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ABSTRACT Recently, a shallow and conformal doping profile is required for promising 3D structured
devices. In this study, we deposited the dopant phosphorus (P) using modified plasma assisted doping
(PaD) followed by an annealing process to electrically activate the dopants. A rapid thermal annealing
process (RTP) was the first approach tested for activation but it resulted in a deep junction (> 35 nm).
To reduce the junction depth, we tried the flash lamp annealing process (FLP) to shorten the annealing
time. We also predicted the annealing temperature by numerical thermal analysis, which reached 1,020 ◦C.
However, the FLP resulted in a deep junction (∼ 30 nm), which was not shallow enough to suppress short
channel effects. Since an even shorter annealing process was required to form a ultra-shallow junction,
we tried the laser annealing process (LAP) as a promising alternative. The LAP, which had a power density
of 0.3 J/cm2, increased the surface temperature up to 1,100 ◦C with a shallow isothermal layer. Using the
LAP, we achieved a USJ with an activated surface dopant concentration of 3.86×1019 cm−3 and a junction
depth of 10 nm, which will allow further scaling-down of devices.

INDEX TERMS Ultra-shallow junction, phosphorus, plasma assisted doping, laser annealing process.

I. INTRODUCTION
Over the last few decades, users’ demands and a price war
among semiconductor industries have been driving the con-
tinuous scaling-down of electronic devices. Reducing the
channel length from 45 nm to 10 nm made it possible to
fabricate 13 times more devices from the same sized wafer,
and with enhanced performance. However, shrinking the size
of the devices in planar direction reached its limitation and
could not afford the further improvements in 2D. As a result,
it led the device architecture to move on non-planar and
3D structures.

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

There are several device structures proposed and realized
in 3D such as FinFET, 3D NAND, 4F2 DRAM with 3D
vertical gate and future device structures [1]–[6]. Device
structures in 3D seem to allow further scaling down and
boosted performances, but it also forced the fabrication pro-
cesses to be adapted. 3D channel and contact in a non-planar
device, for example FinFET and gate-all-around (GAA)
devices, require conformal and shallow doping profiles [7].
Especially, the contact requires ultra-shallow junction (USJ)
to overcome short channel effect (SCE) and high dose for low
resistances. NAND architecture is also moving to 3D because
stacking structure is less affected by SCE and parasitic capac-
itance with higher stability [8]. To achieve 3D stacking of
NAND, vertical gate array and embedded common source
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FIGURE 1. (a) Schematic diagram of fabrication process flow. (b) The TEM image of the high aspect ratio (6:1) fin array (black); the figures at left-side
show fin array without any process including PaD and RTP while the right-side is the result after PaD and RTP. The narrowest gap between the fins is
22.5 nm long. The fin width is about 23.4 nm thick and the maximum height is about 139.4 nm. There were no structural damage or lattice distortions.
(c) The EDS result after PaD shows that P dopants were conformally deposited .

line (CSL) of 3D NAND needs to be conformally and uni-
formly doped. The memory device also faced a limitation for
reducing cell size. The trial to move from 6F2 to 4F2 DRAM
to reduce the cell size by 33 % also demands conformal and
shallow doping of n-type dopants to generate source and drain
under buried bit-line with assisted hole-draining. Therefore,
to reach the next stage on the technology roadmaps (beyond
10 nm node), highly doped regions with shallow doping
profiles are necessary.

As the device structures become smaller and move to 3D,
conventional dopingmethods are not capable of fully meeting
the doping requirements. Ion shading (shadowing effect),
surface penetration issues (channeling) and surface bom-
bardment damage are unavoidable with ion implantation
processes because the ions are injected with a fixed inci-
dent angle and directionality with relatively high driving
energy [9]–[12]. Another doping method, plasma doping
(PLAD), uses high density plasma reactors at low energy,
under 500 eV, to produce relatively shallow doping profiles
with reduced crystalline damage [13], [14]. However, PLAD
is unable to form a uniform conformal doping profile because
of its bias power. The bias power imparts directionality to
the dopants, and as a result, vertical doping profiles form
deeper doping than lateral doping. The limitations of these
conventional doping processes lead to non-uniform doping
and source/drain current problems, resulting in lower reliabil-
ity. To overcome these limitations, we modified the plasma
assisted doping (PaD) method by removing the bias power
in order to eliminate damage that is concentrated near the Si
substrate and make the dopant profile shallower and abrupt.

