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ABSTRACT We demonstrated that p- and n-type activation layers can be formed in Si films by laser
doping with H3PO4 solution and Al2O3 sol coating. The phosphorus and aluminum concentrations at
the laser doped region were found to be over 1019 cm−3 in Si films. In addition, generations of the
activation carriers for n- and p-type layers were confirmed by Hall effects measurement. In this study,
the characteristic of CMOS invertors fabricated by laser doping are presented.

INDEX TERMS Low temperature poly Si (LTPS), thin-film-transistor (TFT), excimer laser anneal-
ing (ELA), laser doping, chemical solution coating.

I. INTRODUCTION
Low-temperature poly-Si (LTPS) thin-film transistors (TFTs)
have attracted significant attention as devices with high def-
inition for flat panel displays (FPDs). An additional benefit
of using LTPS is that CMOS circuits can be formed on
substrates such as glass and even plastics for peripheral
logic circuits on the panel. Several techniques for creating
LTPS thin films have been developed so far. In particular,
excimer laser annealing (ELA) is recognized as a promis-
ing process that enables the crystallization of amorphous
Si (a-Si) at low temperature without any damages to sub-
strates, and it is commercially applied for manufacturing
liquid crystal displays (LCDs) and organic light-emitting
diodes (OLEDs) [1]–[3].
However, one issue remains with regard to LTPS TFT

fabrication. The ion implantation and high-temperature
annealing (∼500 ◦C) processes, which are used in creat-
ing source/drain contacts for TFTs, can’t be applied for
flexible substrates due to their heat resistances only up
to ∼300 ◦C [4]. Recently, laser doping has been stud-
ied in order to achieve a simplified and cost-effective
process without using high-temperatures. Various laser
doping methods have been reported, for example, gas

immersion laser doping (GILD) in a dopant gas ambient
(i.e., BF3, or PF5) [5]–[6], laser doping based on the abla-
tion of Al2O3 thin films deposited on the substrate [7],
and laser doping with phosphosilicate (PSG) or borosili-
cate glass (BSG) [8]–[9]. These doping methods have been
studied mainly for creating pn junctions in solar cells.
In our previous study, phosphorus was doped onto Si

films immersed in H3PO4 solution by laser doping, and
a phosphorus concentration of over 1019 cm−3 was con-
firmed [10]. Moreover, a H3PO4 solution coating process
was established to prevent the generation of bubbles, which
led to optical scattering during irradiation [11]. In particu-
lar, formation of low-resistance in-source/drain contacts is
required in TFTs for good electrical properties. The laser
doping method involving a coating process is expected to
meet the above requirements at low temperature and costs.
With regard to laser light sources, the KrF excimer laser

has several advantages in laser doping owing to its short
wavelength of 248 nm. These advantages include a high
absorption rate of Si (∼106 cm−1) and high energy effi-
ciency that induces complete melting even at a short pulse
wave (∼ns). The diffusion coefficient of phosphorus in
liquid-phase Si is much higher (10−4–10−3 cm2/s) than that
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FIGURE 1. (a) Schematic of excimer-laser doping setup and in-situ
observation system. (b) Concept of the phosphorus or aluminum doping of
Si films by laser irradiation.

of solid-phase Si (10−12–10−10 cm2/s) [12]. It was also
reported that phosphorus and boron dopants were diffused
and incorporated into crystalline Si using a Nd:YAG laser
of 355 nm [13]. In this study, we propose a notable doping
method using a KrF excimer laser with a coating of H3PO4
solution (n-type) and Al2O3 sol (p-type) in order to form
source/drain contacts in n- and p-MOS TFTs for CMOS
LTPS TFT fabrication, including the laser crystallization of
a-Si films.

II. EXPERIMENTAL METHODS
A. LASER DOPING SYSTEM
Figure 1 (a) shows a schematic of the KrF-excimer laser
[Gigaphoton, Inc., wavelength: 248 nm, pulse duration (full
width at half-maximum (FWHM): 10 ns] doping system. An
optical delay system was used in this setup for optimized
laser crystallization. The shot repetition rate of the laser was
100 Hz, whereas the spot size on the surface of the sam-
ple was 800 µm × 500 µm. The sample was scanned in
the short-axis direction of the laser beam; the number of
laser shots was fixed at 20 per location. Figure 1 (b) shows
a concept of laser doping of Si film with H3PO4 solution
or Al2O3 sol coating. Phosphorus in H3PO4 solution or
aluminum in Al2O3 sol diffuse into molten Si irradiated

