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Rapid thermal annealin@RTA) of various implant specie€B*, “BF,, 3P*, and’®As") in 200 mm diam Si wafers was done

using a single-wafer furnadSWHF system and a lamp-based system undej ambient at atmospheric pressure. Sheet resistance

and its uniformity were measured after annealing under various conditions. Equivalent or superior sheet resistance and uniformity
were achieved in the SWF system compared to lamp-based RTA systems. The effect of annealing method, temperature, and time
on dopant redistribution were investigated using secondary ion mass spectroscopy.

© 2002 The Electrochemical Society.DOI: 10.1149/1.1482056All rights reserved.

Manuscript submitted September 4, 2001; revised manuscript received January 14, 2002. Available electronically May 29, 2002.

Dopant diffusion and implant annealing have been done in both  Each group of wafers was divided into two groups and annealed
horizontal and vertical batch furnaces. Vertical batch furnaces haven the SWF system and conventional lamp-based RTP system, re-
the comparative advantages of temperature uniformity, gravitationakpectively. Both systems were well maintained for mass production
stress management, and cleanroom space usage over horizont#l devices and were calibrated prior to the experiment. The anneal-
batch furnaces. It is strongly believed that single-wafer rapid ther-ing temperature was varied from 900 to 1100°C in grahnosphere
mal processindRTP) is essential to reduce thermal exposure. The at atmospheric pressure for all four types of implanted wafers. An-
demand for RTP implant annealing has grown rapidly over the lastnealing time was varied from 10 to 150 s for the lamp-based RTP
ten years. In reality, both types of batch furnaces are able to meet theystem. For a lamp-based RTP system, the process time is the soak
requirements for thermal processing applications, even for @8 time near the process temperature, regardless of overhead times
technology and beyond. (such as preheating, ramp-up, and ramp-down timEse preheat-

Typical RTP systems employ an array of tungsten halogen lampsng and ramp-up steps usually last for 20-30 s depending on anneal-
to heat a wafer. The lamp-based RTP systems are frequently used ing temperature. In the SWF system, the process time is the wafer
silicidation, rapid thermal oxidatiofRTO), rapid thermal nitridation  residence timéfrom wafer-in to wafer-oytin a heated furnacgro-
(RTN), and rapid thermal anneéRTA), including implant anneal- cess chambgrand is equivalent to ramp up time plus soak time in
ing. The tungsten filaments used in the lamps are of small thermathe lamp-based RTP system. For the SWF system, 30 s was simply
mass enabling fast thermal response of the lamps as well as fastdded to the process time used in the lamp-based RTP system to
ramp up and ramp down of the wafer temperature. As device dimenmatch the thermal history of wafers processed in the lamp-based
sions and junction depths decrease, RTP for implant annealing i&RTP system. The annealing time for the SWF system was varied
believed to be the best solution. RTP manufacturers have beguffom 40 to 180 s. Details of the SWF system configurations and
competing for higher wafer temperature ramp rates and shorter prothermal characteristics are reported in previous publicafi§ns.
cess times. An RTP system for 200 mm wafers can use more than Sheet resistancep{) and its uniformity were measured using a
two hundred 500 W tungsten-halogen lamipsnitial wafer tem- four-point probe after annealing. Forty-nine points were measured
perature ramp up rate 6f250°C/s and process time approaches 0 swith a 5 mmedge exclusiolino measurement points within 5 mm of
(called a spike annealare applied in annealing of implanted the wafer edge The effect of annealing on dopant redistribution
wafers>® Implanted wafers are often annealed above 1000°C forwas investigated using secondary ion mass spectrog&iMs).
less than 60 s in RTP systems while they may be annealed at ap-
proximately 900°C for as much as 10-20 min in conventional batch
furnaces. Figure 1 shows sheet resistance and sheet resistance uniformity

The authors had fundamental questions regarding the effect oplots for four different types of implanted wafef§B* 50 keV, 1
annealing temperature and annealing time on implant activation efx 10'S cm=2; “9BF; 70 keV, 1x 10" cm™2; 3%P* 70 keV, 1
ficiency. Recently, a new RTP approach using a _smgle-wafer-ty_pe_x 1015 cm2; and PAs* 70 keV, 1 x 1015 cm2) as functions of
furnace has been proposed. Its thermal chafacterlstlcs and pre“mbrocess(annealing temperature. Procegannealing time was fixed
nary process results have been r_epo?‘_t@ﬂfhe smgl_e-wafer furnace 4t 40 s(from wafer-in to wafer-outfor the SWF system and 10 s
(SV\_/F) allows a shqrt annealing time in a nearly_lsothermal furnace(soak time at the process temperajuie the lamp-based RTP sys-
environment. In this paper, the al_Jthor_s |nves_t|gated the_ eff_ect okem. Both the SWF and lamp-based RTP annealing results are
a_m_neallng temperature and annealing time on |mpl_ant activation efspawn in the figure. All four types of implanted wafers were elec-
ficiency using both a SWF system and a conventional lamp-basegyicaly activated for both wafer heating methods. Equivalent sheet
RTP system. resistance values were achieved in wafers annealed using both sys-

Experimental— 200 mm diam Si100) wafers were implanted ~ems. Temperature sensitivity of sheet resistance and sheet resistance
with four different species. Implant species, energies, and doses argniformity of *'B* and “BF, implanted wafers are higher than
as follows: B* 50 keV 1x 10%cm % “9BF; 70 kev, 1  those of*1P" and"®As" implanted wafers in the temperature range
X 101 cm 2, 3P 70 keV, 1x 10" cm % and®As* 70 kev, 1 ©Of 900-1100°C.

