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Abstract 

To form an ultra-shallow p + -n junction by direct low energy BF, + implantation is difficult. The channeling of the boron during implant 
and the transient enhanced diffusion of buron during annealing prohibit the tight control of the boron profile. Using the germanium pre- 
amorphization implant, the channeling probability of the boron is suppressed. However, the thickness of the pre-amorphized layer is crucial 
in alleviating the transient enhanced diffusion of boron. The excess point defects below the original amorphous/crystalline interface play a 
key role in enhancing the diffusion of boron. Introducing the carbon into the BF,’ implanted Si, the diffusion of the boron is retarded. 
Combining with the germanium pre-amorphization implant, low energy BF, + implant and carbvn implant, an ultra-shallow p A -n junction 
with a junction depth of about 70 nm is realized after rapid thermal annealing at 105O”C, 10 s. Using the boron implanted TiSi, as diffu&n 
source to form an ultra-shallow p* -n junction is prohibited by the trapping of boron inside the TiSi,. The fabrication of high quality p+-n 
junction using this technique is difficult to achieve. Incorporation of germanium into the boron containing TiSi,, the diffusion of boron inside 
the TiSiz i5 enhanced. Boron easily out-diffuses from the TiSi, layer into the Si substrate and forms a high quality p + -n shallow junction. 
Manipulating the diffusion behavior of implanted boron in the Si and TiSi, could be achieved by the multiple implants of germanium and 
carbon. The chemical interaction of co-implanted ions with the boron is the key to control the boron profile inside the silicon. 0 1998 
Elsevier Science S.A. All rights reserved. 
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1. Introduction 

The advancement of the integrated circuits fabrication 
technology pushes the scaling of the device. According to the 
subthreshold scaling rule [ 11, the junction depth will be in 
the sub-O.1 p,m regime as the gate length approaching 
0.1 p,m. A large number of methods have been proposed to 
fabricate the ultra-shallow junction [2-61. The simple and 
direct approach is to use low energy implantation. However. 
considering the contact formation on the ultra-shallow junc- 
tion, silicide as a diffusion source (SADS) is an attractive 
alternative [S] . Both methods on the ultra-shallow p+ /n 
junction formation meet some challenges. The diffusivity of 
the boron is enhanced and retarded in direct implant and 
SADS processes, respectively, These unwanted phenomena 
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prove to be obstacles to achieve an ultra-shallow p+/n 
junction. 

To form such ultra-shallow p+ /n junction by direct ion 
implantation, ion channeling during ion implantation and 
transient enhanced diffusion of dopant during post-implan- 
tation annealing need to be alleviated. Previously, promising 
results have been reported in low energy Gei pre-amorphi- 
zed and BF2+ implanted silicon [ 61. In this case a thin amor- 
phous layer which is thinner than the implant profile is 
formed. The excess point defects below the original amor- 
phous/crystalline (a/c) interface will interact with the boron 
and enhance boron diffusion during post-implantation 
annealing. A complete solution to these problems is to form 
a thicker amorphous layer which is much deeper than the 
junction depth. The thickness of the amorphous layer (X,) 
has to be larger than the sum of the junction depth (Xi), 
depletion region width (W,) and width of residual defect 
region (X,). In addition, the size, density and distribution of 
the residual defects fomled near the original (a/c) interface 
need to be reduced. 
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Carbon implantation into boron implanted silicon shows 
retarded boron diffusion inside an amorphous silicon layer 
and lower defect density near the original a/c interface [7]. 
It is an appropriate candidate to control the boron diffusion 
in the deep germanium pre-amorphized and BF2’ implanted 
silicon to overcome the problems induced by the original a/ 
c interface and fast diffusion of boron. 

Another approach to achieve the ultra-shallow junction is 
to use doped silicide as a diffusion source (SADS) [5]. In 
this way good silicidc contacted ultra-shallow junction could 
be formed at the same time. However, for boron implanted 
TiSi?, it is difficult for boron to diffuse from the TiSiz into 
the silicon substrate due to the formation of TiBz compound 
inside the TiSia layer [ 8- II]. During the formation of TiSi, 
on p-type silicon, the boron inside the silicon substrate seg- 
regates into the TiSiz and causes surface depletion of boron 
[ 121. To solve these problems, Gei implantation into the 
TiSi,, with all the Ge atoms located inside the TiSi?, was 
conducted to enhance the out diffusion of boron. 

