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Abstract .The investigations of TiB,/GaAs and Au-TiB,/GaAs structural characteristics in dependence
on technological regimes of sputtering and TiB,-film thicknesses as well as structural relaxation proc-
esses at short-term thermal annealing were carried out. TiB,-film on Czochralski-grown (001) GaAs
substrates were prepared by the magnetron sputtering in argon atmosphere at growth velocity ~ 5 A/s
and film thicknesses ranging from 10 to 50 nm. Samples were annealed during 1 min at 400, 600 and
800 °C. By using X-ray diffraction methods, it was shown that at our experimental conditions the
magnetron sputtering of titanium diboride film causes the titanium and boron solid solutions formation
as well as formation of some other phases within an interface region. At short-term thermal annealing
the relaxation of mechanical strains, decay of solid solutions, generation of dislocations and their propa-
gation as well as point defects redistribution take place. The processes of structural ordering have non-

monotonous temperature dependence and differ for various types of structures.
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1. Introduction

The application of titanium diboride films as protective coats
is widely known. It is stipulated by such their properties, as
high hardness, high melting point, good thermal and electri-
cal conductivity, resistance to chemical action. Therefore,
to use them for contacts in electrical circuits, which operate
at high temperatures in aggressive environments, as well as
making semiconductor devices for microelectronics prod-
ucts, is rather perspective.

Necessity to provide of solid-state semiconductor de-
vice operation reliability and stability, particular by in mi-
crowave devices, at high temperatures and under the action
of exterior electromagnetic fields requires the improvement
of contact properties and causes the investigations of metal
- semiconductor structures degradation processes. The state
of such structure interface influences on their electrophysical
and operational parameters [1]. One of the main reasons of
device contact degradation is the diffusion processes near
the metal-semiconductor interface, which lead to the shift
of interface and increasing of its local heterogeneity. Moreo-
ver, the contacts metal - semiconductor are in an thermody-
namically non-equilibrium state, and at the high tempera-
ture the relaxation processes which are impossible at the
room temperatures take place. Therefore, to provide the sta-
bility of devices operation, it is necessary to remove both of
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these factors, and using the short-term thermal annealing
and anti-diffusion layers one can develop the way for solu-
tion of these problems. The possibility of titanium diboride
films application in microelectronics as barrier layers was
examined [2-4]. In spite of the considerable amount of arti-
cles connected with study of TiB, - semiconductor contacts
properties (see, for example, [5,6]), the structural aspects of
relaxation processes which take place near the interface are
not enough investigated.

The present paper is devoted to study of the structural
characteristic transformations at short-term thermal anneal-
ing of semiconductor device structures, which were obtained
using titanium diboride film.

2. Objects of investigations

Samples were obtained by magnetron sputtering in the ar-
gon atmosphere at pressure in the chamber 5003 torr and
various currents of sputtering, the growth velocity was ap-
proximately 5 A/s. The sputtering was carried out from sepa-
rate powder targets. The metal films were sputtered on
Czochralski-grown (001) GaAs substrates doped by Te up
to the concentration 10'8cm -3 (the thickness of substrate
was 320 microns), the dislocation density was 10°cm™. Be-
fore sputtering the film, the surface of substrate was photon
cleaned by Xe-lamp irradiation. We investigated the set of
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samples obtained at magnetron sputtering currents 0.3 and
0.4 A, with thickness of films ranging from 10 to 50 nm.
The Au-TiB,/GaAs device structures with Au-film thick-
ness 50 nm also were studied.

Thermal annealing was carried out by halogen lamp ir-
radiation. Samples obtained from one plate were annealed
at temperatures 400, 600 and 800°C, during one minute with
approximately heating and cooling rate 30 °C/s.

3. Research techniques

Complex of X-ray diffraction methods used for the investi-
gations was as follows: X-ray topography (in transmission
and reflection geometry, Cu K, - radiation); analysis of
X-ray double crystals rocking curves and integrated inten-
sity measurements for Bragg reflections corresponding to
Cu K, and Ag K, - radiation (symmetric and
ansymmetrical reflections), including quasi-forbidden re-
flections, which give information concerning point defect
transformation; measurements of atomic-plane curvature ra-
dius which allow to obtain their shape and planar residual
strain distribution; 8- 26 spectra with using of Cu Ky -
radiation for determination of interface phase composition.

