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Thermoelastic interactions in Al—n—Si—Ni
structures at pulse laser irradiation
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Using the scanning electron microscopy and optical metallography, the formation and
redistribution of structural defects in the near-contact silicon layer of thermally untreated
Al-n—Si structures resulting from thermoelastic stresses developed under pulse laser irra-
diation have been investigated experimentally. A structurized transition layer has been
found to be formed at the metal/semiconductor interface at relaxation of elastic stresses
in the metal layer. To explain the behavior features of the defect systems at the periphery
of Schottky diodes under irradiation of Al-n—Si structures through a silicon optical
window, a physical model of the laser radiation effect on the metal/semiconductor contact
has been proposed taking into account temperature dependence of the radiation absorption
coefficient in the semiconductor.

MeTomaM1 pacTpoOBOH 3JAEKTPOHHON MUKPOCKOINN M ONTHUUYECKON MeTaaorpadguiu sKcIie-
PUMEHTAJbLHO MCCJIEJOBAHO IPOIecChl (POPMHUPOBAHMSA U IepepaclpefeleHus CTPYKTYPHBIX
ne(eKTOB B IPUKOHTAKTHOM CJI0€ KPEMHHS TePMHUECKMN HEOTOMKIKEHHLIX CTPyKTyp Al-n—Si
BCJEICTBHE IIPOJABICHUA TEPMOYIPYTHX HANPAMKEHUN NPU HUMIIYJILCHOM JasepHoM o0ayde-
uun. O6Hapys;KeHo (POopPpMHUPOBAHNE CTPYKTYPUPOBAHHOTO MEPEXOLHOr0 CJOSA Ha TPAaHUIE Me-
TAJJI-IOJYIPOBOAHUK [PU pejiaKcaluy YIPYTrux HAUpsyKeHUd B Merajjusanuu. s o0bsc-
HeHUA 0CO0eHHOCTeH IMOBeIeHns CUCTeM Ae(eKTOB II0 mepuMeTpy auomosB IToTTku mpu obayde-
HuU cTPYKETypP Al-n—Si uepes KpeMHHEBOE ONTHUYECKOE OKHO IPEMIOMCHA (PUBUYECKAA MOZEIb
BOBAEMCTBUSA JA3ePHOrO MSIYUYEHUA HA KOHTAKT METAJLI-IIOJYIPOBOIHUK, YUMTHLIBAIOIIAA TeMIIE-

© 2005 — Institute for Single Crystals

PaTypPHYIO 3aBUCHMOCTh KO9(MPUIIMEHTa IIOTJIOIIEHNA UBAYUYCHUA B OJYIIPOBOIHUKE.

The physical mechanism of the laser cor-
rection and parameters stabilization of cur-
rent-voltage characteristic of Al-n—Si diodes
with a Schottky barrier (SD) is possible to
explain by density decrease of the deep lev-
els bound with structural impurity defects
in a space charge region (SCR) of a semicon-
ductor due to relaxation of thermoelastic
stresses in the structure layers after a pulse
laser irradiation (PLI) [1-4]. However, the
real metal/semiconductor contacts (MES)
have a complex structure in which the
thickness of transition layer between metal
and semiconductor formed as a result of
previous heat treatment before PLI can be
comparable to the metal thickness. There-
fore, thermoelastic stresses in the silicon
SCR originating under PLI of vertical thin-
film Al-n—Si structures may be distorted
considerably by transition layer. A more es-
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sential development of elastic interaction
processes in MES is expected to be observ-
able at PLI of Al-n—Si close contacts not
exposed to previous heat treatment obtained
by aluminum evaporation onto a silicon sur-
face cleaved in vacuo. As the evacuated
chamber is unsealed after the ion-cleaning
process, a natural SiO, oxide layer of 10 to
15 A depth is formed on the silicon surface
prior to the metal sputtering. If the clean-
ing is carried out by chemical liquid-phase
etching, the oxide layer may achieve several
hundreds of Angstrom units, that, natu-
rally, deteriorates the aluminum film adhe-
sion. The latter fact might probably explain
the Al scaling at dg> 1500 A thickness
under PLI in experiments described in [4].
The purpose of this work was to simulate
experimentally the of thermoelastic interac-
tion processes in near-contact aluminum
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Fig. 1. Optic images of silicon surface after PLI and aluminum etching in Al-n—Si—Ni Schottky
diodes irradiated from the aluminum contact side (a—c) and through silion substrate (d). Center of
the silicon surface irradiated at I, = 115 (e) and 125 W/cm?2 (f). MIM-7 microscope, x350.

and silicon layers of Al-n—Si—-Ni SD not ex-
posed to the preliminary heat treatment.
Such layers are described with a physical
model of a MES with a tunnel-shallow layer
of a dielectric at a metal/semiconductor in-
terface.