X 105 cm™2. For the SWF system, the sheet resistance uniformit{’Ri; ,
8pt and’®As' implanted wafers was below 1.0¢h ). The sheet
resistance uniformity in'B* implanted wafers was kept below

* Electrochemical Society Active Member. 2.0% (1 o). In the case of the lamp-based RTP system, Gty
2 E-mail: woosik.yoo@wafermasters.com and®As™ implanted wafers showed sheet resistance uniformity be-
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Figure 1. Sheet resistance and its uni-
formity of four different types of
implanted wafers (*B* 50 keV,
1% 10%cm % “BF; 70 keV,
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low 1.0% (1 o). In *'B* and*°BF, implanted wafers, sheet resis- annealing temperature and conventional furnace annealing
tance uniformity up to 5.4%1 o) was measured. temperatures. . . )
Sheet resistance and its uniformity fdPBF; (70 keV, 1 To understanq the physics be_hlnd the_lmplant an_neal, we need to
review how the implant anneal is done in conventional batch fur-
djaces. It takes place over a temperature range of 800-950°C for
0-30 min. Very consistent sheet resistance and sheet resistance uni-
f[ﬂr ities are achieved. However, the conventional batch furnace

annealing time increases at 900°C. When the annealing temperatunlgC S lot size flexibility af‘d rgquires longer cycle “T“es- Three_main
was raised to 1000°C and above, the sheet resistance increases wl§Actions take place during implant anneal. They &edcrystalli-
time. The sheet resistance uniformity also deteriorated significantly?ation (solid-phase regrowihof the (amorphized layer damaged
with increasing annealing time at 1100°C. A similar trend was ob-during implantation, if) electrical activation of the implant species,
served using the lamp-based RTP system. The sheet resistance id0d (ii) thermal diffusion of the implanted species. Full recrystal-
crease with increasing annealing temperature and time can be exzation of the amorphized layer and full electrical activation of im-
plained by the thermal diffusion of the implanted species in the Plant species without thermal diffusion would be ideal for the im-
wafer. As thermal diffusion progresses, the dopant concentration ifPlant anneal. It is well known that the solid-phase regrowth occurs at
the implanted region decreases resulting in increased sheet resiemperatures as low as 450°C. Solid-phase regrowth rates of silicon
tance3P* and’As* implanted wafers showed similar trends while (100 at 600 and 800°C are approximately 1 and 500 nm/s,
U+ implanted wafers showed decreases in sheet resistance wit _spe_ctlvelﬁ In ord_er to take place, electrical activation and dopant
increases in annealing temperature and time. iffusion require higher t_hermal energy than sol|d_-ph§§e regrowth.

Response surfaces of sheet resistance and its uniformity fof WO Well known facts areif the diffusivity of atoms in Siincreases
49BF} (70 keV, 1 X 10 cm 2) implanted wafers are shown in Fig. exponenﬂa}ly as anneallng tempera;ure increases #ndtt{e in-
3. Wafers annealed in the SWF system showed lower sheet resi&'ease in junction depthy; is proportional to the square root of
tance and better uniformity over a wide range of annealing tempera@nnealing time in the case of an infinite source on the sufface.
tures and times compared to those annealed in the lamp-based RTP The diffusivity determined experimentally over a range of diffu-
system. Process windows are indicated in the figure. Sheet resigion temperature is often expressed as
tance value 0f<110Q/0 and uniformity of <0.5% (1 o) were
used as boundary conditions for process window determination. In
general, longer annealing around 1000°C gives lower sheet resis- E
tance and better sheet resistance uniformity compared to short an- D =Dy exp( - ﬁ-)
neal times at higher temperatures regardless of the annealing system.

