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Abstract 

Most silicon nano-devices use ion implantation doping for electric characteristics due to 

precise control of concentration and location of the dopants. A consequence of ion implantation 

is the damage to the silicon caused when injecting dopants into silicon substrate that break the 

silicon structure. This damage causes leakage or electron trapping in device circuits. Therefore, 

minimizing implant damage is of high importance. In general, ion implantation uses photoresist 

coatings, which can endure no more than 200 °C to make selected area doping. We 

characterized ion implantation damage on bare wafers by optimizing the process temperature 

during implant. Elevated temperatures during implant induce “self-annealing” which reduces 

the damage to the silicon structure as the implant occurs. We propose that in-situ temperature 

control can limit ion implant damage on the transistor well and photo diode steps on advanced 

Complementary Metal-Oxide Semiconductor (CMOS) image sensor devices. 
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1. Introduction 

Ion implantation is used in advanced CMOS devices because it allows precise control of the 

dopant depth and concentration. Error! Reference source not found. However, since the ion 

is forcibly injected into the silicon substrate, implant damage to the silicon lattice occurs Error! 

Reference source not found., Error! Reference source not found. This implant damage 

could be eliminated in the subsequent heat treatment process, but due to the constraints of other 

processes, annealing temperature is limited and is not sufficient to relax the implant damage 

Error! Reference source not found.. Damage control is required because residual defects are 

sources of leakage current or degraded electrical characteristics Error! Reference source not 

found.,Error! Reference source not found.. In general, ion implantation requires the use of 

photoresist resins to make selected area doping. These materials are temperature sensitive and 

can only withstand temperatures up to about 200°C. We used a wafer temperature during 

implant between 150°C and 200 °C in this experiment to study damage control in a regime that 

is compatible with photoresist technologies. 

 

2. Experiment 

In this experiment, we used an Axcelis Technologies Purion HTM, high current ion implant 

system. In the ion implanter, the ionized dopants are extracted through an arc slit and electrode 

assembly [7]. The ion then enters the beamline and only ions of the correct charge/mass ratio 

are properly steered by the Atomic Mass Unit (AMU) magnet. The resulting monoenergetic 

beam is then focused and scanned over the wafer. 
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To carry out the normal ion implantation process at room temperature, the wafer is cooled 

by circulating cooling water in the backside of the ESC (electro-static chuck) and flowing N2 

gas through small holes in the surface of ESC to increase thermal conductivity [8]. For in-situ 

temperature control, a 2 zone heater is located at the back of the ESC, shown in Figure 1 (a). 

The location of the ESC in the endstation is shown in Figure 1 (b). The in-situ temperature 

profile for several wafers are shown in Figure 1 (c). The wafers undergo a preheat process to 

keep the wafer temperature constant. The preheat takes about 10 seconds. The total temperature 

range across several wafers is less than +/-2.5°C after temperature stabilization. 

 

Figure 1 (a) Heated ESC (b) Wafer handling end-station (c) 17points of wafer temperature profiles on 

ESC across several wafers 

 

 The change in damage with implant temperature was measured using ThermaWave (TW). 

TW is a relative measurement value indicating the degree of damage of the silicon lattice Error! 
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Reference source not found.. The change of implant damage by beam current was measured 

by TW at room temperature and 150°C. In addition, the sheet resistance (Rs) was measured by 

the 4-point probe method to determine changes in implant damage versus beam current at room 

temperature and 150°C [10]. After ion implantation, the annealed samples were analyzed using 

cross-section Transmission Electron Microscopy (TEM) to compare defects at room 

temperature and 150°C. The damage difference on prefabricated fin structures as a function of 

temperature was measured with TEM.  

  

3. Results and discussion 

The difference of TW value was used to estimate damage differences. The ion implant 

condition is phosphorus, 10 keV, 2.5x1015 atoms/cm2. As the temperature increases, the TW 

value decreases linearly, as shown in Figure 2.  

 

Figure 2 TW value versus temperature for phosphorus, 10 keV, 2.5x1015 atoms/cm2 on as-implanted 

(un-annealed) samples 

 

The damage difference from varying the ion beam density (beam current) was measured using 

TW. Beam current is not related to TW uniformity because the standard deviation was 0.32% 

at 18°C and 0.20% at 150°C. On the other hand, the average TW value at 150°C is 9.3% lower 
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than at 18°C as shown in Figure 3(a). This indicates temperature is a main factor in implant 

damage. In general, since most of the dopant is not activated immediately after the ion 

implantation, the sheet resistance has a high value [12]. Comparing the sheet resistance values, 

the 150°C implant has a 72% lower Rs value than at 18°C; see Figure 3(b). The reason why the 

Rs is lower at 150 °C is that the self-annealing effect of the process enhances the regrowth of 

the silicon lattice and more of the ions are activated Error! Reference source not found.. 

 

Figure 3 Effect of implant temperature and ion beam current for phosphorus, 10 keV, 2.5x1015 atoms/cm2 

(a) Ion implant damage comparison and (b) activation comparison using sheet resistivity for as-implanted 

(un-annealed) samples. 

 

 

Figure 4: Cross section TEM images of arsenic, 10 keV, 3x1015 atoms/cm2 + arsenic, 60 keV, 8x1015 

atoms/cm2 after an anneal at 850 C for 45 sec N2 100%. (a) Implant temperature 20°C (b) Implant 

temperature 150°C 

 

(b) 150°C (a) 20°C 
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TEM of implanted and annealed silicon is shown in Figure 4. The amorphization conditions 

were As, 10 keV, 3x1015 atoms/cm2 and As 60 keV, and 8x1015 atoms/cm2. Since the defects are 

not visible by TEM at temperatures above 1000°C, annealing conditions of 850°C, 45 sec in N2 

100% are used to observe defects Error! Reference source not found.. We observe that defects 

are generated at various depths in samples implanted at 20°C as shown in Figure 4 (a). On the 

other hand, for the TEM image of a 150°C implant shown in Figure 4 (b), the defect was 

observed only in the end-of-range region corresponding to As 60 keV. It was observed that the 

residual defect was significantly reduced in the sample using the in-situ temperature control of 

150 °C. 

 

Figure 5 TEM data image of phosphorus, 10 keV, 5x1014 atoms/cm2 (as-implanted) on fin structures. (a.b) 

Implant temperature 20°C, (c,d) Implant temperature 200°C. 

(a) 20°C 

54.1nm 

(b) 20°C 

(c) 200°C 

12.4nm 

(d) 200°C 
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After ion implantation into a fin structure similar to a real device, TEM images were compared. 

In the fin structure, the black area is crystalline silicon and the gray area is amorphized silicon. 

In the sample implanted at 20°C as shown in Figure 5 (a), it is seen that all of the regions higher 

than the middle of the fin are amorphized. However, in the sample implanted at 200°C as shown 

in Figure 5 (b), only the outer part of the fin structure was amorphized. This suggests that it will 

be easy to be re-crystalized with a subsequent heat treatment process Error! Reference source 

not found.. 

 

4. Conclusions 

Warm implant with in-situ temperature control is effective in reducing implant damage. It is 

considered that there is a curing effect by self-annealing as evidenced by sheet resistance. TEM 

images show that the defects of a wafer after implant at a temperature higher than room 

temperature are reduced. The potential applications of this damage control method will be 

adopted on advanced CMOS and CIS device at junction area of CMOS [17] or photo diode area 

of CIS [18]. 
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