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Electrical and structural properties of poly-SiGe film formed
by pulsed-laser annealing
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Electrical and structural properties of polycrystalline silicon germani(poly-SiGe films
fabricated by pulsed-laser annealing were investigated. Observation of laser-induced melt-regrowth
of SiGe films using transient conductance measurement revealed that the melt depth and the
crystallization velocity increased as Ge concentration increased. The increase of the crystallization
velocity resulted in increase of the average size of crystalline grains from 66 to 120 nm at the laser
energy density of 360 mJ/énwith increasing Ge concentration from 0 to 60%. The crystalline
volume ratio obtained by reflectivity spectra in the ultraviolet region also increased from 0.83 to 1.0.
Numerical analysis revealed that the density of electrically active defects decreased from
3.5x10® to 1.1x 10 cm™ 2 as Ge concentration increased from 0 to 80%. The density of defect
states of $jgGe, , films were reduced from 3:610™ to 1.9x 10®¥cm™ 2 by 13.56-MHz hydrogen
plasma treatment at 250 °C, 30 W, and 130 Pa for 30 s. However, the plasma treatment did not
reduce the defect density for,SGe, g and Sj ,Gey gfilms. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1707216

I. INTRODUCTION taxy equipment at room temperatdr&hey were also fabri-

N . . cated by plasma-enhanced chemical vapor deposition at
Pulsed-laser crystallization is an attractive method with 00°C, 0.3 Torr using Sikand GeH mixture gases. Boron

reduction of processing temperature because of local an . . .
. . . . . atoms were implanted with a concentration of
rapid heating. It has been widely applied to formation of P—— . . .
) o L 3.2x10%cm ™2 by the ion doping method with an accelera-
polycrystalline silicon(poly-Si) thin films on glass substrates . . ) i
o S . . tion energy at 10 keV. The a-SiGe films were crystallized
for fabricating thin-film transistor§TFTs) at low processing using 28-ns(full width at half-maximuri XeCl excimer la
temperature$:® Silicon germanium(SiGe is also an attrac- 9

) ; e . ~ . ser irradiation in vacuum atx10~°® Torr with no substrate
tive electronic materials in order to look for TFTs with a high . . . . L .

- R . . heating. Five-shot multiple step laser irradiation was carried
hole mobility. Pulsed-laser crystallization of SiGe films,

) . gut. The laser energy density increased stepwise from 150 to
however, has not been investigated enough to apply th‘3“60 mJ/cr with a step of 30 mJ/cffor samples with Ge
method to TFT fabrication. Dynamical properties of laser . 0 0 i
o ; X . . concentrations from 0 to 60%. For the 80% of Ge concen

crystallization of SiGe films and electronic properties of =~ . . .

oly-SiGe should be clear tration samples, the maximum laser energy o_lensny was 240
P ) . ’ . . mJ/cn? because the high Ge concentration films had lower

In this article, we report the analysis of electrical and

. . ' . . crystallization and amorphization threshold ener§ies.
structural properties of poly-SiGe films fabricated using . . . . -
. . : In order to investigate properties of melting and solidi-
pulsed-laser annealing. We first discuss melt-regrowth Props.,

. . . LT . tion of SiGe films during and after laser irradiation, the
erties of SiGe films usingn situ measurement of electrical . . .
- , . : : transient conductance of the films were measured. The high
conductivity of the films during and after laser irradiatfon.

We then show that the average grain size increases as the e!gctncal conductmty of liquid SiGe or S]“O‘.‘ S/em)
Ives the melting volume and the melting duration for the

concentration increases. We report the poly-SiGe films with ims. Aluminum-gap electrodes with a width and a length of

high Ge concentration have a higher crystalline volume ratiQ2000 and 400um, respectively, were formed on undoped

than that of poly-Si films. Analysis of defect states in the_: . ) )
: ) . : . : ._SiGe or Si films by vacuum evaporation and etching. A volt-
poly-SiGe films using a numerical simulation program is . ) .
. age was applied to the samples. The transient current during
also reported. Moreover, we also discuss effect of hydrogen o L
. . .~ —and after laser irradiation was coincidently measured as a
plasma treatment for the defect reduction of poly-SiGe films. :
voltage at the load resistance connected between sample and
ground using a 1-GHz high-speed digital oscilloscope, as
Il. EXPERIMENT shown in Fig. 1. The electrical conductivityr§s) was es-