4. Obtained results and discussion

The measurements of substrate atomic planes curvature ra-
dius near the contacts (the penetration deep was approxi-
mately 16 microns) indicates that all structures were con-
cave at the metal film side, so the metal film was tensed and
substrate was compressed. The level of mechanical defor-
mation in investigated samples was estimated according to

the relation € = % R where ¢ is the thickness of a substrate

and R is the curvature radius.

The initial structure deformation level depends on thick-
ness of film and sputtering current. For TiB,/GaAs struc-
tures the lowest level of deformation (1.810) was in sam-
ples with 10 nm thickness of titanium diboride films, which
were obtained at the sputtering current 0.3 A (Fig.1., curve 1).
Increasing the sputtering current up to 0.4 A and, accord-
ingly, the deposition velocity, the initial level of structure
deformation increases, too (see Fig.1., curve 2). It is condi-
tioned by more non-equilibrium state of film during the
growth process at higher deposition velocity, and so the
structural ordering processes are weaker. At increasing TiB,/
GaAs- film thickness up to 50 nm (the deposition current
was 0.4 A), the level of mechanical deformation has in-
creased up to 4.200107 (Fig. 1, curve 3). The planar distribu-
tion of mechanical strains in these samples has some pro-
peller-shape character.

When the Au-film was sputtered on these structures (film
thickness was 50 nm) the level of deformation decreased
downto 1.50007 (Fig.1, curve 4). The Au-film was compressed
and causes the tensile action on the system, which is connect-
ed with various values of lattice parameter and differences
of thermal expansion coefficients for the contacted materials.
The planar stress distribution becomes sinusoidal with arrange-
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Fig.1. The changes of mechanical deformation under short-term annealing:
1- the TiB,/GaAs structures with 10 nm film thickness obtained at 0.3 A
sputtering current; 2 - the TiB,/GaAs structures, 10 nm, 0.4 A; 3 - the
TiB,/GaAs structures, 50 nm, 0.4 A; 4 - the Au-TiB,/GaAs structures,
50 nm for each layer, 0.4 A.

ment of strain maximums along the <110> direction.

At the short-term thermal annealing, the level of mechani-
cal deformation in all investigated structures decrease (see
Fig.1.). For TiB,/GaAs samples with thickness of TiB,-film
10 nm the level of mechanical deformation decreases mo-
notonously with the increase of annealing temperature. TiB,/
GaAs and Au-TiB,/GaAs structures with thickness of TiB,-
film 50 nm have some difference that consist in non-mo-
notonous dependence of relaxation process on the tempera-
ture of annealing. The decreasing of mechanical deforma-
tion level after annealing at the 800 °C is less then after an-
nealing at 600°C. As in the initial state, the structures with
thickness of TiB,-film 50 nm are in more non-equilibrium
state in comparison with structures having 10 nm thickness
of TiB,-film , so in the equilibrium state these systems pass
through optimum temperature, at which the improvement of
structural characteristics takes place. Under our experimen-
tal conditions of annealing, we observe separate stages of
this relaxation process.

For structural defect characterization in transition layer
of GaAs substrate, the measurements of integrated reflectiv-
ity (IR) and half-width of rocking curves (RC) for X-ray
Bragg (400), (200) and (311) reflections were carried out.
The character of changing of integrated reflectivity and half-
width of rocking curves during the abovementioned anneal-
ing of TiB,/GaAs structures with different thickness of TiB,-
film for 400 reflection is the same (Fig.2a, curves 1,2). At
temperature of annealing 400° C we obtained the significant
increasing of IR and half-width of RC in comparison with
initial state of system. If we take into account that some re-
laxation of mechanical strains takes place, such IR and RC
half-width increasing points to processes of extra defect for-
mation, dislocations generation at this annealing tempera-
ture. At higher temperatures of annealing, the increasing of
these parameters is essentially smaller and even at 800° some
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Fig.2. The IR changes under short-term annealing: (a) - (400) reflections, (b) - (200) reflections, Cu K- irradiation. 1 - the TiB,/GaAs structures,
10 nm, 0.4 A; 2 - the TiB,/GaAs structures, 50 nm, 0.4 A; 3 - the Au-TiB,/GaAs structures, 50 nm for each layer, 0.4 A.

decreasing can take place. So we observed more intensive
process of strain relaxation with increasing of annealing tem-
perature, dislocations generation with the small increases of
dislocation density and at 800 °C their interaction and propa-
gation into the depth of substrate. These results were also
confirmed by X-ray topography.