2. Experimental 

Conducting direct implant to form p+ /n ultra-shallow 
junction, n-type (001 )Si wafers were pre-amorphized by 
Ge+ implantation with various energies and were doped by 
low energy (5 keV) BF2 ’ implantation to a dose of 
5 x 1o’j cnl-2. The implant conditions are listed in Table 1. 
In Table 1, Ref denotes the control sample that receives 5 keV 
BF,+ implant. The Sa, La, Ma and Da stand for shallow, 
light, medium and deep pre-amorphization, respectively. 
Post-implantation annealing was carried out in furnace and 
rapid themlal annealing (RTA) system. The annealing con- 
ditions are listed in Table 2. TRIM code [ 13 J was utilized to 

Table 1 
Implantation conditions for multiple implants 

Implallt Rcf Sa La Ma Da C95 Cl50 C250 C500 
condition 

&+,5ke”, * * * * * * * * * 

5 X IO” cmw2 
Ge’, 5 keV. x 

5 X lOL4 cm-’ 
Gr + ,30 krV, * * * * * I 

5 X 10” cm-? 
Ge’ ,200 keV, * * * * * d 

5 x 1O’4 cm-? 
Ge +, 400 keV, * * * * * 

I X IO” cm-’ 
C’, 95 keV, * 
9 y, 10’” ,-m-z 

C’, 150 keV, * 
1 X IO’” cmm2 
C’ ,250 krV. * 
1 X 10” cm-” 
C +, 500 keV. * 

1 X 10’” crnm2 

Table 2 
Annealing conditions of the multiple implanted samples 

Thermal cycle (“C) 600 900 1050 

RTA (s) 
Furnace (min) 
Furnace + RTA 

10 10 
30 10 
30 10 

calculate the damage production and energy deposition in 
silicon during Ge i pre-amorphization and C+ implants. 

For using SADS to form p”/n ultra-shallow junction, 
65 nm TiSi, was formed on top of substrate by the reaction 
of Ti (50 nm) and a-Si (5 nm) layers at 625°C for 20 min. 
The unreacted Ti and TiN were removed by wet etching 
selectively. Ge+ and B+ were implanted into the TiSi, layer 
with an energy and dose of 60 keV, 5 X lOI cmm2 and 
10 keV, 5 X lOI cm-‘, respectively. The energies of Ge+ 
and B * implants were chosen so that all the ions were located 
inside the TiSi, layer. The drive-in process was carried out at 
SOO-950°C for 15 min in N2 ambient to form C54-TiSiz and 
p+ /n junction simultaneously. 

The microstructure and boron depth profile of the as- 
implanted and annealed samples were investigated by trans- 
mission electron microscopy (TEM) and secondary ion mass 
spectrometry (SIMS), respectively. The junction leakage of 
the Ti silicided diode was characterized by the I-V 
measurement. 