Two groups of Al-n—Si—Ni contacts were
used in experiments. The structures were
prepared on industrial chips of KEF-1 (111)
silicon using one and the same technological
route. By chemical etching, SiO, was re-
moved from the whole working surface of a
plate and the latter was cleaned by reactive
ion etching (RIE). The Si layer removed by
RIE was about 0.1 um thick. After washing
of silicon plates in HF:H,0O, aluminum was
evaporated onto the working surface at the
thickness 2 = 0.6 um, and photoengraving
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on aluminum was carried out. The first
group of structures was irradiated by a
laser from the side of aluminum contact,
while the second one, from the side of the
silicon non-working surface. The ohmic con-
tact was obtained by chemical nickel plating
of the non-working surface of Al-n—Si
structures after PLI. The structures under
study were not expose to thermal annealing.
The conditions of the pulse laser irradiation
corresponded to [1]: wavelength A = 1.06 um,
pulse duration T = (1+4)10"3 s, intensity
I, = (20+170)-103 W /cm?.

After layer-by-layer chemical etching of
the structures, the surface morphology of
various aluminum and silicon layers was ex-
amined by optical microscopy and micro-
structure of defects, by scanning electron
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Fig. 2. Surface morphology of satellite plates (a, b) and Al-n—Si—Ni Schottky diodes (¢, d) after PLI
and aluminum etching. (a) I, =115 W/em2 (A, etch pits near to the irradiation spot center; B,
those at the periphery thereof); (b) I, =125 W/em?2; (c) I, <1, etch pits outside the aluminum
contact; (d) I, > I,; etch pits under the aluminum contact. Scanning electron microscope, x1500.

microscopy in the of secondary electron
mode [2, 3]. To improve the detection accu-
racy of the structural impurity defects, the
plates were dressed with water solution con-

taining palladium chloride hydrate
PdCl,:2H,0, hydrofluoric acid and
K;[Fe(CN)gl-

The metallographic examination of the
first group of contacts at various PLI inten-
sity I, has shown that the intensity critical
value I, in excess of which the morphologi-
cal changes of the irradiated Al surface are
observed exceeds similar values for ther-
mally annealed Al-Si MES [1, 3] by 10—
20 kW/cm? and attains 105-115 kW /em?2.

The redistribution of the packing defects
typical of Si (111) orientation, in subsurface
silicon layer in the region of aluminum con-
tact and outside thereof is shown in Fig. 1.
As the radiation intensity increases from
80 kW /em? up to 105 kW/em2, the surface
defect density in Si under aluminum contact
(Fig. la, site A) is reduced while a consider-
able increase in that density outside MES
(Fig. la, site B) is observed. The PLI of the
intensity Iy > I, induces a reverse effect,
namely, a defect cluster inside the contact
(Fig. 1b, site C) at their complete absence
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outside MES (Fig. 1b, site D). The increase
of Iy up to 125 kW /em? is accompanied by
formation of a continuous porous defect
layer at the AI-Si interface under the Al
film (Fig. 1c). It is to note that, as well as
under the corresponding PLI conditions of
thermally annealed Al-Si structures [1], the
phase interaction between Al and Si in the
contact field occurs in the solid phase. In
the site of an increased absorption of the
radiation energy (Fig. 1b, site E), a local
melting of the structure is possible.

