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Abstract An effective cleaning method for Ni removal in Ni-induced lateral crystallization(Ni-MILC) poly-Si TFTs and their

electrical properties are investigated. The HCN cleaning method is effective for removal of Ni on the crystallized Si surface,

while the nitric acid treatment results decrease by almost two orders of magnitude  in the Ni concentration due to effective

removal of diffused Ni mainly in the poly-Si grain boundary regions. Using the HCN cleaning method after the nitric acid

treatment, re-adsorbed Ni on the Si surfaces is effectively removed by the formation of Ni-cyanide complexions. After the

cleaning process, important electrical properties are improved, e.g., the leakage current density from 9.43 × 10−12 to 3.43 ×

10−12 A and the subthreshold swing values from 1.37 to 0.67 mV/dec.
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1. Introduction

Low temperature crystallization methods are considered

to be an essential method to achieve high mobility for

poly-crystalline silicon(poly-Si) thin film transistors(TFTs).1-2)

Many researchers have been focused on the laser-based

crystallization methods(e.g., excimer-laser crystallization

(ELC)).3-5) Although there are many advantages in the

ELC technology and its derivatives, a limit of incident

laser beam length6) and high surface roughness(i.e., ridge

structure formed by laser annealing) hinder the future

application in large scale displays. High process cost of

the laser crystallization technique is another concern. On

the other hand, non-laser low temperature crystallization

methods using metal catalyst[e.g., metal-induced crystalli-

zation(MIC),7) metal-induced lateral crystallization(MILC),8)

field-aided lateral crystallization(FALC),9) etc.] have demon-

strated themselves as potential cost effective methods for

large scale displays compared to the laser-based crystalli-

zation methods. However, residual metal contaminants

(typically Ni and its compound NiSi2) after the crystalli-

zation process on the surface and/or inside of crystallized

Si bulk deteriorate the major electrical properties and

result in high off-state leakage current, a shift in threshold

voltage(Vth), subthreshold swing, etc.10)

Cleaning employed in electronic device fabrication

processes is usually performed with the RCA method

which uses mixtures of H2O2 plus NH4OH solutions(i.e.,

SC1 cleaning), and H2O2 plus HCl solutions(i.e., SC2

cleaning), but is mostly accompanied by surface etching

and re-adsorption of removed metal contaminants. Recently,

H. Kobayashi and colleagues have reported a simple

metal removal method on Si surfaces using cyanide

solutions[i.e., potassium cyanide(KCN) and hydrogen

cyanide(HCN)], that can avoid the etching problem.11-13)

This method shows effective removal of metal contaminants

to the concentration less than 3 × 109 atoms/cm2. Extremely

low concentration cyanide solutions(e.g., 3 ppm) can be

used for cleaning. Moreover, re-adsorption of metal

contaminants does not occur,12) which enables repeated

use of the cleaning solutions. Moreover, using two kinds

of chemical solutions, e.g., HCl + H2O2 and HCN solutions,

metal contaminants on SiC surfaces can completely be

removed in spite of the fact that SiC is much more

chemically stable, and thus the RCA cleaning method is

not effective.14) It should be noted that defect states near
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Si and SiC surfaces are simultaneously passivated because

cyanide ions(CN−) in the solutions are directly and

selectively adsorbed on the defect sites, leading to

formation of Si-CN bonds. Si-CN bonds are thermally

stable up to 800 oC because of their high bond energy of

4.5 eV15)(cf. Si-H bond energy: 3.1~3.5 eV16-17)). 

The aim of the present study is to find the effective

way of eliminating Ni in the crystallized poly-Si using

the CN-based chemical cleaning method after the Ni-

MILC process and to investigate the cleaning effect on

the electrical properties of TFTs.

2. Experiments

Ni-MILC top gate poly-Si TFT samples were prepared

by following processes. Firstly, 300 nm thick SiO2 was

deposited on a Corning 1737 glass substrate using

atmospheric pressure chemical vapor deposition(APCVD)

at 300 oC. Then, a 50 nm thick amorphous Si layer was

deposited at 400 oC by a low pressure chemical vapor

deposition(LPCVD) method using SiH4 gas. In order to

form active regions and transistor gate regions, photo-

lithography and patterning methods were used. Ni-induced

lateral crystallization(Ni-MILC) of the active regions was

carried out by selective deposition of a 2 nm thick Ni

catalyst layer on the source and drain areas by a DC

sputtering method, followed by the heat treatment at

500 oC for 10 h in nitrogen atmosphere.

Chemical solutions were used to remove the residual

Ni contaminants on poly-Si films. To obtain the optimized

cleaning condition, various cleaning solutions[e.g., nitric

acid treatment followed by oxide removal using hydro-

fluoric acid(HF) etching, and HCN cleaning] and

cleaning parameters such as pH of the solutions(i.e., pH

10 and 11) and immersion times were optimized. The

concentration of Ni contaminants on poly-Si films was

estimated from total reflection X-ray fluorescence(TXRF)

measurements. A 100 nm thick SiO2 layer was then

deposited as an insulator by PE-CVD at 250 oC. Fabrica-

tion of transistors with 20 µm width and 20 µm length

was completed by deposition of 300 nm thick Mo

electrodes using a sputtering method at room temperature.