3. Results and discussion 

3.1. Boron diffusion in Ge pre-amo@ked BF2+ implanted 
silicon 

Using the direct implant to form the ultra-shallow p+ /n 
junction, the boron channeling phenomena and transient 
enhanced diffusion have to be eliminated. Utilizing the screen 
layer to dechannel the low energy boron ions is not practical 
due to the loss of dopant inside the screen layer. Using an 
isoelectronic ion implant to pre-amorphize the silicon sub- 
strate before conducting the doping implant is an easy and 
straightforward approach to suppress the boron channeling. 
However, for common practice, the amorphous layer induced 
by the pre-amorphization implant is thinner than the p+ layer. 
The excess interstitials underneath the a/c interface enhance 
the diffusion of boron during the post-implant annealing caus- 
ing transient enhanced diffusion. In order to eliminate both 
the ion channeling and transient enhanced diffusion, a deep 
pre-amorphization implant is conducted to generate a thick 
amorphous layer which is thicker than that of the p+ layer. 
In this case, implanted boron atoms are all located inside the 
amorphous layer. The junction ofp+/n is also located inside 
the amorphous layer. No excess interstitials are available to 
enhance the boron diffusion. The depth distributions of as 
implanted boron measured by SIMS from different samples 
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are plotted in Fig. 1. The impact energy of 02+ ion is 3 keV 
to reduce the profile broadening effect and oxygen flooding 
on the surface is utilized to suppress the surface transient 
region. The probability of boron channeling in the Ref sample 
is higher than that of the rest of the samples. The boron depth 
profiles of samples pre-amorphized by germanium implan- 
tation at different energies exhibit no significant difference 
as shown in Fig. 1. The thickness of the amorphous layers 
measured by cross-sectional transmission electron micros- 
copy (XTEM) is listed in Table 3. During this low energy 
(5 keV) BF,+ implant, the amorphization of surface layers 
by various Ge+ implants shows a similar effect on the sup- 
pression of the boron channeling. 

After furnace annealing at 600°C for 30 min, the depth 
distributions of boron are almost unchanged as compared 
with as-implanted profiles, as shown in Fig. 2. From the 
XTEM investigation, point defect clusters were found below 
the original a/c interface. In samples with a thin amorphous 
layer such as Ref, Sa and La samples, a low density of small 
point defect clusters were observed near the original a/c 
interface. Thin amorphous layer created by the implant in 
Ref, Sa and La samples can be fully recovered without end- 
of-range defects left after 900°C 10 min annealing. The 
removal of the end-of-range defects in the shallow implant is 
attributed to the proximity of the a/c interface to the free 
surface which provides a sufficient amount of vacancies with 
short diffusion path to recombine with the excess interstitials 
and to a lesser amount of excess interstitials generated during 
low energy BF, + implant and shallow Ge+-pre-amorphiza- 
tion implant. 

as-implant 

( impact energy 3kV, O-flooding, ) 
10’” 

- Ref 
---Sa 
..___ La 

. Ma 

Da 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

Depth (w) 
Fig. 1. SIMS depth protile of boron in the as-implanted samples. 

Table 3 
Thickness of the amorphous layers induced by the implant 

Sample Ref Sa La Ma Da 

Thickness (nm) 6.5 17 12 195 230 

After RTA at 105O”C, 10 s, boron redistributions were 
observed from the SIMS analysis, as shown in Fig. 3. The Da 
sample has the shallowest boron distribution. The junction 
depth measured by the interception of the boron depth profile 
with the concentration of 10” cmm3 is 70 nm in sample Da. 
The Ma and La samples have the deepest distribution of 
boron. The junctions of La and Ma are all deeper than 
0.11 km. The depth profile of boron in the Sa sample is 
shallower than that of the Ref sample. The junction depths of 
the Sa and Ref samples are 0.08 Frn and 0.095 p.m, respec- 
tively, In the La sample, the junction depth is deeper than the 
original a/c interface (0.042 km). While in the Ma sample, 
the junction depth is shallower than the original a/c interface 
(0.195 pm). The presence of the excess interstitials may be 
the cause of the resultant enhanced boron diffusion in the La 
sample, and the residual defects near the original a/c interface 
may attract the boron and deepen the junction in the Ma 
sample. In the Sa sample, the original a/c interface 

FA (600”C/30min) 

(impact energy 4kV, O-flooding) 

1oz2 

1016 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 

Depth bm) 
Fig. 2. SIMS depth profile of boron in the 6OO”C, 30 min annealed sampi&. 

RTA (105O”C/lOs) 
tunpact energy 3kV, O-flooding) 

- Ret 
--- Sa 
._.._ La 
. . . Ma 

Da 

Depth (@I 
Fig. 3. SIMS depth profile of boron in the 1050°C. 10 s annealed samples. 
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(0.017 km) is far away from the junction and the channeling 
is lighter than that of the Ref sample. In the deep amorphized 
Da sample, the original a/c interface is the deepest. Both the 
ion channeling and transient enhanced boron diffusion are 
suppressed. 