No changes in the Al surface morphology
are observed at an irradiation of a MES
through the silicon substrate. However, at
Iy > 1., defect clusters and exits of a grid
of dislocation lines are well seen on the
irradiated silicon surface after chemical
etching. At I,> 115-120 kW/em?2, an
amorphization of the silicon surface (Fig.
le) or development of microcracks on cleav-
age planes according to the chip crystal-
lographic orientation (Fig. 1f) take place.
For Si (111), angles between directions of
microcracks make 60 or 120°. Formation of
photoinduced defects similar to those de-
scribed in [2] was not observed at PLI con-
ditions used in our experiment.
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The effect of defect system redistribu-
tion at the working surface of silicon as a
result of thermoelastic stresses in the sec-
ond group MES is expressed less clearly and
is characterized by some specific features.
At I,=1,, a separate chain of defects as
adjoining equilateral triangular pits is
formed at the periphery of aluminum con-
tact. An insignificant increase in I results
in increase of the surface defect density
outside the SD and propagation of the de-
fect layer from MES by a distance ranging
from 8-5 pum to 20-70 um (Fig. 1d). A
greater increase of Iy > I,, as well as that
of irradiation intensity at Iy < I, results in
disappearance the above effect. At fixed in-
tensity Iy, an extension of the MES diame-
ter from 100 up to 800 um is accompanied
by an increasing surface defect density out-
side MES (approximately by one decimal
order) and an extension of the defect propa-
gation outside the contact. This confirms
the model of thermoelastic phase interac-
tion at Al-Si interface. The defect layer in
silicon determined from the linear dimen-
sions of etch pits makes [ = 3—5 um at I, = 95—
110 kW /cm?2.

Microstructure of separate defects and
features of the defects system formation on
the silicon surface under irradiation of a
continuous film aluminum on satellite
plates is shown in Fig. 2. It is characteristic
that at Iy < 110 kW /em?, the defect size at
the center of the irradiation spot (Fig. 2a,
site A) in 2—-4 times smaller than that at
the spot periphery (Fig. 2a, site B) and the
defects are distributed chaotically. The de-
fects stimulated by an exit of dislocation
lines located under certain angles to the
working surface and oriented in various
manners in the chip bulk. This may be due
both to relaxation of existing defects caused
by thermoelastic stresses attainable in the
irradiation spot center at I = I, and to for-
mation of new defects outside the center.
The total picture is defined by values of
elastic stresses which arise at characteristic
distances at the PLI of a MES by single
pulses. The I, increase up to 125-
180 kW/cm? favors the formation and or-
dering of a dislocation grid according to
basic crystallographic directions of the sili-
con plate (Fig. 2b).

At the SD periphery, it is just the dot
defects and their aggregations that pre-
dominate. Those are observed as equilateral
pits both outside MES (Fig. 2¢) at Iy < I,
and inside SD at I, > I, (Fig. 2d). This fact
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Fig. 3. Scheme of the crystal lattice strain in
aluminum film and in the near-contact region
of silicon in Al-Si contacts due to thermoelas-
tic stresses ¢, at the PLI of a metal-semicon-
ductor contact at the intensity I, < I,.

can be explained by development of plastic
strains in the subsurface silicon layer. In
the first case, the mechanical stresses do
not exceed the elasticity limit of the metal
film while in the second one, those result in
fracture of the aluminum film in MES.
Since the elastic stresses are directly pro-
portional to increase in the material linear
dimensions, at I, a little bit exceeding I,
the failure of aluminum contact begins at
the MES periphery where the elastic
stresses are higher than at the center due to
large strains. An increased Al diffusivity in
Si is to be expected in this case, since under
PLI, elastic tensile stresses appear in Si con-
tact layer and compression ones in Al contact
area (Fig. 8). Such processes at Iy < I, favor
the relaxation of dot crystal defects in Si
(vacancies and interstitial atoms), packing
defects, shifts of dislocation lines, diminu-
tion of the cluster size in the near-contact
Si area in solid phase. As is known, the
effective thermal annealing of defects in
chips is carried out at temperatures much
below the melting point (T',,): for vacancies,
T =0.2T,, for interstitial atoms, 0.05T,,,
for dislocations, 0.5T,, [8].

It is expedient to consider the quantita-
tive assessments of thermoelastic stresses in
Al-Si structures in the case when under
local PLI, the stresses become developed at
characteristic distances commensurable with
the thickness of aluminum film and of the
transition layer and are within the elastic-
ity limits of the aluminum film. The maxi-
mum stress values at the MES interface in
the absence of phase changes (T' < T, Iy~
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100 kW/cm?2) calculated using the proce-
dure [8] amount 6, = G,, = 6.7-8.1 MPa and
increase linearly wi%h the irradiation intensity.
The track of a neutral plane (ny =0,,=0)is
located at a distance 35-40 um from MES,
and the signs 6,,, 0,, correspond to tensile
stresses for Si at the MES interface and
compressing ones at the non-working side of
the structure. If there is no temperature
gradient in the irradiated structure and the
Poisson coefficients | for separate layers
are close together, it is possible to estimate
radial o, and tangential oy thermoelastic
stresses at the Al-Si interface using the re-
lations for two-layer structures [9]:

