Proc. of the 2nd Int.Semiconductor Technology Conf. ISTC2002, Tokyo, Vol.2002-17(2002, ElectroCcemical Society)
ISTC2002 Slicon and Oxide Technology 148

PUL SE DURATION EFFECTS ON LASER ANNEAL SHALLOW JUNCTION

A. Matsuno, K. Kagawaand Y. Niwatsukino
Research Center, Research Divison, Komatsu Ltd.
1200 Manda, Hiratsuka, 254-8567 Japan, akira_ matsuno@komatsu.co.jp

T. Nire
Phoeton Corp.
48-6 Teradanawa, Hiratsuka, 259-1215 Japan

K. Shibahara
**Research Center for Nanodevices and Systems, Hiroshima University
1-4-2 Kagamiyama, Higashi-Hiroshima, 739-8527 Japan

Ultra shdlow junction was formed by KrF excimer laser anned method changing
laser pulse duration. A smple one-dimensond thermd diffuson mode was utilized
to obtain time dependent temperature profile and to understand the influence of the
pulse duration on junction properties such as junction depth, sheet resistance and
resdud defects. The modd analysis aso suggested that substrate heeting during
laser irradiation was effective to reduce the required laser energy dengty to activate
dopants by melting pre-amorphized layer.

INTRODUCTION

The scding of Metd Oxide Semiconductor (MOS) integrated circuit has progressed below
100 nm of gate length. The short channd effects that source-drain current is controlled by drain
space charge not by the gate voltage have been dways the primary problem to be solved for the
scaing geps. Ultra Shdlow Junction (USJ) formation is one of the mogt fundamenta and
effective counter measures to suppress the short channd effects in MOSFETS. According to the
Internationd Technology Roadmap for Semiconductors 2001 Edition (ITRS 2001), the
source/drain extensons with the junction depth of 13-22 nm and the sheet resistance lower than
770 Wisg. will be required in 2005 [1].

Rapid therma anneding (RTA) with low energy ion implantation is the current sandard
to form USJ [2]. However, obtainable junction depth and sheet resstance with RTA will not
match with the requirements for an 80 nm technology node. In case of RTA, wafer heat up
timeis order of seconds. Consequently, it is difficult to restrain the thermd diffusion of dopants,
especidly diffuson of boron. In addition, the sheet resstance is limited by the thermd equilibrium
solid solubility of the dopant [3].

Various methods to form USJ has been reported as an dterndtive to RTA, for example,
atomic layer doping [4], plasma doping [5], laser annedl [6, 7, 8] and s0 on. All of these
methods have their own advantages and disadvantages. For example, the junction depth
obtainable by the atomic layer doping method will satisfy the demands of a few coming
generations, however, the sheet resstance is too high for practical gpplications. Laser anneding
combined with low energy ion implantation has been reported as an effective method to achieve
shalow junction depth and low sheet resstance a the same time. However the leskage current
caused by residud defects [6] and difficulties in integrating to device fabrication process [3] il
remain as problemsfor rea production.

Previoudy it is pointed out by the authors that the sheet resistance and the junction depth
were affected by laser pulse duration [8]. The laser pulse duration is important factor to modify
the heating up and cooling down rate for the anneding. We have experimentdly investigated the
influence of the pulse duration more minutely. In addition, a one-dimensond thermd diffuson
model caculaion was utilized to understand the experimenta resuilts.

EXPERIMENTS
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S (100) wafers with aresgtivity of 2-8 Wcm were prepared for the series of experiments.
Boron ions were implanted into the S wafers after germanium implantation for
pre-amorphization. The energy and the dose of the boron implantation were 0.5 keV and 5x10™
cmi?, respectively. Afterwards, the Si wafers were irradiated with KrF (248 nm) excimer laser
beams whose pulse durations were 10 ns, 38 ns and 62 ns. Figure 1 shows transent
waveform of these laser pulses. Boron depth profiles were measured by Secondary lon Mass
Spectrometry (SIMS) and the sheet resistance were measured by a two-point prove method.
Cross sectiond Transmission Electron Microscopy (TEM) was used to observe the defects in
the wafers.

RESULTSAND DISCUSSION

Experimental results

Figure 2 shows the typical boron SIMS depth profiles for as implanted and laser
annedled specimens. The laser pulse duration for Fig. 2 was 38 ns. The junction depth was
defined as the depth at which the boron concentration was 1x10' cm?®. In the case of laser
annegling with mdting process, the junction depth is mainly determined by the mdting depth
because of large difference in the boron diffuson coefficients in solid and liquid phase. In the
case of submdit, that is, the laser annealing without melting process, the junction depth is amost
same as the ion implantation range, as shown in Fig. 2 for 500 mJcrrf. Box like profiles were
obtained for the laser energy densties of 600 m¥ent, 700 mJen? and 800 mdent. In these
profiles, plateau regions can be seen and the width is considered to be nearly equd to the mating
depth. The annedling process of the irradiated area is classfied to the following three states in
term of the mdting, (1) submélt, (11) pre-amorphized layer mdts (about 20 nm of junction depth)
and (111) pre-amorphized layer and crystdline S subgirate melt. It is noticegble in Fg. 2 tha the
state (1) appears for a certain energy dendty range. The width of the energy dengty range is
attributed to the melting point difference between &S and ¢S [9]. The same classfication can
be applied also to other pulse durations.