The change of integrated reflectivity and half-width of
rocking curves for 200 reflections with the increase of an-
nealing temperature also has non-monotonic character but
depends on thickness of the TiB,-film (Fig.2b). For TiB,/
GaAs structures with thickness of a film 10 nm we observed
the largest increase of IR after annealing at 400° C. At higher
temperatures of annealing (600 and 800°C), the value of IR
remains similar to the initial one. For samples TiB,/GaAs
with thickness of a film 50 nm the increase of IR after an-

nealing at 400° C is rather small inappreciable in comparl> 200
son with an initial state and it takes place at annealing tem—

perature 600° C. thnnealing temperature 800° C integrated
reflectivity decreases below than that of the initial state. So
far as quasi-forbidden (200) reflection is less sensitive to
strains and dislocations density than structural (400) reflec-
tion, it is possible to assume that processes of point defects
reorganization cause the changes of IR. Thus, the changes
of integrated reflectivity and half-width of rocking curves
testify that the processes of structural ordering and point
defect - dislocation interaction close to the interface metal
film - GaAs region take place.

For Au-TiB,/GaAs structures the annealing at tempera-
ture 400°C leads to some decrease of integrated reflectivity
both of (400) reflection and (200) reflection (Fig. 2, a,b), at
the same time the half-width of rocking curves decreases
insignificantly in comparison with that of the initial state.
Such behaviour of reflection parameters at given annealing
temperature can be explained by some of mechanical strain
relaxation process, which is accompanied with point defect
transformation and without additional dislocations genera-
tion. At higher temperatures the annealing leads to more in-
tensive relaxation of mechanical strain but with defect (dis-
locations) generation and point defects transformation. This
process is the most considerable at annealing temperature
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800°C (Fig.2 a,b, curve 3). The Au-BiBaAs structures
in the initial state were in a more equilibrium state in com-
parison with TiB/GaAs structures (Fig.1) and improvement
of structural characteristics takes place at lower tempera-
ture 400° Ghan for TiB,/GaAs structures.

The analysis of X-ray double crystals rocking curves from
TiB,/GaAs structures obtained at magnetron sputtering cur-
rent 0.3 and 0.4A, with thickness of TiB,-films 50 nm shows
that there exist the additional peaks both for (400) and (200)
reflections (Fig.3, a, b). In the case of structures with the
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Fig.3. RC shape transformations for TiB,/GaAs structures with 50 nm

film thickness caused by annealing under various temperatures: : (a) -
(400) reflections, (b) -( 200) reflections, Cu K- irradiation.
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TiB,-film thickness 10 nm such additional peaks were not
observed for any reflections. Taking into account the
specificity of magnetron sputtering, it can be concluded that
these peaks are connected with formation of solid solutions
of Ti and B - Ga,Ti;_ As and Ga,B;_,As withing interface
region. These solid solutions should be formed in the struc-
tures with thickness of TiB,-film 10 nm, but, probably, their
amount is such small that it is impossible to reveal them by
present method.

The quantitative value of x for solid solutions can be
determined by additional peak positions which, give us their
lattice parameter a from the relation [7,8]:

a :%(rGax+rdop(l_x)+rAs),

where 764,745, 74op are atomic radii of gallium, arsenic and
impurity, accordingly. For example, for two-layer Au-TiB,/
GaAs structures we have received the values of x from the
analysis of rocking curve which are given in Table 1.

Table 1.
Solution  Lattice Parameter, nm X 1-x
Ga, Tij4As 0.566261 0.9802  0.01980
Ga,B_4As 0.564994 0.9921  0.00779

After annealing at temperature 400° C the rocking curves

place. These processes lead to considerable increasing the
interface with and its heterogeneity. The processes of diffu-
sion are more intensive at higher annealing temperatures and
atoms of Ti and B are distributed more uniformly in the vol-
ume of a substrate or they can segregate in the substrate as
inclusions, that was also observed by X-ray topography. In
this case the structure becomes more ordered and decreas-
ing an integrated reflectivity and a rocking curve half-width
take place.

