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Nickel induced crystallization of amorphous silicon thin films
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Nickel (Ni) induced crystallization of amorphous silicoa-Si) has been studied by selective
deposition of Ni ona-Si thin films. Thea-Si under and near the Ni-covered regions was found to

be crystallized after heat treatment at 500 °C from 1 to 90 h. Micro-Auger electron spectroscopy
revealed that a large amount of Ni stayed in the region under the original Ni coverage, but no Ni was
detected either in the crystallized region next to the Ni coverage or in the amorphous region beyond
the front of the laterally crystallized Si. X-ray photoelectron spectroscopy revealed a nonuniform Ni
distribution through the depth of the crystallized film under the original Ni coverage. In particular,
a Ni concentration peak was found to exist at the interface of the crystallized Si and the buried
oxide. It was found that a layer of 5-nm-thick Ni could effectively induce lateral crystallization of
over 100um of a-Si, but the lateral crystallization rate was found to decrease upon extended heat
treatment. Transmission electron microscopy analysis showed that the crystallized film under the Ni
coverage was composed of randomly oriented fine grains, while that outside the Ni coverage was
mainly composed of largel 10)-oriented grains. A unified mechanism is proposed to explain the Ni
induced crystallization of-Si and possible reasons for the reduction in the lateral crystallization
rate are discussed. @998 American Institute of Physid$§0021-897@8)09713-§

INTRODUCTION EXPERIMENT

Metal induced crystallizatioMIC) of a-Si, amorphous Thin 70 nm to 1um a-Si films were deposited on oxi-

Qefma!”i“m (a-_Ge) , Or amorphous SiGe has been intenselydized Si wafers by low pressure chemical vapor deposition at

investigated with either double layers of metal and the amorgc( o SiH was used as the Si source gas at a flow rate of

pnso?us semsicondqcting material or metal implanted i_nto 70 sccm. The deposition pressure was about 300 mTorr. Ni

SI”" or Ge. Studies showed that MIC could dramgtlcglly fi¥ns with thickness ranging from 5 to 10 nm were deposited

decrease the temperature necessary for the crystallization g

a-Si anda-Ge. For those metals forming eutectics with Si. it m an electron beam evaporator at a rate of around 0.02—-0.03
' 9 " nm/s. A quartz resonator was used to monitor the deposition

is believed that the dissolution of metal atoms in Hhé&i . . : .
may weaken the Si bonds and enhance the nucleation anrgte and the film thickness. The base pressure in the deposi-
tion chamber was 10 Torr, but rose to 107 Torr during

growth of crystalline SF. Tan et al® further suggested that :
the breaking of the metastable metali®i-Ge bonds facili- the evaporation. The wafers were cooled to keep the tem-
°C during the evaporation. Prior to load-