Furthermore, to activate the dopants and make them elec-
trically effective, subsequent annealing is required after a
dopant delivery. The most widely used annealing process
is a rapid thermal annealing process (RTP). However, this
method also makes the junction deeper because the dopant
diffuses proportionally further with annealing time. As alter-
native methods, we also studied the flash lamp annealing
process (FLP) and laser annealing process (LAP), which have
relatively shorter process times and higher energy density,
to reduce annealing time and the diffusion of dopants to form
an abrupt and shallow junction [15]–[17].

Among these various annealing methods, laser annealing
with a short pulse duration can minimize dopant diffusion.
Shorter annealing times have advantages in terms of diffusion
depth and higher peak power effects. Moreover, the short
pulse delivers energy on a timescale of electron-phonon scat-
tering for thermal vibration and coupling relaxation (10−10 s
for thermal diffusion and 10−12 s for carrier-phonon scatter-
ing) [18]. The short-pulsed process delivers energy without
thermal transfer or with a minimum amount of heat.

II. EXPERIMENTAL
A. PaD METHOD
Fig. 1a illustrates the overall scheme of our proposed PaD
process. Note that overall PaD was processed by a trans-
former coupled plasma (TCP) reactor to uniformly generate
ions and radicals. First, H2 plasma treatment was conducted
on a p-type Si (100) substrate. A power of 300 W was
applied for the source power without a bias power under
H2 (350 sccm) and Ar (50 sccm) gases and the chamber
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pressure was 10 mTorr during the process for 60 seconds.
The substrate was heated to 330 ◦C to minimize Si surface
damage by regrowing the amorphized surface. The effects
of H2 plasma treatment on a Si substrate have been widely
reported [19]–[21]. Here, the H2 plasma treatment was used
to enhance the doping level in our process; H2 plasma treat-
ment of the Si bulk increased the number of vacancies at the
very near surface (∼30 nm) and the dopants diffused via these
vacancies into the Si [22]–[26]. Thus, more vacancies near the
surface helped dopants to occupy Si lattice sites with lower
energy. The enhanced doping profile compared to no H2
plasma treatment is included in Fig. S1 in the supplementary
materials. In addition, H2 plasma treatment has several advan-
tages. It is effective for cleaning the surface and it removes
residual F from HF dipping for native oxide removal. In the
supplementary materials S4, additional Electron Energy Loss
Spectroscopy (EELS) figures are provided for the result.
H2 plasma treatment also prevented re-oxidation of the
Si surface.

Second, to deliver phosphorus (P) atoms as the dopants,
we used gaseous PH3 (45 sccm), Ar (50 sccm), and
He (450 sccm) gases for the plasma process with low energy
and a high dose and the process time was 60 seconds. The RF
bias was removed for USJ formation without structure dam-
ages while only the source power of 1,500 W was applied.
The chamber temperature was maintained at 330 ◦C. The
chamber pressure was controlled for 10 mTorr. Our PaD
process is very different from conventional PLAD, which
impacts the surface with high ion energy. In the PaD, even
though the bias voltage has been removed, more vacancies
created by H2 plasma treatment (previous step) help the PaD
process to deliver dopants because dopants diffuse through
defects such as vacancies. Also, removing the bias voltage
during the dopant delivery process enables shallower dopant
profiles, which allows the formation of sub-10 nm shallow
junctions. The measured result of the PaD processing is
included in Fig. S2 (the supplementary materials).

After the dopant delivery, a Si3N4 film was deposited on
the surface using the plasma enhanced atomic layer depo-
sition process (PE-ALD) without a vacuum break, which
guaranteed that there were no contamination or pollution
issues. SiH4 (30 sccm), Ar (50 sccm), and N2 (300 sccm)
were used as reactive gases to deposit Si3N4 layer. The RF
power was removed and only the source power of 300 W
was given. The chamber pressure was maintained for 5 mTorr
and the temperature was maintained for 330 ◦C. The process
time was taken for 5 seconds and it was repeated for 15 times
to deposit a 5 to 10 nm thick Si3N4 layer. It is well known
that the out-diffusion of P during the doping process is a
critical problem [27]. To address this issue, the Si3N4 film
was applied as a capping layer to prevent the out-diffusion
of dopants during the annealing process. A transmission
electron microscopy (TEM) image is provided in Fig. S3 in
the supplementary materials. A subsequent annealing pro-
cess was then conducted to electrically activate the dopants.
The overall PaD process of H2 plasma treatment and Si3N4

capping layer deposition successfully prevented carbon con-
tamination (Fig. S4 in the supplementary materials).