with KrF excimer laser. H3PO4 solution or Al2O3 sol
was coated on the surface of Si films as following steps:
Initially, the laser crystallization was conducted at a fluence
of 400 mJ/cm2 and 20 shots. (1) diluted-hydrofluoric-acid
cleaning (10 s), (2) pure-water cleaning, (3) ultraviolet (UV)
treatment (10 s), (4) dipping into H3PO4 solution or Al2O3
sol (10 s), and (5) pure-water cleaning (10 s). The UV
treatment in step 3 was performed using KrF excimer laser
irradiation (100 mJ/cm2 and 20 shots). This UV laser treat-
ment enhanced the hydrophilicity of the surface of the a-Si
film. The reason why 100 mJ/cm2 and 20 shots were selected
for the UV treatment was to induce surface oxidation and
hydrophilic of Si without melting. The pure-water cleaning
in step 5 removed any excess H3PO4 solution or Al2O3 sol.
A continuous-wave (CW) laser with a wavelength of 633 nm
was used to probe the center of the region irradiated by the
KrF excimer laser. The reflected probe light from the poly-Si
surface was monitored using a photo-detector during laser
irradiation.
After the doping process, the specific resistivity, depth pro-

files of the phosphorus and aluminum concentrations, carrier
concentration, and Hall mobility were measured. The specific
resistivity was determined from the sheet resistance (mea-
sured by a four-point probe) and the film thickness (50 nm).
The phosphorus and aluminum depth profiles were measured
using secondary-ion mass spectrometry (SIMS); in addition,
the contact resistivity of the doped Si was investigated with
Al/Ti electrodes using the transmission line model (TLM).
Finally, we report the characteristics of n-MOS, p-MOS, and
CMOS TFTs fabricated by laser doping.

B. TFT FABRICATION
Figure 2 shows a schematic of the top-gate transistor fab-
rication process. The process flow is as follows. First, a-Si
(50 nm) films were deposited onto a quartz substrate by
low-pressure CVD at 550 ◦C. Subsequently, ELA was con-
ducted in a fluence range of 400 mJ/cm2 and 20 shots.
The crystallization of 400 mJ/cm2 and 20 shots was opti-
mized for largest crystal grain size from scanning electron
microscope (SEM) image at irradiated region. After laser
irradiation and poly-crystallization, the Si film was pat-
terned by photolithography and wet etched with a mixture
of HF, HNO3, and H2O. For the gate insulator, a SiO2 film
(100 nm) was deposited, and contact holes were opened at
the source/drain regions with buffered HF. The coating pro-
cess progressed with H3PO4 solution or Al2O3 sol, and laser
doping at 400 mJ/cm2 and 20 shots was performed.

The SiO2 film pattern was used for local doping only to the
source/drain, thus preventing doping of the channel region.
Then, the gate insulator of the SiO2 film was removed with
buffered HF. The SiO2 film was re-deposited, and a TiN
(150 nm) electrode film was deposited and patterned. Next,
a dielectric film of SiO2 (∼200 nm) was deposited by atmo-
spheric pressure CVD at 400 ◦C. The contact holes were
opened by wet etching, and the contact metal of the Al
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FIGURE 2. Schematics of top-gate transistor fabrication process by laser
doping with coating of chemical solution.

FIGURE 3. Resistivity of Si doped with H3PO4 solution coating (blue line)
and Al2O3 sol coating (red line) up to 500 mJ/cm2 and 20 shots.

films was deposited and patterned. The H2 sintering was
performed at 400 ◦C for 0.5 h.

III. RESULTS
Figure 3 shows the specific resistivity of the Si doped with
H3PO4 solution coating (blue line) and Al2O3 sol coat-
ing (red line) at different fluences up to 500 mJ/cm2 and
20 shots. At first, surface cleaning with HF solution of 1%
and laser annealing and poly-crystallization were carried
out at a fluence of 400 mJ/cm2 and 20 shots, with scan-
ning in the short-axis direction. The resistivity decreased as
the laser fluence increased. Finally, a minimum resistivity
value of ∼0.08 � ·cm was observed at a doping condi-
tion of 400 mJ/cm2 and 20 shots in both solution coatings.
Ohmic contacts were also confirmed with tungsten probes,
which indicated that the conductive layer was formed. It
is known that a lower specific resistivity corresponds to
a higher dopant concentration [14]. Thus, these results show
that phosphorus and aluminum were incorporated into the
Si film by laser irradiation. As previously reported, we actu-
ally observed the reflectance and melting condition of Si

during irradiation by employing in-situ monitoring based on
a 633 nm CW laser [11]. It is thought that laser doping is
a phenomenon derived from the melting of Si, and com-
plete melt of Si was seen at the fluence of 400 mJ/cm2.
The temperature of ∼1400 ◦C at the maximum was esti-
mated on the surface based on temperature simulations of
Si films irradiated with one pulse at a fluence of 400 mJ/cm2,
and this was sufficient for the melting of Si. The resistivity
of the laser-doped region without any coatings was mea-
sured for comparison, and the resistivity showed no changes
despite the laser fluence. This result indicated that the
H3PO4 and Al2O3 coatings actually contributed to the low
resistivity.
Figure 4 (a) and (b) show the phosphorus and aluminum