tated the local rearrangement of atoms required for crystalli_perature helow 100

zation. On the other hand, for those metals forming silicided"d 'th.e wafers into the evapprqtor, the natwe_ox@e on the
with Si, such as Ni, it has been suggested that the formatiofi™S! films was removed by dipping the wafers in dilute HF.
of silicides with lattice constants close to that of Si is a  >amples with both blanket and patterned Ni coverage
necessary prerequisite for MCThough this seems to indi- Were prepared for the study. For patterned Ni samples, a
cate epitaxial growth, the exact mechanism needs to be fufllt-0ff process using photoresist was employed. The photo-
ther clarified. Recently, selective deposition of palladin ~ "€Sist was first patterned to expose selected regions of the
Ni%on a-Si thin films was found to induce crystallization a-Si thin film before the Ni evaporation. After the Ni had
of a-Si outside of the metal coverage. This phenomenon hal€en deposited, the wafers were dipped in acetone for over
been called metal induced lateral crystallizatid@iLC). 10 h. Ni deposited on the photoresist was removed together
In this work, both MIC and MILC ofa-Si using Ni have ~ With the photoresist while Ni deposited on theSi stayed
been studied using micro-Raman scattering spectroscopy, Rehind. The wafers were then cut into<1 cnf square
ray photoelectron spectroscop¥PS), micro-Auger electron Samples for the subsequent heat treatment.
spectroscopy(AES), orientation image microscopfOIM), Heat treatment was done at 500 °C in a conventional
and transmission electron microscog§¥EM). A unified atmospheric pressure horizontal furnace for duration ranging
mechanism is proposed to explain the Ni induced crystallifrom 1 to 90 h. During the heat treatment; Mas delivered
zation ofa-Si. at a flow rate of 5//min from a liquid N, source(purity
above 99.99%into a 6 in. diameter quartz tube. However,
dCurrent address: Department of Information Science and Electronic Engi-Slnce the tgbe was not tightly ;ealed at Fhe |0§.d|ng end, O
neering, Zhejiang University, Hangzhou 3100027, China. together with the laboratory air, could diffuse into the tube
B'Corresponding author; electronic mail: eemwong@ee.ust.hk and degrade the purity of Nn the tube.
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FIG. 2. XPS depth profiles of Si, Ni, and O concentrations in a Ni covered
FIG. 1. Raman spectra of the Si films with and without a 10 nm Ni cap aftersilicon film afte 1 h of heat treatment at 500 °C.
the heat treatment.

Mi R tteri N XPS. AES. OIM then stabilized to about 4% in the bulk of the film before
Icro-Raman scaftering spectroscopy, ’ '~ finally increasing to about 10% near the interfdralicated
and TEM were used to characterize the samples. A Renisha the sharp rise in the XPS oxygen signaf the film and

3Qt(k)10thm|c5rfA-fR5amanl_ syitem Wai u_sedl at roc_)rrrr: t(ta)mpkeratltJri e buried oxide. Si was not detected on the surface before
Wi € - M lin€ from an Ar ion faser. the backscaly, s sputtering, indicating the diffusion of Si in Ni and

tered light was collected and focused onto a single gratingNio was slow at the heat treatment temperature of 500 °C.
polychrometer. The dispersed light was detected by a Peltier i(l'he changes in the Ni(®), Si(203), and O(%) XPS
cooled 576384 pixel charge coupled devid€CD). The spectra with sputter time are summarized in Fig. 3. The

overall I’eSO|LitI0n was a.b?t 2t_c‘rﬁ. PThi' XEP|S anl\(jl '?‘jElsthfroad Ni(23) peak obtained near the surface—the 1 min
measurements were carried out in a Ferkin Eimer Mode ne in Fig. Ya—indicates that Ni exists as a mixture of

5600 surface analysis system. Ar ions with energy of 4 ke\)NiO, Ni,Os and elemental Ni. Corresponding peaks ob-

were used fof sputtering during depth profiling. The S.p_uuertained inside the Si filmthe 25, 40, and 75 min lingsre
rallte.was calibrated to be 2 nm/min for thermal S'l'conlocated near a binding energy of 853.6 eV, indicating Ni
dioxide. most likely exists in a silicide-like form. For the Sif3)
state, two peaks were detected near 103.5 and 99.7 eV in the
subsurface region—the 10 min line in FigbB—indicating

The Raman spectra of the samples heat treated with @i in this region is partially oxidized. This conclusion is fur-
without a 10 nm Ni cap are shown in Fig. 1. TheSi films  ther supported by the location of the Qlstate—near 533
were 1 um thick and heat treated fdl h at 500 °C. The eV in Fig. 3c)—obtained at the same depth. The Sig)
spectrum of the sample without the Ni cap shows a broagheaks in the bulk of the film indicate no significant chemical
structure near 480 crt, with a full width at half maximum  shifts from the elemental Si value of 99.5 eV.
(FWHM) of 60 cm L. This is a broad transverse optical MILC has been studied using samples with 5 nm of Ni
spectrum typically associated wighSi. The spectrum of the patterned on 70 nm Si thin films. The optical micrograph of
sample with the Ni cap has a peak centered at 520%mith a sample heat treated for 16 h at 500 °C is displayed in Fig.
FWHM of 8.6 cm L. The FWHM is larger than the 4.5 cth 4. Three distinct regions are visible: that with the darkest
obtained for single crystal silicon, indicating the film is poly- contrast(area } was originally covered by Ni. This is sur-
crystalline. However, the absence of a broad peak centered edunded by a regioriarea 2 with the brightest contrast,
480 cm't is apparent, indicating MIC has occurred and thewhich is in turn embedded in a gray region labeled area 3.
entire film has been crystallized after the heat treatment. Typical Raman spectra obtained in areas 1, 2, and 3 are