Figure 3 shows the junction depths obtained with SIMS depth profiles as a function of
laser energy dengty for the three pulse durations. The junction depth becomes deeper as the
laser pulse duration becomes shorter even for the same laser energy density. The threshold
energy to met the S surface increases as the pulse duration became longer. For example, about
400 mJcnt to 500 mYent of the energy density was required to melt the pre-amorphized layer
with the10 ns laser pulse. On the other hand, more than 700 mJYcr? was reguired for the 62 ns
pulse.

The sheet resstance is d<o affected by the pulse width. As shown in Fig. 4, the sheet
resistance once decreases and then saturates as the laser energy dendity isincreased. It is noted
that, in the cases of 10 ns and 38 ns pulse widths, the decrease in the sheet resstance by
increasing the energy dengty is seen in the gate (11) in which the junction depth was about 20 nm
and congant independent of the laser energy dendity. Under such condition, the sheet
resistance for 38 ns was lower than that for 10 ns. In the case of 62 ns, the laser energy density
was too smdl to achieve a low enough sheet resstance to the extent of our experiments. The
obtained best combination of the sheet resistance and the junction depth was 490 Wisg. and 20
nm, respectively in the case of 38 ns laser annedl for the laser energy density of 700 mJcent.
These vaues meet the requirement of the 80 nm node in ITRS2001.

Figure 5, 6 and 7 show the cross sectional TEM images for as implanted (Fig. 5) and
after the annealing with 10 ns (Fig. 6) and 38 ns (Fig. 7) laser beam. The laser energy densities
were both 600 mden?. The energy density leads to the state (I1) for 38 ns pulse.
Pre-amorphized layer whose thickness is about 12 nm is seen in Fig. 5. In Fig. 7, high-density
twins [8] are observed underneeth the silicon surface. Their depth is amost same as that for the
pre-amorphized layer. This implies that the twin was originated from the interface between
amorphous and crystal phases. On the other hand, in Fig. 6, a number of smaler defects can be
seen but twins. These facts suggest that the crysdlinity for the 38 ns laser beam was better than
that for the 10 nslaser beam aslong asthe date (11).
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Simulation of heat flow

A dmple one-dimensond themd diffuson modd caculation was utilized to explain
these experimentd results from the viewpoint of heet flow. The followings are thermd diffusion
equations with the term of laser heating.

or %z%g%%a - RI(x1) (1)
Mo (x=0 @
X

T=Tg, (x=L) 3

where c: specific hedt, r : dengty, k: thermd conductivity, a : absorption coefficient, R: reflectivity,
and 1(x,t): laser power. The boundary conditions are given by equations (2) and (3). The

Table1 Parameters used in this work

crystal amorphos liquid

¢ (JgK) 0.707 0.707 0.707

r (glemd) 2.33 2.33 2.33

k (W/cm K)  ]0.235+4.45exp(-T(K)/247)| 0.235+4.45exp(-T(K)/247)| 0.67
Latent Heat (Jg)| 1800 1250 -

a (cm™) 2x10° 2x10° 2x10°

R 0.68 0.68 0.7
m.p.(K) 1687 1387 -

left-hand side of equation (1) stands for the enthapy variation. The boundary condition of the
surface that is irradiated by laser beam was assumed to be hesat insulation and the bottom was
assumed to be constant temperature, that is, the substrate temperature.

The dependence of k on temperature and R on phases were consdered. Other
parameters were treated as congtants. The phase trangtion between solid and liquid were
treated by entha py-based method. The mdting point of the surface 15 nm that corresponds to
the pre-amorphized layer was assumed to be lower than crysdline S by 300 °C. The
parameters vaues are summerized in table 1 [10].

The laser pulses were assumed triangular, as shown in Fig. 8, whose rise time is 5 ns, and
pulse widths (defined by full-width a haf maximum (FWHM)) were modified to amulate the
experimental by changing its fal time. The effect of subsirate temperature was also considered.
The differentid equation was trandformed into finite difference equation and solved by the finite
differnce method. The numerica soluson was based on the impricit method. The thermad
conductivity between two e ements was put harmonic avarage of the thermal conductivity of both
two elements because of their temperature dependence.