Opp= Gpp = - (Ogp = Opg)AT N (L + WEpx
r 1 1 b 2EgJg +Epdp)
(1 =W + ) siVsi T Ear Al
Egl  Eph

L= Gpp = (Oppr = Apg)AT 1 L+ hEgx i ’
r 1 1 L 2Egdg + Epdn) |
1 -wWe—+—=) s'si* Faral
EgL  Epp

ey
where L and hk are thickness of a silicon
substrate and aluminum film, respectively;
Eg; and Ep|, elastic moduli, Jg; and Jp, in-
ertia moments of sections of layers relative
to the neutral line. Taking into account that
L=300um >>h=1 um, it is possible to
take ESI ~ EAl’ ESIL >> EAlh” JSI and JAl
equal Jg; = hL2/4, Jp = L3/12. Then the re-
lations (1) become simpler:

Ghl"= Ghe = _GOT(l + 6hX/L2), (2)
Oor = (Ora) — OrsATEA) /(1 — W).

The estimated value of elastic stresses ¢, =
0g = 15.6 MPa obtained for contact layer of
silicon at a heating of structure on AT =
500°C quite is according with a value Oyy =
6,, = 8.1 MPa, calculated on a procedure [8].

The experimental results and quantita-
tive assessments of elastic stresses evidence
the thermal mechanism of PLI effect at
MES irradiation both from the metal side
and through a silicon substrate. It is possi-
ble to explain some behavior features of de-
fect systems under irradiation of an Al-Si
structure through silicon, taking into ac-
count the dependence of radiation absorp-
tion coefficient in a semiconductor on its
temperature. So, at Iy < I,, the A =1.06 um
radiation at the structure irradiation from
the semiconductor side is absorbed mainly
at the Al-Si interface. The I increase up to
Iy =1, results in an increased temperature
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gradient at the interface and accelerated
motion of the thermal front into the semi-
conductor. This promotes a fast heating of
the semiconductor and increasing radiation
absorption coefficient in the semiconductor.
Thus, the back edge of radiation pulse does
not achieve the AI-Si interface but is ab-
sorbed in the semiconductor bulk, and the
structure is heated homogeneously. This
process is similar to an usual thermal an-
nealing. In this case, mechanical stresses at
the Al-Si interface may arise only due to
difference between the temperature expan-
sion coefficients of materials, but the heat-
ing duration is already sufficient to provide
the time for system relaxation, whereas at
I, <1, mechanical stresses induced by the
temperature gradient are increased due to
difference in temperature coefficients of in-
teracting materials. The further increase in
Iy results in that the energy becomes ab-
sorbed mainly in the subsurface layer of
silicon and temperature gradients arising in
the subsurface layer are so high that may
cause a local or complete failure of the
chip. The failure may have not only elastic
but also fatigue [5] character. During the
PLI experiments, the structures were ob-
served to fail 2—8 s after the pulse action.

A similar effect at the specified intensity
does not arise in the first SD group for two
reasons: a) the energy absorbed in structure
is different because of differences in reflec-
tion factors of aluminum (Rp = 0.95) and
silicon (Rg; = 0.80); b) a thin aluminum film
of a thickness # =1 um on the surface of Si
(L = 300 um) becomes scaled or destroyed at
considerable thermoelastic loads [4, 6].
Therefore, irradiation of an Al-Si structure
at Iy < I,, corresponding to heating of alu-
minum contact and appearance of thermoe-
lastic stresses at the Al-Si interface not ex-
ceeding the Al elasticity limit results in re-
distribution of the defect system in the very
thin subsurface layer of silicon. Taking into
account that thermal expansion coefficient
of aluminum exceeds approximately 10
times that of silicon, the linear increase of
the defect density at the edges of aluminum
contact at an extension of the contact linear
dimensions can be understandable. Using
the concept of thermoelastic stresses [5, 8—
10] at phase interfaces in the metal/semi-
conductor contacts, it is possible to explain
abnormal diffusive profiles of aluminum in
silicon [4-T].