XPS depth profiling was performed on thinrei films ~ presented in Fig. 5. The broad structure near 480'dmthe
to further investigate the characteristics of the MIC region.spectrum obtained in area 3 indicates the film remained
The concentration variations of selected elements across ttamorphous. Instead of the broad structure, sharp peaks near
thickness of a 100 nra-Si film originally capped by 10 nm 520 cm ! were detected in the spectra obtained in areas 1
of Ni are plotted in Fig. 2. The oxygen profile shows a con-and 2, indicating thea-Si in these two regions has been
centration above 40% on the surface, indicating Ni on thecrystallized. This provides direct evidence that MIC and
surface was partly oxidized. The Ni concentration profile inMILC have occurred in areas 1 and 2, respectively. The
the crystallized Si film first decreased with Ar sputtering, FWHM of the Raman peak obtained in area 2 is about 7.8

RESULTS
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FIG. 5. Typical Raman spectra obtained(@ the Ni covered regiorarea
FIG. 3. The variations of the XPS spectra(af Ni(2p3), (b) Si(2p3), and 1), (b) the MILC region(area 2, and(c) the amorphous Si regici@area 3 in
(c) O(1s) with sputter time. a sample after heat treatment.
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FIG. 6. TEM and TED micrographs taken in the crystallized silicon film
near the edge of the Ni coverage after 16 h of heat treatment at 508)°C.
Dark-field TEM micrograph(b) TED in the MIC area, andc) TED in the
MILC area.

Jin et al. 197
C
Q -
g b
3 gty
=
o
.g —% ‘ a N
~
=
? .
= O Ni Si
0 400 800 1200 1600
Kinetic Energy (eV)

FIG. 7. AES spectra obtaine@) in the MIC region(area }, (b) in the

MILC region (area 2, and(c) in the amorphous Si regiofarea 3 of a
sample with 100 nm amorphous silicon film and 5-nm-thick Ni, after 16 h of
heat treatment. The spectra were taken after removing the top surface by a 2
min Ar ion sputtering.

in the MILC area indicates the large grains are primarily
(110 oriented.

The gray scale contrast observed in Fig. 4 is probably
caused by the different optical coefficients of Ni/Ni@rea
1), poly-Si(area 2, anda-Si (area 3. It is worth noting that
the MILC length along the length of the Ni covered lines is
similar to that near the end of the Ni line.

The AES spectra obtained in areastiace a, 2 (trace
b), and 3(trace ¢ are presented in Fig. 7. The spectra were
taken after Ar sputtering of the top surface to remove ad-
sorbed contaminants. Ni signal is significant in area 1, thus
indicating a large amount of Ni still remains in the area with
the original Ni coverage. The atomic concentrations can be
estimated to be 4.64%, 11.63%, and 83.73% for O, Ni, and
Si, respectively. Regardless of whether AES was performed
before or after the Ar sputtering, no Ni signal was detected
either in the MILC region(area 2 or in the amorphous re-
gion (area 3, as indicated by the corresponding AES spectra
in Fig. 7. Oxygen is detected in both the MILC region and
the a-Si region even after the Ar sputtering, probably result-
ing from unintended oxidation during the heat treatment.