Figure 8 shows a caculation resuls of the tempord temperature variation for each depth with
the illugtration of the laser pulse in same time scale. The laser pulse used for the the calculation
was 5 ns of rise time, 35 rs of FWHM and 875 mJcnt of energy density. Concerning fromthe
surface to 44 nm in depth, the temperature for every 2 nm is plootted. We can see tha the
surface pre-amorphized layer mets a the temperature of aS mdting point (A) and the
cryddline S substrate melts at the temperature of ¢S mdting point (B) in Fig. 8. Both mdts
solidifys at the temperature of ¢S meting point (C). The mdting region and the solidificating
region can be identified as the constant temperature region because of the latent heat. The mdt
depth was defined as the maximum depth where pesk temperature exceeds the meting point.
The solidification time was defined as the time difference between the timings for cooling down
to the mdtimg point a the melt bottom and the surface. Then the solidification velocity was
obtained by deviding the mdt depth by the solidification time. In the case of Fg. 8, the
caculated melt depth and the solidification velocity are 36.5 nm (15 nm of pre-amorphized S
and 11.5 nm of S subgtrate) and 1.7 m/s, respectively.

Figure 9 shows the calculated meting depth of S asafunction of the laser energy densty.
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The plateaus where the caculated mdt depth is limited by the pre-amorphized depth for a
certain energy dendty range are clearly seen in this figure. As described with the experimenta
results in Fig. 3, he plateaus are attributed to the difference in the mdting point between
pre-amorphized S and ¢ S. In other words, this region corresponds to the state (I1) in Fig. 3.
The tendency that a higher energy density is required to melt the pre-amorphized S layer asthe
laser pulse duration increase is a'so confirmed by this caculation. Thus, Smulated result well
agrees with the experimenta results in Fg. 3.

Figure 10 shows the calculated solidification velocity as functions of laser energy densty
for the three pulse durations. According to Fig. 10, the solidification velocity varies even in the
plateau region shown in Fig. 9. In the plateau region, the solidification velocity becomes dow as
the laser energy dendty increases. The solidification velocity has the minimum at the highest
energy densty point of the plateau region. The laser pulse durdaion affects the solidification
veocity. Asthe laser pulse duration becomes longer, the minimum solidification velocity for each
pulse duration becomes dower. In generd, it is consdered that too fast solidification velocity
givesriseto disordering in lattice, thet is, resdud defects. It has been reported that the maximum
solidification velocity that obtains re-crystdlization without &S is 15 m/s [10]. The solidification
veocity for the 10 ns pulse in Fig. 10 is close to this vaue. This coincides the residud
amorphous layer observed in the TEM image in Fg. 6. Even if the solidification velocity is much
smdler than 15 m/s, lower solidification velocity is preferred in terms of defect density as shown
in Fig. 7 and higher activation or lower sheet resstance as shown in Fig. 4.

Figure 11 shows the effect of the substrate temperature on the melt depth. The laser pulse
duration was assumed to be 35 ns. It should be noted that the required laser energy to melt the
pre-amorphized S layer for 723 K of the substrate temperature was about half of that for 300 K.
Figure 12 s$ows the solidification velocity as a function of laser energy densty for the same
condition as Fg. 11. The minimum solidification velocity is dightly reduced by the subdrate
temperature increase.  Therefore, nearly equd or dightly improved defect density and sheet
resstance is expected by hesting the substrate with much reduced laser energy dendties. The
laser energy reduction can be utilized to improve throughput by enlarging the exposure area or
reducing equipment cost for the same exposure area with low power laser source.

SUMMARY

The laser aned method to form the ultra shdlow junction has been invedtigated
experimentaly and theoreticaly. The laser pulse duration affected the junction properties, such as
junction depth, sheet resistance and crystd defect dengty. The results of smple one-dimensiond
therma diffuson smulaion quditatively agree with the experimenta results. The cdculated
solidification velocity can explain the experimenta results of the sheet resstance and crystd
defects. The effect of substrate temperature shows the possibility to reduce the laser energy
density to activate dopants.
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Fig. 1 Transient waveforms of the laser beams used in thiswork.
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Fig. 2 Boron depth profile annealed by 38 nspulse duration laser measured by SIMS.
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Fig. 3 Junction depths obtained with SIM S depth profiles
asafunction of laser energy density (experimental results).
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Fig. 4 Sheet resistance asa function of laser energy density (experimental results).
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Fig. 5 Crosssectional TEM image of asimplanted Si wafer.
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Fig. 6 Crosssectional TEM image after the annealing with 10 ns pulse duration.
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Fig. 7 Cross sectional TEM image after the annealing with 38 ns pulse duration.
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Fig. 9 Melt depth vs. laser energy density for each
pulse duration (calculation results).
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for each substrate temperature (calculation results).