For structures Au-TiB,/GaAs in an initial state the addi-
tional peaks on rocking curve only for asymmetrical (311) -
reflection using Cu K, - radiation were observed (Fig. 4).
We can observe the composite shape of rocking curve on
(200) - reflection using more short-wave Ag K - radiation
(Fig. 5.). At annealing process these additional peaks disap-
pear and only tails on the rocking curve remain, which indi-
cates solid solutions dissociation. In two-layer structures we
have some another situation for solid solutions formation. In
an initial state of these structures the volume part of solid
solutions in interface is less than in TiB,/GaAs structures.
The most probably, it is connected with the partial decay of
solid solutions and partial relaxation of mechanical strains
during Au-film sputtering. For this reason, we observed the
increasing value of integrated reflectivity and half-width of
rocking curve in such samples (i.e., improving their struc-
tural parameters) already after annealing at temperature
400°C.

The structural state of the metal film was controlled by

were transformed into the Gauss curve with a consideraldl@ spectra which were taken in gliding geometry (the angle
half-width. The annealing at temperatures 600 and 800 &€ X-ray beam incidence was about 1°) and 6 - 20 spectra.
result in leads to the decrease of the rocking curve haifhe changes of 8- 20 spectra at annealing TiB,/GaAs struc-
width. Already at the first stage of annealing at temperauares (thickness of TiB, film was 50 nm) are shown in Fig.6.
ture 400° C the transformation of solid solutions to variFhe given spectra are typical for another investigated struc-
able band gap structure takes place. And taking into agres, too. It is possible to connect the wide peaks posessing
count that the value of integrated reflectivity increases &iw intensity in the region of angle 10° and 20-25° i re-
annealing temperature 400° C, and additional peaks dis@lections from quasi-amorphous TiB,-film. After short-term

pear, it is possible to aolude that besides the process of
new dislocation generation the diffusion processes take
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Fig. 4. RC shape transformations for Au-TiB,/GaAs structures caused by
annealing under various temperatures: (311) reflections, Cu K- irradia-
tion. 1 - initials state, 2 - 400 °C annealed, 3 - 600 °C annealed (intensity
multiplied 12.5 times), 4 - 800 °C annealed (intensity multiplied 25 times).
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annealing at different temperatures the half-width of these
peaks decreases insignificantly, so there are some transfor-
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Fig. 5. RC shape transformations for Au-TiB,/GaAs structures caused by
annealing under various temperatures : (200) reflections, Ag K- irradia-
tion. 1 - initials state, 2 - 400 °C annealed, 3 - 800 °C.
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Fig. 6. X-ray diffraction spectra of TiB,/GaAs structures with film thickness 50 nm and diffraction patterns for supposed new phases.

mations in the metal film. The size of micro grains in the
film increase at annealing, but the film remains in quasi-
amorphous state.

In spectra the weak wide peaks caused by the presence
of small amounts of matter with other phase also take place.
It is difficult to identify this matter exactly because of its
extremely small amount. The most probably, this matter is
of Bj»As; composition. Taking into account that in the range
ofangles 10° - 45° there are wided rather intensive peaks,
it is possible to assume that peaks of reflections from quasi-
amorphous TiB,-film are also superimposed by the peaks
of oxides As,03, B,O3, BAsO,4, which were grown using
magnetron sputtering.

Conclusions.

X-ray investigations of TiB,/GaAs and Au-TiB,/GaAs struc-
tures showed that at magnetron sputtering the structural char-
acteristics of the system and interface depended on a sput-
tering current and a TiB,-film thickness. At TiB,-film sput-
tering we observed the formation of Ga,Ti;_,As and
Ga,B_;As solid solutions in interface region and, probably,
the additional phase of oxides and Bj,As,, too. The Au-
TiB,/GaAs structures in initial state were in a more equilib-
rium state, which is connected with the partial relaxation
process at Au- film sputtering. Afte short-term thermal treat-
ment, which can be used as the technological process or for
modeling degradation phenomena in such systems, the struc-
tural relaxation processes take place. We observed not only
the relaxation of mechanical strains, but also decay of solid
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solutions, dislocations generation, point defect redistribu-
tion and structure ordering in an interface region. The de-
pendence of these processes on annealing temperature has
non-monotonous character and differs for various structures.
If for TiB,/GaAs structures the improvement of structural
characteristics within the interface region can be achieved
at annealing temperature 600°C, then for Au-TiBGaAs

structures this temperature may be about 400° C. The TiB

-films can be used as a diffusion barrier in microetedtr
devices, but further investigation is necessary for techno-
logical process.

The work was supported by the Ukrainian Scientific and
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