After 7 h of heat treatment, it is evident from the OIM
micrograph in Fig. 8) that the entire area between the Ni
covered square islands has been crystallized, with two
smooth but wavy crystallization fronts enveloping the is-
lands. The MILC lengthI(;) midway along the edge of an
island is significantly longer than that ¢) midway between
the islands. After 21 h of heat treatment, the MILC front
straightened out, as shown in the OIM micrograph in Fig.
8(b).

The MILC length perpendicular to the long edge of a Ni
covered line is plotted as a function of the heat treatment
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FIG. 8. OIM micrographs of 100-nm-thick-Si films with 5 nm of Ni
covered square islands aft@ 7 and(b) 21 h of heat treatment at 500 °C.
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FIG. 10. MILC rate as a function of the heat treatment time.

than those for the other three series of samples with thinner
a-Si films. The rate seems to stabilize at Juimh/h for the
1-um-thick sample between 3 and 20 h of heat treatment.
However, the rate clearly decreased upon extended heat
treatment for all the samples.

MECHANISM OF MIC AND MILC

The most striking feature resulting from MIC is the ap-
pearance of a Ni peak at the bottom of the crystallized film
(Fig. 2. Hong et al? observed a similar “inversion”of Ni
and Si after silicide induced secondary grain growth of poly-
silicon. However, they did not suggest any mechanism that
could possibly explain the “long range” transport of Ni

time in Fig. 9. The measurement was carried out using agyrq,gh the entire thickness of the film. This gap in the un-

optical microscope with a resolution better thamuth. The

derstanding can be bridged using the observations of

MILC rate as a function of the heat treatment time has beerlllayzelderet al’® They proposed that “nodules”of Nigin
estimated and plotted in Fig. 10. It can be seen that th, 5 _gj host first initiated crystallization of Si on some faces

MILC rate for the 1um-thick a-Si sample is slightly higher

MILC Length (um)

FIG. 9. MILC length as a function of the heat treatment time.
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of the nodules. Usingn situ TEM, they observed decompo-
sition of NiSk, at the interface between the crystallized Si
and the NiSj nodule and the formation of new NiSat the
interface between the nodule and taeSi. This transporta-
tion of Ni through the nodules resulted in the movement of
the nodules away from the crystallized regions of Si. Com-
bining the observations of Hong and Hayzelden, we propose
that Ni induced MIC ofa-Si occurs via a three-step process:
silicide formation, breakup of the silicide layer into small
nodules, and transport of the silicide nodules through the
a-Si film.

At the early stage of the MIC heat treatment, Ni readily
reacts with thea-Si' and converts itself into NiSi Nucle-
ation and growth of small grains of Si crystal than take place
randomly along the interface between the Ni&nd the un-
derlying a-Si. It would not be surprising that the nucleation
was aided by the small lattice mismatch between Nisid
crystalline Si. Further growth of the crystalline grains even-
tually leads to the puncturing and break up of the Bli&yer.

For Ni, Hond? reported a low temperature of 500 °C when
the plastic deformation accompanying film puncturing oc-
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curred. Subsequent to the break up, small nodules of,NiSi  Crystallized Silicon NiSi, nodule

Hayzelde® observed that nodules with different sizes

moved at different speeds, with thinner ones generally mov-
ing faster. In the case of MIC, the fastest moving nodules . . .
will be found at the crystallization front, which is the inter- Dlv.er.gent Ni flux in
face between the crystallized Si and theSi. The slower 2 a NiSi, nodule at the
moving nodules will be trapped inside the crystallized re- crystallization front
gion, giving rise to the weak Ni XPS signal detected in the
bulk of the film. Once the crystallization front reaches the
bottom buried oxide, all remaining moving nodules are
stopped, thus contributing to the small peak of Ni XPS signal
at the bottom interface of the crystallized silicon thin film in

Fig. 2.