Retarded boron diffusion inside the amorphous silicon and 
lowered residual defect density near the original a/c interface 
have been reported in the carbon implanted silicon 171. It is 
a primary candidate for ion beam defect engineering (IBDE) 
to overcome the problems induced by the original a/c inter- 
face. Two types of carbon implants were performed. Type I 
is to coincide the projected range of carbon implant with the 
original a/c interface formed by the Ge+ pre-amorphization 
in Da sample. Type II is to place the projected range of the 
carbon far beyond the original a/c interface so that the excess 
vacancy region of carbon implant overlapped with the excess 
interstitial region of Ge ’ pre-amorphization implant. The 
design of carbon implant condition is crucial to the suppres- 
sion of boron diffusion and defect reduction. Before perform- 
ing the carbon implant, the amorphous layer thickness of the 
sample needs to be known. The formation of the amorphous 
layer is related to the energy deposition during the ion 
implant. To predict the thickness of the amorphous layer, the 
threshold energy used to form the amorphous layer needs to 
be determined. The results of TRIM cascade calculation can 
be calibrated by XTEM to obtain the threshold energy of 
amorphization in Ge’ implanted silicon. Fig. 4 is the energy 
deposition distributions in the Gc’ pre-amorphized samples 
calculated from TRIM code at different combination of 
implant energies. The thickness of the amorphous layers 
measured by XTEM is also denoted. The threshold energy 
used to form the amorphous layers in Ge’ implanted silicon 
is determined to be 1.06 X IO” eV cmW3. 

Depth Distribution of Absorbed Energy 

l.2x1025L n ‘, ’ ,  ’ ’ ’ , I  1,’ ’ /  ’ 1 ’ ,  1 ,  

n ’ 
d 
4 

I I 
I I 
I I 

Depth (8) 

Fie 4 The energy deposition distributions in Ge+ pre-amorphized samples a’ 
calculated from TRIM code at a different combination of implant energies. 

In type I implant, the projected range of carbon was 
designed to coincide with the original a/c interface. The 
carbon distribution can be simulated by TRIM calculation. 
Based on the amorphous layer thickness obtained from the 
energy deposition distribution calculated from TRIM, the 
energy of carbon implant was determined. For Da samples 
with an amorphous layer of 230 nm, the carbon implant 
energy is about 95 keV. Two types of residual defects were 
observed from the plane view samples by TEM as shown in 
Fig. 5(b). Dislocation loops and defect clusters were 
observed to be the predominant defects. Comparing the 
results with the reference sample (Da) as shown in Fig. 5 (a), 
the density of the dislocation loops is about l/3 of the ref- 
erence sample and the average size is about 10 nm. Boron 
depth profiles of type I carbon implanted samples are shown 
in Fig. 6. From the profile measured by the SIMS, retarded 
diffusion of boron is clearly seen. In the type I implant, the 
implanted carbon atoms interact with boron and silicon inter- 
stitials and result in the retardation of the boron diffusion and 
reduction in the size of the residual defects. Type I implant 
provides a better control of boron profile and reduces the size 
and density of the residual defects near the original a/c inter- 
face. However, the carbon implant should not degrade the 
sharpness of the original a/c interface. The maintenance of 
the sharpness of the a/c interface will alleviate the fonnation 
of hair-pin dislocations which penetrate through the regrowth 
layer and short the junction. 

In type II implant, the distribution of excess interstitial is 
a key parameter needed to conduct the IBDE implant. During 
the ion implantation, vacancies and interstitials are generated 

Fig. 5. Plane view TE31 images ot’ (a) Da, and (b) C95 samples annealed 
at 900°C. 10 min. 