The electrical properties were evaluated with an Agilent

5270B parameter analyzer.

3. Results and Discussion

Fig. 1 shows the Ni concentration on the crystallized

poly-Si surfaces determined from the TXRF spectra

measured before(Fig. 1a) and after cleaning with various

solutions for 10 min. The Ni concentration before cleaning

was 4.5 × 1014 atoms/cm2, and it was slightly decreased

to 1.3 × 1014 atoms/cm2(Fig. 1b) and 1.1 × 1014 atoms/

cm2(Fig. 1c) by cleaning using 0.027 wt% HCN aqueous

solutions with pH 10 and 11, respectively. It has already

been proved that Ni contaminants on Si surfaces can

completely be removed by use of cyanide solutions.18)

The cleaning mechanism is associated with the formation

of metal-cyanide complex ions by the reaction of CN−

ions in HCN solutions with metal species. The electro-

dissociation probability of HCN increases with pH, resulting

in an enhanced capability of metal removal with pH.13) It

implies that re-adsorption of Ni-cyanide complex ions,

[Ni(CN)2]
−, [Ni(CN)3]

2−, and [Ni(CN)4]
3−, does not occur

due to the weak formation energy between Ni-cyanide

complex ions and Si, and high stability of these ions in

aqueous solutions. Because of prevention of re-adsorption

of Ni-cyanide complex ions, surface Ni species is effectively

removed. Although the Ni concentration on the crystallized

Si surface after HCN cleaning greatly decreased to ~1/5

that before cleaning, Ni was still present in the Si bulk

because of Ni diffusion to the Si bulk during the Ni-

MILC process.19) When pH of HCN solutions is high, Si

etching proceeds but that caused by pH 11 HCN

solutions seems to be insignificant(etching rate for pH 11

HCN solutions: 2.5 nm/min).

The Ni concentration was markedly decreased to 1.1 ×

1013 atoms/cm2 by cleaning with 68 wt% HNO3 aqueous

solutions at room temperature(Fig. 1d). It is highly

probable that Ni is accumulated in grain boundary

regions, and the nitric acid treatment selectively etches

away these regions. The Ni concentration was further

decreased to 8.4 × 1012 atoms/cm2 by etched-off of SiO2

using 0.5 wt% HF solutions after the HNO3 treatment

(Fig. 1e). The nitric acid treatment forms a ~1.4 nm SiO2

Fig. 1. Ni concentrations on the Ni-MILC poly-Si surfaces

determined from the TXRF spectra measured before (a) and after

cleaning for 10 min with following chemical solutions: (b) 0.027 %

HCN aqueous solutions with pH 10, (c) 0.027 % HCN aqueous

solutions with pH 11, (d) 68 wt% HNO3 solutions, (e) 0.5 wt% HF

solutions after the nitric acid treatment.
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layer,20) and Ni contaminants included in the SiO2 layer

are removed by the subsequent HF etching.

The nitric acid oxidation and etching processes are

difficult to avoid re-adsorption of Ni ions in the solutions

unlike the HCN cleaning process.21) Therefore, we have

employed the additional HCN cleaning process after the

HF etching process, and the result is shown in Fig. 2. In

the case of pH 10 HCN cleaning, Si etching can be

neglected. Even in this case, the Ni concentration greatly

decreased from 8.4 × 1012 atoms/cm2 to 2.0 × 1012 atoms/

cm2. This decrease is attributable to removal of Ni re-

adsorbed on the Si surface during the nitric acid treatment.

When the time of cleaning using pH 10 HCN solutions

was increased to 10 min, the Ni concentration further

decreased to 6.0 × 1010 atoms/cm2. This decrease is

attributable to slight etch-off of the Si surface region by

pH 10 HCN solutions.

Considering the above results, the most probable

mechanisms of Ni removal are given below: Before

cleaning, high concentration Ni is present on a poly-Si

surface and grain boundary regions, and the concentration

decrease with the depth(Fig. 3a). HCN solutions with pH

of 10 remove Ni contaminants only on Si surfaces(Fig.

3b). HCN solutions with pH of 11 slightly etch away Si

surface regions(Fig. 3c), and Ni in these regions is

removed. However, Si etching proceeds relatively uniformly

(i.e., the etching rate does not depend on the Ni

concentration), resulting in the slight decrease in the Ni

concentration. The nitric acid treatment, on the other

hand, selectively etches away the grain boundary regions

with high Ni concentrations(Fig. 3d), leading to a great

decrease in the Ni concentration. We recently observed

that the height of the ridge structure of poly-Si thin films

produced by a laser annealing method with catalytic Ni

greatly decreased by the nitric acid treatment, clearly

showing that the treatment etched off grain boundary

regions.(Grain boundaries are present at top regions of

the ridge structure.) The nitric acid treatment forms a

~1.4 nm SiO2 layer with the uniform thickness, and the

SiO2 removal does not considerably decrease the Ni

concentration. During the nitric acid treatment, Ni ions in

HNO3 solutions are re-adsorbed on the Si surface. Re-

adsorbed Ni can be removed by HCN cleaning(Fig. 3e).