depth profiles measured by SIMS for the irradiated areas of
400 mJ/cm2 and 20 shots. The phosphorus and aluminum
concentrations in the Si films were found to be uniform (over
1019 cm−3). These concentrations are equivalent to an ion
dose of ∼1014 cm−2. This value is reasonable or small for
contact formation in TFTs since the dose level is required
to be approximately 1014–1015 cm−2 for ion implantation.
A longer pulse duration or increased shot number might
provide a higher impurity concentration because these are
also thought to be effective parameters [15]. The oxygen
over 1021 cm−3 was also measured at the Si surface of doped
regions. This is possibly attributes to surface oxidation of Si
induced by laser irradiation.
We also measured the aluminum depth profile in un-doped

region for comparison. As shown in figure 4 (c), the alu-
minum concentration showed almost background level. This
indicated that aluminum was incorporated into Si by laser
irradiation.
The Hall mobility (μ) of the Si films after laser dop-

ing was found to be 61 cm2/Vs (at the H3PO4 condition)
and 13 cm2/Vs (at the Al2O3 condition) at 400 mJ/cm2

and 20 shots based on the Van der Pauw method [16].
This means that activated dopants were generated by laser
doping. Additionally, either an n-type or p-type layer was
distinguished from the gradient of IV linear. The carrier
concentrations (n) calculated by Hall measurements were
1.5 × 1018 cm−3 (at the H3PO4 condition) and 8.9 × 1018

cm−3 (at the Al2O3 condition). This is one order of mag-
nitude smaller than the impurity concentrations. The most
probable reason for this is that carrier traps were produced
by the laser irradiation and crystal defects. As reported ear-
lier, carriers tend to be captured in trapping sites at the
grain boundaries [17], [18]. We also measured the contact
resistivity between the doped region and Ti/Al electrodes
by the TLM method. Resistivity of 8.5 × 10−5 �·cm2

and 1.8 × 10−3 �·cm2 were obtained for laser doping
of 400 mJ/cm2 and 20 shots with H3PO4 solution coat-
ing and Al2O3 solution coating, respectively. It is generally
said that the allowable contact resistivity is approximately
10−6 �·cm2 [19]. We think that a higher active doping
density and lower metal-semiconductor barrier height are
required for lower contact resistivity.
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FIGURE 4. Phosphorus (a) and aluminum (b) depth profiles in laser
-doped region irradiated with fluence of 400 mJ/cm2 and 20 shots.
(c) Aluminum depth profile in un-doped region for comparison.

Figure 5 (a)-(d) show the transfer curves [drain
current (ID)-gate voltage (VG) and ID-drain voltage
(VD)characteristics] of the n- and p-MOS TFTs fabricated
by laser doping with H3PO4 solution (n-MOS) and Al2O3
sol (p-MOS) at the condition of 400 mJ/cm2 and 20 shots.
The laser doping of 400 mJ/cm2 and 20 shots was optimized
for lowest resistivity. The gate length (L) was 20 µm, and
the width (W) was 30 µm. A VD of 15 V for the n-MOS
TFT and −15 V for the p-MOS TFT were applied to the

FIGURE 5. ID − VG curves for p-MOS TFT at VD = −15 V (a) and n-MOS TFT
at VD = 15 V (b) fabricated with fluence of 400 mJ/cm2 and 20 shots.
ID − VD curves for p-MOS TFT from −15 V to −5 V of VD (c) and n-MOS TFT
from 5 V to 15 V of VD (d).

ID–VG curves. From the ID–VG curves in Fig. 5(a) and (b),
it is clear that on/off operations of TFTs with the changes
in gate voltage were successfully obtained in both chemi-
cal coating conditions. Here, the field-effect mobility (μFE)
in the saturated region is based on the transfer curves. The
equation for μFE is as follows:

μFE = 2L

WCi

(
∂
√
ID

∂VD

)2

(1)

where Ci is the gate oxide capacitance (3.5 × 10−8 F/cm2).
The μFE was found to be 64 cm2/Vs for the n-MOS transistor
and 8 cm2/Vs for the p-MOS transistor at the maximum.
As shown in Fig. 5(c) and (d), the ID–VD curves for n-

and p-MOS TFTs show good following performance with
increasing gate voltage. The threshold voltages (Vth) and
sub-threshold swings (SS) were −1.0 V and 1.65 V/dec for
the n-MOS TFT, −7.0 V and 2.1 V/dec for the p-MOS
TFT, respectively. The drain current of the n-MOS TFT was
greater by a degree of magnitude than that of the p-MOS
TFT. This is also seen in Si single-crystal MOSFETs and is
probably attributed to the difference in properties between
electron and hole carriers [20]. Therefore, a larger channel
region is required for a p-MOS TFT in order to achieve
better CMOS operation. The average standard deviation of
field effect mobility fabricated by laser doping method were
47 cm2/Vs and 20 % for n-type TFTs (N=8), and 5.3 cm2/Vs
and 22 % for p-type TFTs (N=8). We also evaluated the
TFTs fabricated by ion implantation (ion source : As+ (n-
type), energy : 140 keV, dose level : 5×1015 cm2) and high
temperature annealing (550 ◦C, 1h), and the average and
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FIGURE 6. Total channel resistance R vs. channel length L (= 6 µm, 10 µm,
and 20 µm) for n-MOS TFT.