C.-H. Chu era/. /Mnferinls Chernistp and Phpics 54 (1998160-64 

Boron depth profiles 

Da with and without C implantation 

w/o O-flooding / impact energy 3kV 

- without C-imp 
- - - c BOkeV 
.---- C EOt95keV 

. c gekev 

0.00 0.02 0.04 0.08 0.08 0.10 0.12 0.14 

Depth (wd 

Fig. 6. The effect of type I carbon implant on the boron depth profiles in 
900°C. 10 min annealed Da samples. Retardation of boron diffusion is 
clearly observed. 

inside the silicon along the penetration path of implanted ions. 
Residual defects are formed by the coalescence of point 
defects during the post-implantation annealing. The distri- 
bution of excess interstitial calculated by TRIM is shown in 
Fig. 7 for samples Da, C250 and 250 keV C’ implant to a 
dose of 10’” cm-‘. The thickness of the amorphous layer is 
about 230 nm in the Da sample. Inside the amorphous region, 
excess point defects are hard to define. Our interest will be 
concentrated on the region below the a/c interface. From the 
results shown in Fig. 7, carbon implant is not an efficient way 
to generate excess vacancies to recombine with silicon inter- 
stitials generated by the Ge+ pre-amorphization. However. 
the disordering induced by the carbon implant in the much 
deeper depth attracts the excess interstitials beneath the orig- 
inal a/c interface and reduce the size of the residual defects 

Distributions of Excess lnterstitjals 

2.x1020~ / ‘I ’ , 5.x10’9 

-3. 

-4.1 x I I I / I 3 I I I i-i, 
0.0 012 0.4 0.6 0.8 1 .o 

Detph (fi) X10' 

Fig. 7. The distribution of excess interstitials calculated by TRIM for Da, 
C250 and 250 keV C+ implant to a dose of 10’” cm-‘. 

near the original a/c interface, as shown in Fig. 8. In addition 
to the hair-pin dislocations in the regrowth layer, res~idual 
defects near the a/c interface are separated into two layers. 
At the original a/c interface, instead of dislocation loops, 
small defect clusters were formed. Beneath the original a/c 
interface, formation of dislocation loops were observed. The 
effect of type II implant on the boron depth profile is shown 
in Fig. 9. Increasing the energy of the carbon implant lessens 
the retardation of boron diffusion. Inducing heavy disorder- 
ing deep inside the silicon substrate to reduce the excess 
interstitials near the original a/c interface is, therefore, the 
main advantage of the type II implant. 

Fig. 8. Cross-sectional TEM image of (a) Da, and (b) Cl50 samples 
annealed at 900°C 10 min. 

Boron depth profiles 

Da with and without C implantation 
w/o O-flooding / impact energy 3kV 

lo6 e / I / / 

- without C-imp, 
.-- C 15OkeV 
I---. C 250keV 

0.10 

Depth (F) 

Fig. 9. The effect of type 11 carbon implant on the boron depth profile in 
9OD”C 10 min annealed Da samples. 
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More boron atoms were observed to diffuse from the Ge 
implanted TiSi? into the silicon substrate as compared with 
the sample without Ge implant, as shown in Fig. 10. The 
dopant redistributions were measured after removing the sil- 
icide layer and TiB by dipping in dilute HF and NH,OH/ 
H,02/Hz0 solutions, respectively. The surfaceconcentration 
of boron in a Ge+ implanted sample is about three times 
higher than that in the control sample. The amount of out- 
diffused boron increases with the drive-in temperature. The 
reverse current densities (J,) at -5 V reverse bias were 
plotted as a function of the drive-in temperatures, as shown 
in Fig. 11. Before the agglomeration of the TiSiz at high 
temperature, the leakage current of the SADS fabricated p’ / 
n junction with Ge * implant is less than 1 nA cm-* and 
shows tight distribution, The leakage currents of the conven- 
tional SADS fabricated p+ /n junction were in a range 
between 2-10 nA cm-‘. The ideality factor II of the Ge+ 
implanted diodes is _< 1.001 over 7 decades in a log scale. 
The reverse leakage composes of diffusion and generation 
components. The temperature dependence of the junction 
current is shown in Fig. 12. From the slope of the log(J,lT3) 
versus 1 /T reveals the activation energy of the leakage cur- 
rent. For conventional SADS diodes, a distinct change of 
slope (from 1.01 to 0.68 eV) is observed at 9O”C, which 
indicates the change of dominate component of leakage. In 
Ge’ implanted SADS diodes, a constant activation energy 
of 1.03 eV is measured, which is fairly close to the silicon 
bandgap energy of 1.12 eV. It is clear that the diffusion cur- 
rent is the dominant component of reverse leakage current in 
the Gei implanted SADS diodes. 