Amorphous silicon germaniunfa-SiGe films, 50 nm timated by the equation

thick, with Ge concentration from 0a-Si) to 80% were
formed on quartz glass substrate using molecular-beam epi- Vout
Tsice™ : 1)

r t(Vdc_ Vout) Rload
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FIG. 1. Schematic apparatus of transient conductance measurement. The dc Ge concentration (%)
voltage was applied to the samples. The transient current was measured by
1-GHz high-speed digital oscilloscope.
200
_ _ 360 mJicm? (b)
whereW andL are width and length of aluminum electrode,
respectivelyt is the thickness of the filma/,. is the voltage =150 F
applied to the sample¥,, is the voltage at load resistance, £
and Rj,oq is the load resistance connected between sample §
and ground. © 100
In order to observe crystalline grains of poly-SiGe films, 3 240 mJ/ocm?
transmission electron microscop€EM) measurement was =
carried out. The crystalline volume rati€) was estimated = 50 L
by analysis of thee, peak, which appeared around 275 nm
in optical reflectivity spectra, using a numerical calculation 0
program constructed with the Fresnel coefficient method.
The effective complex refractive index of the poly-SiGe 0 20 40 60 80
films (n,) is given by Ge concentration (%)
ﬁp:C’ﬁc‘*’(l_C)ﬁa, 2 FIG. 2. Maximum electrical conductivity of molten silicon obtained by

h ~ dm th | fracti ind f subtracting the upper limit of the electrical conductivity of solid films at 50
Where ne and n, are the complex reifractive INOEXes Ol gem from (a) the experimental maximum conductivity arid) the melt

single-crystalline and amorphous SiGe, respectiVel§/Fit-  duration, which was defined as the duration for the electrical conductivity
ting the calculated reflectivity spectra to experimental onegbove 50 S/cm, as a function of Ge concentration for laser energy density of
gave the crystalline volume ratio. In order to analyze defecg#C and 360 mJ/cfninset shows changes in the electrical conductivity for

. . . .. a Ge concentration of 20% at laser irradiation of 240 m3/ddashed line
states in the pon-SlG_e f|In_1$,—V qhara_ctenstlcs were mea- ghows the upper limit of solid phase conductivity.
sured for the poly-SiGe films with different temperatures.
Samples were also treated with 13.56-MHz rf hydrogen

plasma treatment at 30 W, 130 Pa, and at 250°C for 30 s. from 210 to 4200 S/cm at 240 mJ/éras Ge concentration

increased from Qpoly-Si) to 80%. It also increased from
lll. RESULTS AND DISCUSSION 1100 to 5100 S/cm at 360 mJ/éras Ge concentration in-
Melt-regrowth properties were obtained with different creased from 0 to 60%. The high maximum electrical con-
Ge concentrations with experimental change in the electricalluctivity indicates that the films with the high Ge concentra-
conductivity, as shown by the inset in Fig. 2. The shape otion were melted deep below the surface by laser irradiation.
change in the conductivity had two peaks because our las&n the other hand, the melt duration increased 30% at most
pulse had two peaks of the power intensity; the first one hads the Ge concentration increased from 0 to 80% for a laser
a high intensity and second one had a low intensity. Weenergy of 240 mJ/cfa
determined the upper limit of the electrical conductivity of The increase of the melt duration with increasing Ge
solid films as 50 S/cm, which was the maximum conductiv-concentration results from the decrease of the melting point
ity just below the crystallization threshold. Figure 2 showswith increasing Ge concentration. If the melt-regrowth was
the maximum electrical conductivity of molten silicon ob- governed by the interface control growth, in which the inter-
tained by subtracting 50 S/cm froita) the experimental face between liquid and solid propagated in the depth direc-
maximum electrical conductivity and) the melt duration as tion at first(melting phasgand then came back to the sur-
a function of Ge concentration for laser energy densities oface (solidification phasg the liquid/solid interface moved
240 and 360 mJ/cfn The melt duration was determined as quickly for films with high Ge concentration from the results
the duration for the electrical conductivity above 50 S/cm.shown in Fig. 2'*® This means that the solidification veloc-
The maximum electrical conductivity increased markedlyity increased as the Ge concentration increased. The increase
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FIG. 3. Bright-field TEM images for poly-SiGe films with Ge concentra- g. -
tions of 20%(a), 60% (b), and 80%(c). o 10 _I_I—l_l—l_'_‘
L
5 _—
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of the solidification velocity probably results from the de- §20'(°)
crease of the latent heat energy at melting with increasing Ge @ 15¢
concentration. When the latent heat energy is large, as is the 510-
case for pure silicori1790 J/g,** the additional high energy w gl I_I_I—rl—
is needed in order to change the solid phase to the liquid = —|_| = o
phase at the melting point. This makes the melt depth low. 20 40 60 80 100 120 140 160 180 200 220
On the other hand, the high latent heat energy is released Grain size (nm)