Based on the proposed model for MIC, MILC can be
easily explained. At the edges of a Ni covered region, a
certain number of the break-away NiSiodules will move
laterally into thea-Si region not O”g_ma”y covered by Ni. As FIG. 11. Schematic drawing showing the “elongation” of a Nisibdule
the nodules move laterally, arg+Si along the path of the during MIC.
moving nodules will be crystallized. Because the film is thin,
crystallization occurs rapidly and any slow moving nodules

will be quickly trapped within a short distance from the ture deposited oxide during the extended heat treatment. An-

edges of the Ni covered reglion,'leavmg only_ the fasF MOVING,iher possibility is that the MILC rate itself would decrease
nodules at the MILC crystallization front. This explains why upon extended heat treatment

When using TEM, the MI.LC region was opserved to be es- Using in situ TEM, Hayzeldenet al!® observed an in-
sentially nodulethence Nj free, possibly with only a small

b £ NiSi X t th taliization froff. O crease in the MIC rate with decreasing size of the NiSi
numoer o 1S grains at the <‘:r),/,s_a 1zation front. DU hoqules and explained the phenomenon in terms of the
micro-Auger analysigspectrum ‘b” in Fig. 7) also indi-

cated the MILC region is essentially Ni free. Further evi- higher Ni diffusion fluxes through thinner nodules. The pro-

dence of the similarity between MIC and MILC is their com- jected MIC rate at zero thickness would be infinitely fast.
parable rates. The l\/)I/ILC rate of 16m/h%1 at 500 °C is However, this cannot be true in reality since there is no crys-

only slightly smaller than the MIC rate of 1.8m/h (0.5 tallization in the absence of NigSgo that the MIC rate must

. ) . be zero when the thickness is exactly zero. Thus, if the thick-
13 [} 1
nm/9,™ obtained at a slightly higher temperature of 507 C'ness of the nodules are not stable and continue to decrease

during the heat treatment, the MILC rate should increase at
MILC UPON EXTENDED ANNEALING the beginning, reaches a maximum at a certain critical nod-
ule thickness and subsequently decreases.

The wavy front in Fig. 8a) can be approximated as the  Based on Hayzelden’s model, which does not impose
superposition of a sequence of smaller “circular” crystalli- any restriction on the direction of the Ni diffusion flux as
zz_ition front_s. These smaller fronts, approximately concentri%ng as it goes from a crystalline interface to an amorphous
with the Ni covered square islands, resulted from the twQnterface, it is not difficult to understand why the nodules
dimensional random isotropic movement of the microscopiGygyid change shape, becoming thinner along the direction of
NiSi, nodules in thea-Si medium surrounding islands. After ¢yystallization and stretching out in the corresponding per-

a further 14 h of heat treatment, when the radii of thependicular direction. This situation is schematically illus-
“circles” became sufficiently large, the front of each circle rated in Fig. 11.

flattens out and the waviness disappeared, as shown in Fig.
8(b).

The_ MII__C length as a function of heat trea_ltment time asg;MMARY
shown in Fig. 9 clearly shows that the rate of increase of the
length slowed down upon extended heat treatment. This Ni induced crystallization ofa-Si was studied using
trend is obvious from the dependence of the estimated MILGnicro-Raman, XPS, AES, TEM, and TED analyses. Results
rate on the heat treatment time, as plotted in Fig. 10. Ashow that during MIC, Ni redistributed in the Si film and
number of factors could be responsible for the reduction impiled up at the buried interface of the Si film and the oxide
the MILC rate. Since it is known that oxygen contaminationsubstrate. Ni inside the crystallized Si exists in a silicidelike
could degrade Ni diffusion and its reaction with$ipne  form. A 5-nm-thick patterned Ni can effectively induce crys-
possibility is that the residual oxygen in the furnace slowlytallization and lateral crystallization &-Si. AES detected
oxidized thea-Si not yet crystallized, thus giving rise to no Ni in the MILC region. A unified mechanism is proposed
gradually decreasing crystallization rate. But this possibilityfor MIC and MILC and possible reasons for the reduction in
is eliminated when it is observed that a similar reduction inthe MILC rate during the extended heat treatment are dis-
the MILC rate is present in samples covered by low temperaeussed.

move away from the crystallized top region of taesi film. — ™\ M

Thinner NiSi, nodule
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