff-control of ALE is also a key to productive and
cost-effective processing.
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