from the liquid phase at solidification. The liquid/solid inter- _ _ . - _
ﬁlG' 4. Frequency of grain as a function of size for poly-SiGe films with Ge

face is heated again by rEIGa.Smg latent heat energy. The IConcentrations of 20%a), 60% (b), and 80%(c) obtained by Fig. 3. One
crease of temperature at the interface reduces the solidifiCgndred crystalline grains were randomly selected and diagnosed for each

tion rate. On the other hand, as germanium has a low later@e concentration.
heat energy of 510 J/4,the solid Ge can be easily changed

to liquid phase at the melting point and it is melted into deep o )
regions compared with silicon melting. In the solidification the laser energy density increased for each Ge concentration

phase, the low latent heat energy does not heat Ge-liquic@Se: Moreover, the crystalline volume ratio increased as Ge

solid interface so much compared with the Si melting caseconcentration increased. In the case of poly-Si films, the

The films with high Ge concentration can therefore have £rystalline volume ratio was 0.83 at laser energy density of
high solidification velocity. 360 mJ/crA. This means that only the 83% region had an

Figure 3 shows bright-field TEM images for poly-SiGe electrical band structure of crystalline silicon; the residual
films with Ge concentration of 20%g) 60% (b), and 80% 17% region had a band structure associated with disordered

(c). Each film was completely crystallized by laser irradia- bonding states. The crystalline volume ratio increased to 1.0

tion. Crystalline grains were formed close to each other. Th@S G€ concentration increased to 60% within the resolution
average size of crystalline grains obviously increased as th@f the analysis~0.03. An important reason of the high crys-
Ge concentration increased. Figure 4 shows the frequency &Illne volume r.atlo_ close to 1.0 was the increase in the grain
grain as a function of size for poly-SiGe films with Ge con- Size as s.hown in Figs. 3 anq 4.The for_matlon of I{;\rge grains
centration of 20%a), 60% (b), and 80%(c), obtained from resulted in small area of peripheral grain bqundarles per unit
Fig. 3. The grain size was defined by the longest length of€@- We measured the total length of grain boundaries per
every crystalline grain. The average grain size was increasedit aréa for the SisGe, ; and S ,Gey 6 films from the TEM
from 66 to 120 nm as Ge concentration increased from 20%

to 60%. Our experimental results of transient conductance 10
shown in Fig. 2 indicate that §iGe, ¢ films were melted by Ge=60%
laser irradiation at 360 mJ/cnR.2 times deeper and 1.2
times longer than §§Ge&,, films. Therefore, the solidifica-
tion velocity for Sp ,Ge&, ¢ films was approximately 1.8 times
higher than that of 3iiGe&), films. We therefore interpret
that the increase of the crystalline grains with increasing Ge
concentration shown in Figs. 3 and 4 results mainly from the
increase of the solidification velocity. In the case of &e, g
films, the average grain size was 126 nm, although the laser
energy density was 240 mJ/@mThe crystallization of

Sip ,Gey g films at 240 mJ/crhhad the melt depth and melt \ . ,
duration similar to those for $iGe, s at 360 mJ/crh (see 0'6270 300 330 360 390
Fig. 2). This confirms that 3i,Gg, g films were crystallized Laser energy density (mJ/cm?)

with the grain size similar to that for $iGe, s 360 mJ/cr.
FIG. 5. Crystalline volume ratio, which was obtained by analysis of reflec-

Figure 5 shows the crystalline volume ratio of poly-SiGe ; . , . ; )
tivity spectra in ultraviolet region using a numerical calculation program, as

films as a fun(_:tion of the |aser_ energy denSit_y TOI’ differenty fynction of laser energy density for poly-SiGe films with different Ge
Ge concentrations. The crystalline volume ratio increased a®ncentrations.

o
©

Crystalline volume fraction
o
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FIG. 7. Density of defect states, which were total density of tail-type and
100 F Gaussian-type defect states, obtained by the numerical calculation program,
as a function of Ge concentration in as-crystallized and with hydrogen
plasma treatment cases.

Electrical conductivity (S/cm)

10 v Ge=80%
¢ Gefeozﬁ’ to 1.6 S/cm as Ge concentration increased from 0 to 80%, as
102} : g::z‘go;: shown in Fig. 6a). The slope of electrical conductivity de-
® Ge=0% creased as Ge concentration increased. Hydrogen plasma
— Calculated treatment effectively increased the electrical conductivity
103 L s only for the Ge concentration from 0 to 40%, as shown in
20 25 3.0 3.5 Fig. 6(b). Their slopes further decreased. However, hydrogen
1000/T (1/K) plasma treatment reduced the electrical conductivity for
Sip ,Gey g film.