In the conventional SADS process, the out diffusion of 
boron from the TiSiz is vety difficult [ 8,9], The well-known 
immobility of B in TiSi, is due to the precipitation of TiB,. 
The heat of formation of the TiBz is - 324 kJ mol- ‘, which 
is larger than that of the TiSiz ( - 134 kJ mol- ‘). TiB, is 
more stable than TiSiz and has an extremely high melting 
point. TiB, is easily formed inside the boron contained TiSiz 
which consumes most of the boron [ 8,9]. The solid solubility 
of boron in the TiSi, system is so low that limited amount of 
boron inside the TiSil, is available as a mobile dopant to 
diffuse into the Si substrate, The formation of the TiB reduces 
the dopant concentration beneath the TiSi,/Si interface caus- 
ing the depletion of boron in the silicon surface. 

The incorporation of Ge into the TiSiz enhances the boron 
diffusion. This effect not only may be due to the physical 
effect ( pre-amorphization of the TiSi?) but also may be due 
to the chemical effect (interaction of boron with Ge). Ge is 
reported to have high diffusivity and solubility inside the 
TiSia [ 141. The diffusivity of Ge in the TiSiz film is faster as 
compared with other dopants, such as P, As, B, and Sb atoms 
[ 141. The interactions between Ti-B, Ti-Ge, Ge-B affect 
the diffusion behavior of boron in the Ge+ implanted TiSi?. 
The formation of the Ti-Ge compound releases the trapping 
of the boron by the Ti atoms. Without trapping by the Ti 

- Ge Imp. 
. .._ (Tontro, 

." 
0 2co 400 

Depth $7 

800 ICC0 

Fig. 10. SIMS depth profiles of boron in Si from samples with Ge” and B’ 
implanted TiSiz samples, and the conventional B + implanted TiSi2 samples, 

- 102 
“E 
Y < - - Ge-Imp. 

5 -cConuo1 

750 800 950 locc 

Fig. 1 I. The reverse current densities (J,) at - 5 V reverse bias as a function 
of the drive-in temperatures in Ge+ and B + implanted TiSiz samples, and 
the conventional B+ implanted TiSi? samples. 

-16 1 
. 

2 2.2 2.4 2.6 2.8 3 3.2 3.4 

1ooo/;r (Xi) 

Fig. 12. The temperature dependence of the junction leakage current in Ge + 
and B * implanted TiSi, samples. and the conventional B ’ implanted TiSi, 
samples. 

atom, boron is free to diffuse. Interstitial and substitutional 
B are reported to be trapped and fast diffuse in the high Ge 
concentration area, respectively [ 151. The Ge-B interaction 
enhance the boron diffusion inside the Ge’ implanted TiSi,. 
Both the suppression of the formation of TiB, and enhanced 
boron diffusion due to the addition of the mobile Ge atoms 
make the formation of ultra-shallow p*/n junction by the 
SADS process possible. 

4. Conclusions 

In summary, ultra-shallow boron profiles have been suc- 
cessfully achieved by the Ge’ pre-amorphization and low 
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energy BF,* implant with or without the carbon co-implant. 
Ultra-shallow p+ In diodes fabricated by the SADS process 
with Ge’ and B+ implanted TiSi, show excellent I-V char- 
acteristics and low junction leakage. TRIM cascade calcula- 
tion has been utilized to analyze the defect production and 
energy deposition in the ion implanted silicon. Prediction of 
the thickness of the amorphous layer induced by the Ge’ 
pre-amorphization implant was available by the XTEM cal- 
ibrated TRIM calculation. Modification of the boron 
diffusion in the silicon and silicide is achieved by the multiple 
implants of Ge+, C+ and p-type doping. 
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