This result is contradictory to the basic concept of the spike
anneal proposed by Jenningsal.” The objective of the spike an-
neal is to electrically activate implanted species with minimal ther- whereD, is the frequency factor in centimeters squared per second,
mal diffusion of implanted species by heating the wafer very rapidly E is the activation energy in electronvolts, is temperature in
and cooling the wafer as soon as the wafer reaches a target tempergelvin, andk is the Boltzmann constant. In the case of a finite
ture. The spike anneal is often referred ®a0 sprocess:>’ The volume of material in which the impurity gradient decreases with
target temperature is usually 50-200°C higher than normal RTPincreasing

X 10™ cm~?) implanted wafers are shown in Fig. 2 as a function of
annealing temperature and time. As seen in the figure, the behavi
of the sheet resistance and uniformity is very complex. In wafers
annealed using the SWF system, sheet resistance decreases as

(1]
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time, impurity concentration also changes with time. Diffusion be- 12 s 12
haviors can be understood by solving Frick's equation. X; = | 4Dt Iog< —) = 2\/5 log —)
In the case of diffusion from an infinite source on the surface, NgywDt NgywDt
impurity concentration can be expressed as (6]
X
N(x,t) = Ng| 1 — erff —= [2] . . . .
2Dt whereS is the total number of impurities andg is the background

concentration,/Dt is referred as the diffusion length. The junction
depthx; initially increases as the square root of diffusion time, then

where erf is the error function. If there is a background concentra-jt sjows as the maximum impurity concentration decreases with
tion N, of a different species of the opposite type, a junction will time.

occur when

The junction deptfx; is given by

which can be rewritten as

whereA is a constant given b = 2[erf (1 — NllNo)]\/B. Thus

N
x; = 2Dt erf‘l(l - N—l)
0

Figure 4 shows SIMS depth profiles of implantgdBF; (70
keV, 1 X 10'® cm™?)] and annealed wafers in both SWF and RTP

X systems. At a given annealing temperature, dopant depth profiles are
1— erf(_ =N, [3] almost identical regardless of annealing metliod equipment as
2Dt long as the sheet resistance values are equivalent. Both high-

temperature anneals and long-time anneals enhance dopant diffu-
sion. The wafer annealed at 1100°C for 40,sSWH and the wafer
annealed at 1000°C for 100 s resulted in almost identical sheet re-
sistance values. However, the wafer annealed at 1000°C for 100 s
(in SWF) shows less boron diffusion compared to the wafer an-
nealed at 1100°C for 40 s. By contrast, the wafer annealed at 1100°C
for 10 s in the lamp-based RTP system resulted in almost identical
boron depth profiles as both the wafer annealed at 1000°C for 70 s
in the lamp-based RTP system and the wafer annealed at 1000°C for
100 s in the SWF system. Among them, the wafer annealed at
1100°C for 10s in the lamp-based RTP system showed the highest
sheet resistance valy&09.80)/]). Oscillation of boron concen-
tration was consistently seen in the lamp-based RTP system at
1100°C for all exposures in excess of 25 s. Similar trends on elec-
trical activation and dopant activation were observed in other im-
plant species. This result poses a question regarding the validity of

(4]

(5]

the junction depthy; increases as the square root of the diffusion the spike anneal.
time. In the limited-source case, such as ion implanted wafers, the To achieve maximum electrical activation with minimum dopant

surface concentration decreases linearly withThe junction depth
varies in a more complex manner and can be expressed as

diffusion, the implant anneal must be performed at optimnot
necessarily highgrnemperatures for reasonable times. This process
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has been used in furnaces for many years. If this furnace-orientetemperature ramp-up/down rates such as the spike anneal. Thermal
implant anneal process is implemented in a single-wafer RTP sysphysics and process results in this study suggest that the furnace-
tem, productivity of the system will decrease significantly. Many oriented implant anneal provides wider process windows for implant
RTP system providers and device manufacturers focus on developannealing than the state-of-the-art spike anneal.

ment of a short-time anneal at higher temperatures varying wafer
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Figure 4. SIMS depth profiles of implanted[*BF; (70 keV, 1
X 10" cm2)] and annealed wafers processed in SWF and RTP systems. tion implant annealing.

At a given implant uniformity, the sheet resistance uniformity is
strongly dependant upon the uniformity and stability of the thermal
environment in which wafers are processed. Lamp-based RTP sys-
tems operate as a cold-wall-type system and lack thermal stability.
Wafers are always processed in thermal transient conditions. As the
process time shortens, the transient effect is pronounced. In hot-
wall-type systems such as furnace and SWF systems, wafers are
processed near thermal equilibrium. Thus hot-wall-type systems
generally provide superior process uniformity without sophisticated
temperature control mechanisms. Based on the experimental results
in this study, we can conclude that equivalent or superior sheet re-
sistance and its uniformity were achieved in the SWF system com-
pared to the lamp-based RTP system. The high-temperature spike
anneal process can be replaced by a more reasonable annealing pro-
cess(60-180 s annealingusing either hot-wall-type SWF system or
the lamp-based RTP systems. In terms of process simplicity and
energy efficiency, the SWF system is superior to the lamp-based
RTP systems. Energy efficiency comparisons are discussed in detail
in previous paper$® SWF systems also offer lot size flexibility and
equivalent or better productivity compared to lamp-based RTP
systemé:® Rapid thermal annealing of implanted wafers with dif-
ferent implant energies and dose conditions will be performed to
further investigate the validity of the spike anneal for shallow junc-
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