FIG. 6. Electrical conductivity as a reciprocal function of absolute tempera- . . .
ture for poly-SiGe films with different Ge concentrations in as-crystallized In order to analyze the density of electrically active de-

(@ and with hydrogen plasméb) cases. Hydrogen plasma treatment at fects, a numerical calculation program was developed using
250°C, 30 W, 130 Pa was carried out for 30 s. Solid marks show experifinite element method with statistical thermodynamical

mental electrical conductivities, and solid curves show calculated ones ob- . 15,16 .
tained by a numerical simulation program. conditions.”*” The potential energy for each element;)

was calculated by Poisson equation, as shown by

I
photographs given in Fig. 3. The total length of grain bound- ¢, = ;. ;+ > ﬂdz, (4)
aries per unit area were 3%2.0° cm for S {Ge , films and =1 €

1.6x10°cm for Sh.Geys films. 50% reduction of grain- wherep; is charge density for each elemeatis the dielec-
boundary length was achieved fromy ey, to Sp4Geye.  tric constant of the poly-SiGe for each Ge concentration, and
From the results of crystalline volume ratio, the averaged is the distance of elements. Two types of defect states were
width of electrical disordered states at grain boundaMég)(  introduced at grain boundaries. One is tail-type defect states,

was estimated as which have a peak density at conduction and valence band
1 edges. The density was exponentially decreased toward to
Wd=(1—C)><L—, 3 the midgap. The other is Gaussian-type defect states, which

d

have a peak density at the midgap. The Fermi energy level

whereC is the crystalline volume ratio obtained By peak  was determined by the charge neutrality condition through-
analysis and_g is the total length of grain boundaries per out the poly-SiGe films. Values of the effective density of
unit area. The width of electrical disordered states was estistates at the band edges, the specific dielectric constant, and
mated as 5.3 nm for §iGe,, films. Ten lattice layers had the bandgap for each Ge concentration of single-crystalline
electrical disordered states at grain boundaries. In the case 8iGe were introduced into the calculation program. Fitting
Sig./Ge ¢ film, the width of disordered states was less thanthe calculated electrical conductivity to experimental one, as
1.9 nm. It is interesting that laser crystallized SiGe films withshown in Fig. 6, gave the density of defect states in the SiGe
a high Ge concentration of 60% had a narrow width of grainbandgap.
boundaries and a large grain size. Figure 7 shows the density of defect states in the poly-

Figure 6 shows electrical conductivity as a reciprocalSiGe films, which is the total density of tail-type and
function of absolute temperature for poly-SiGe films as-Gaussian-type defect states, estimated by the numerical cal-
crystallized (a) and with hydrogen plasma treatme(ii). culation program as a function of Ge concentration for as-
Solid marks show experimental electrical conductivities anccrystallized and with hydrogen plasma treatment cases. In
solid curves show calculated ones obtained by a numericdhe as-crystallized case, the density of defect states decreased
simulation program. In the as-crystallized case, the electricdrom 3.5x 10'® to 1.1x10"%cm 3 as Ge concentration in-
conductivity at room temperature increased fromx10 2  creased from 0 to 80%. Those experimental results means
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that laser-crystallized SiGe films with a high Ge concentra-analysis, also increased, from 0.83 to 1.0. The total length of
tion have low disordered defect states compared with lasegrain boundaries per unit area was reduced fronx3a® to
crystallized pure silicon films. From the results of the defectl.6x10°cm as Ge concentration increased from 20% to
density and average grain size obtained by TEM observatior§0%. The widths were consequently reduced from 5.3 to 1.9
we calculated the density of defect states at grain boundamm. Analysis of an electrically active defect using a numeri-
per unit areaDg), as cal calculation program revealed that the density of defect

D.=D.XG (5 States decreased from X80' to 1.1x10¥cm 3 as Ge

g Tp concentration increased from 0 to 80%. This reduction was

where D, is the density of defect states in the poly-SiGe probably associated with the reduction of the disordered re-
films obtained by the numerical simulation program &  gion, which was analyzed by TEM images and optiEal
the average grain size. The density of defect states at grajgeak. In the case of SiGe, films, 13.56-MHz hydrogen
boundary were estimated to be %10, 1.0x10", and plasma treatment at 250°C, 30 W, and 130 Pa for 30 s ef-
6.8x 10" cm™ 2 for the SpGey,, ShiCens, and Sy Ceyg  fectively reduced defect density from A0 (as-
films, respectively. The density of defect states at the grairrystallized to 1.9< 10"¥cm™3. However, the defect density
boundary gradually decreased as Ge concentration increasegas hardly changed by the plasma treatments for high-Ge-
The reduction in the defect density was probably associatedoncentration samples.
with the reduction of the disordered region at grain boundary
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