standard deviation of field effect mobility were 41 cm2/Vs
and 17 % (N=8). This result shows that the performance of
laser doped TFTs was reasonable.
We investigated the effective channel length Leff for n-

MOS TFT at the laser-doped of 400 mJ/cm2 and 20 shots
to evaluate the influence of lateral diffusion of phosphorus
dopants. Figure 6 shows the measured total resistance R
changing the channel length L of 6 µm, 10 µm and 20 µm
applying various bias voltages of VG − Vth = 2 V, 4 V, and
6 V. Here, the total resistance R and the effective channel
length Leff are given by: [21]

R = Ri + Ro (2)

Leff = �L+ L (3)

where Ri is an intrinsic channel resistance and Ro is an
extrinsic resistance including all other resistance. The �L
is the parameter caused by source/drain diffusion, and can
be determined from the intersection point of R-L linear as
shown in figure 6. The �L was assumed to be – 4.1 µm.
Therefore, in the case of L = 20 µm, the Leff is calculated
to be 15.9 µm. This Leff is very significant in fabrication of
short channel TFTs. The Ro was found to be 19.5 k� from
the R-L relations, and the Ri was calculated to be 1.1 k�,
indicating that the extrinsic resistance is dominant parameter
in source/drain resistance.
Figure 7(a) shows an optical microscopy image of the

CMOS TFT composed of n-MOS and p-MOS fabricated by
laser doping at the condition of 400 mJ/cm2 and 20 shots.
The gate electrodes were connected for the input voltage
(Vin) with Al. The source of n-MOS and the drain of p-
MOS were connected with Al for the output voltage (Vout).
Figure 7 (b) shows schematics of CMOS TFT fabrication
process by laser doping with coating of chemical solution.
Figure 7(c) shows the transient of the Vin − Vout characteri-
zation at VDD = 15 V and VSS = 0 V. We used a function
generator for input signals with the square-wave amplitude
of 15 V peak-to-peak and a frequency of 100 Hz. It was
revealed that the Vout signal changed to a high-level voltage

FIGURE 7. (a) Optical microscopy image of CMOS inverter. (b) Schematics
of CMOS TFT fabrication process by laser doping with coating of chemical
solution. (c) Transient characteristics for inverter applying Vin amplitude of
peak-to-peak at 15 V and frequency 100 Hz at VDD = 15 V and VSS = 0 V.
(d) Vin-Vout characteristics for inverter with Vin ranging from −15 V to 15 V.

of 13.5 V when Vin was 0 V, including inverted Vin waves
when Vin was 15 V. The reason that the maximum voltage
differs between the Vin and Vout might be attributed to the
off-current of n-MOS TFT.
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Figure 7(d) shows the typical Vin-Voutcharacteristics of the
CMOS inverter. The inverter characteristic with rail-to-rail
operation was observed. One of the significant performance
indicators for CMOS inverters is low power consumption.
Therefore, a low off-current of LTPS TFTs of ∼pA is
required. As recognized in the conventional process of LTPS
TFTs, the high electric-field concentration in the termination
of the source/drain may lead to a high off-current even in
the laser doping process. The formation of a channel offset
region or multiple gate structure relaxing the electric field
would be effective toward solving this problem [22]. The
laser doping method is an advanced technology for control-
ling the dopant concentration and depth profiles. Therefore,
it is possible to form the lightly doped drain (LDD) structure
in a channel region for LTPS TFTs [23].

IV. CONCLUSION
In conclusion, we demonstrated that dopant implantation
and activation can be simultaneously performed using KrF
excimer laser irradiation with the melt of Si thin films coated
with H3PO4 solution and Al2O3 sol. High phosphorus and
aluminum concentrations over 1019 cm−3 were observed in
Si films. Additionally, we presented n- and p-MOS TFT
operations with reasonable field effect mobility. The details
of TFT performance and related characteristics are not com-
pletely clear, and we are investigating the relationships
between laser parameters (laser fluence and shot number)
and TFT performances (mobility and threshold voltage). The
proposed laser doping method will be cost-effective and con-
tributive not only for displays but also various applications
such as NAND flash memories, SRAMs (Static Random
Access Memories), and image sensors.
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