When an aluminum-silicon structure is
irradiated through a silicon substrate and
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the radiation is absorbed only at the inter-
face, the stresses in silicon are developed
similarly to the case of irradiation from the
metal side but also here, those attain Oyy =
6,, = 45-125 MPa at the same radiation
intensity and, as is seen, may even exceed
the highest permissible values for silicon,
being © . 100 MPa [8]. The neutral sur-
face track in this case is shifted towards
the silicon free surface.

The temperature dependence of the ra-
diation absorption coefficient in a semicon-
ductor results in a qualitatively new stress
distribution in a silicon plate. On the sur-
face under irradiation, the compressive
stresses up to about o,,=0,,=20-
120 MPa are developed. The a neutral line
track is about 5-10 um from the silicon
free surface.

It is possible to suppose that the ther-
moelastic stresses about 10-25 MPa at the
metal /semiconductor interface will cause a
rearrangement of structural-impurity defect
systems in subsurface silicon layer and an
activation of diffusion processes.

To conclude, the experimental results ob-
tained confirm the model of the PLI ther-
mal effect on MES with a Schottky barrier.
The thermoelastic stresses arising in the Al-
Si structures under the MES irradiation
both from the side of metal plating and
from that of the semiconductor may result
in a redistribution of structural-impurity
defects in the subsurface silicon layer in the
absence of a melt at the Al-Si interface and
in the chip failure. When applying the PLI
of MES through the semiconductor sub-
strate, it is necessary to take into account
the possible dependence of the radiation ab-
sorption coefficient in a semiconductor
from the material temperature at different
wavelengths and mechanisms of the radia-
tion interaction with the material. The ther-
moelastic interaction of layers in MES is
confirmed by the dependence of a surface
defect density and distance at which the
defects are observed at the SD periphery on
the radial size of contacts. The mechanically
destroyed metal film at Iy > I, may act as a
getter of defects. The thermoelastic stresses
in MES layers at PLI may activate the dif-
fusion processes through the metal/semi-
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conductor interface. The diffusivity values
for interacting materials should differ in
this case from the corresponding parame-
ters for volume diffusion, as the specified
process is carried out in a field of elastic
forces at the interface.

As the metallographic examinations evi-
dence, the laser-stimulated interaction in
MES at the Al-Si interface makes it possible
the formation of a nanosized structurized
(perhaps porous) transition silicon layer due
to relaxation of thermoelastic stresses in the
subsurface silicon layer. It is to emphasize
that all processes of the transition layer for-
mation in this case also occur in the solid
phase, as well as redistribution of structural
defects at the periphery of the Schottky di-
odes. Of a specific interest are studies of elec-
trophysical, optical, and luminescence charac-
teristics of such a transition layer.
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Tepmonpy:xkHui B3aemongii B crpykrypax Al—n—Si—Ni
NpPH iMIyJIbCHOMY JIa3€epHOMY OIIPOMiHEHHI

I'.1.Bopo6eysb, M.M.Bopobeyw, A.Il.Dedopenko

MeTogamu pacTpoBol eleKTPOHHOI MiKpocKomii Ta onTmurol Merasiorpadii exkcliepuMeH-
TAJBbHO TOCHIIMKEHO mpollecu (POPMYBAHHSA TA IIEPEPOIIONiNy CTPYKTYPHUX medeKTiB y mpu-
KOHTAKTHOMY IIapi KpemHio Tepmiuno HeBiznamenmx ctrpykTyp Al-n—Si BHaciaizor npossy
TePMOIPYKHIUX HAIPYr IPU IMOYyJIbCHOMY JazepHoMy ompoMminenHi. Bussieno dopmysanusa
CTPYKTYPOBAHOTO IIePeXiTHOro Iapy Ha MexXi MeTral-HaIiBOPOBIAHMK HpPU peaarcamnii mpy#-
HUX Hanpyr y metaiisanii. [Inda noscHeHHs ocobyuBocTell HmOBeJiHKU cucTeM JedeKTiB Ha
nepumerpi xmioxgie IlMorrki mpum ompomiHeHHI CTPYKTYp dUepes KpeMHieBe OIITHYHE BIKHO
3aIpPOMOHOBAHO (isMUHY MOJgejb BILIMBY JIA3€PHOrO NPOMIHHSA HA KOHTAKT MeTaJl-Ha-
HiBIPOBiIHUEK, AKA BPaxOBYE€ TEMIEPATYPHY 3aJleKHIicTb KoedilieHTa IOTIMHAHHA BUIIPOMI-
HIOBAHHA Yy HANIBIPOBiTHUKY.
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