Fig. 4 shows the SEM images for the poly-Si surfaces

before and after the cleaning processes employed in Fig.

2. The crystallized Si surface without cleaning process

did not show any features such as dendrite or island

regions(Fig. 4a). Cleaning with pH 10 HCN solutions for

2 min showed minimal change in the surface morphology

(Fig. 4b). On the other hand, etch pits were clearly

observed on the Si surface cleaned with HCN solutions

for 10 min(Fig. 4c). Ni-induced crystallization of amorphous

Si is known to proceed with dendrite growth and defects

are associated with the formation of dendrites.22) The

Fig. 2. Ni concentrations on the Ni-MILC poly-Si surfaces

determined from the TXRF spectra: (a) before cleaning, (b) after

cleaning with 0.027 % HCN aqueous solutions of pH 10 for 2 min,

(c) after that for 10 min.

Fig. 3. Mechanisms of metal removal using the following methods:

(a) before cleaning, (b) cleaning with pH 10 HCN solutions, (c)

cleaning with pH 11 HCN solutions, (d) nitric acid treatment, (e)

HF treatment followed by the nitric acid treatment.
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dendrite regions are relatively easy to be etched off by

chemical solutions. Eventually, such a non-uniform surface

of the HCN treated sample with etch pits is responsible

for the increase in a leakage current density or performance

failure of electronic devices. Considering these results,

we selected the 2 min HCN cleaning condition followed

by the nitric acid treatment plus the HF etching process. 

In order to confirm the effect of removal of residual Ni

contaminants in the Ni-MILC device, we prepared two

different Ni-MILC poly-Si TFT samples and evaluated

the electrical properties. One is the pristine sample and

the other is the sample cleaned in the same way as that

employed in Figs. 4(a) and (b). Fig. 5 shows the gate-

voltage versus drain-current of the Ni-MILC poly-Si TFT

devices at the drain bias of 0.1 V. Although the sample

cleaned with HCN solutions for 2 min resulted in the

lower Ni concentration than that of the pristine sample,

the surface of the cleaned sample was rougher than that

of the pristine sample. The off-state current density,

threshold voltage(Vth) and subthreshold swing(S.S) values

of the TFTs depended on the cleaning processes. It

turned out that those values before and after cleaning for

2 min were 9.4 × 10−12 A, 4.9 V, 1.33 V/dec and 3.4 × 10−12

A, 3.1 V, 0.65 V/dec, respectively. The detailed data are

provided in Table 1. Ni atoms in Si act as deep-level trap

sites. Elimination of Ni is likely to improve the device

properties such as decreases in a leakage current density,

S.S and Vth. It can be concluded that the lower off-state

current, Vth and S.S values for the HCN-cleaned TFTs

result from the effect of Ni removal.

4. Conclusion

We have developed the effective Ni cleaning method

for Ni-MILC poly-Si TFTs and improved electrical

properties of the TFTs. The HCN cleaning method alone

slightly decreases the surface Ni concentration, but Ni in

the Si bulk is not effectively removed. Using the nitric

acid treatment, the Ni concentration decreases to almost

two orders of magnitude lower than the initial concentration

because the treatment etches away Si grain boundary

Fig. 4. SEM images of the Ni-MILC poly-Si surfaces: (a) before

cleaning, (b) after cleaning with 0.027 % HCN aqueous solutions

of pH 10 for 2 min, (c) after that for 10 min.

Fig. 5. Drain current vs. gate voltage curves of the poly-Si TFTs

fabricated by Ni-MILC process: (a) without cleaning, (b) with

cleaning using pH 10 HCN solutions for 2 min.

Table 1. Field effect mobility(µFE), threshold voltage(Vth),

subthreshold swing(S.S), and off-state current density for the Ni-

MILC with and without HCN cleaning process.

Type Without cleaning With cleaning

µFE(cm2/VS) 75.5 95.5

Vth(V) 4.9 3.1

S.S(V/dec) 1.37 0.65

Off-state current(A) 9.43 × 10−12 3.43 × 10−12
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regions with a high Ni concentration. During the nitric

acid treatment, some of Ni ions in the solution are likely

be re-adsorbed on the Si surfaces. Re-adsorbed Ni can

effectively be removed by the HCN cleaning method.

After HCN cleaning, the leakage current density, Vth and

S.S values of the TFTs decrease from 9.4 × 10−12 A,

4.9 V, 1.33 V/dec to 3.4 × 10−12 A, 3.1 V and 0.65 V/dec,

respectively.
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