B. CONFORMALITY TEST FOR PaD PROCESS
As the trend of FET structures creates a 3D geometry in logi-
cal NAND flash memory and logic front-end-of-line (FEOL)
[28], [29], we tested the conformality of our PaD method in
the 3D Si fin structure with a high aspect ratio of 6:1. Fig. 1b
shows the TEM image of the 3D test structure with Si3N4
capping layer before annealing process, which is the last step
of the PaD process (the left-side image), and after RTP (the
right-side image). The fin width is about 23.4 nm thick and
the maximum height is about 139.4 nm. The fin arrays are
fabricated for the test of conformality. In the ion implantation
process, the conventional dopant delivery process typically
results in surface damage, as mentioned above. Comparing
the structures in Fig. 1b, no Si structure damage or loss
can be seen after both the PaD process and the annealing
process (RTP at 950 ◦C for 10 s). The fin edges are definite
without collapse and the boundary between the Si and Si3N4
films can be clearly seen. This confirms that the overall PaD
and annealing processes applied after H2 plasma treatment
were free of damage; in our PaD method, plasma energy
made by the source power only decoupled ions and it did not
deteriorate the 3D structures.
Since PaD is also advantageous for fabricating high aspect

ratio 3D structures, we additionally demonstrated a confor-
mal doping profile with P. In Fig 1c, the mapping result
of Energy-dispersive X-ray spectroscopy (EDS) shows that
the PaD delivered the dopants to the surface of the sample
appropriately with a uniform and conformal formation, and
there were no problems with dopant depth control, without
bias power. The dopants were delivered properly even for the
bottom of a deep trench. An additional EDS result is in Fig. S5
of the supplementary materials.

III. RESULTS AND DISCUSSION
A. RAPID THERMAL PROCESS (RTP)
Our first attempt to activate the dopants involved the use of
RTP, which is the most commonly employed method. Fig 2a
presents the secondary ion mass spectrometry (SIMS) results
for various RTP conditions. Here, we note that 3D structured
samples with high aspect ratio allowed to test the conditions
for the processes, PaD and annealing steps, to deliver and
dope the dopants conformally. However, 3D structure lim-
ited the reliable evaluations for electrical and quantitative
analyses. Therefore, results for electrical measurements and
USJ profiles were obtained from planar structured samples
due to the accuracy of the quantitative analysis. The starting
point (0 nm) of the SIMS analysis is where the intensity
of Si becomes higher than 95 %, which is the surface of
the Si sample. The sample was sputtered with Ar ions for
depth profiling. As the Ar ions collided with the surface, they
created craters and removed the surface atoms. Therefore,
during the SIMS analysis, sputtering process removes the

172168 VOLUME 8, 2020



S. Baik et al.: Conformal and USJ Formation Achieved Using a Pulsed-LAP Integrated With a Modified PaD Method

FIGURE 2. (a) SIMS profiles for RTP process conditions. (b) SRP profile
compared with SIMS profile for RTP of 5 s at 950 ◦C. (c) SRP profile
compared with SIMS profile for RTP of 30 s at 950 ◦C. (d) Theoretically
predicted junction depth in different annealing durations. The magenta
cross and the blue cross represent the annealing duration of 5 seconds
and 30 seconds each. The inset figures briefly show the relation between
the annealing duration and heat effective
area.

capping layer allowing the sample to be analyzed by depth
profiling [30].

Fig. 2a shows that both the annealing conditions of
650 ◦C for 60 s (dark green line) and 950 ◦C for 1 s (red line)
have doping profiles similar to the sample before annealing,
which indicated that using a higher temperature shortened the
annealing time. It also means that the diffusion might not be
effective when the sample is annealed for too short a time or at
low temperature. However, the surface dopant concentration
was still limited at around 1×1020 cm−3. When we increased
the annealing duration to 5 s with the annealing temperature
fixed at 950 ◦C, the dopants started to form a higher surface
dopant concentration. The longer duration RTP (which was
increased up to 30 s) resulted in deeper diffusion, which
limited the formation of a USJ.

A spreading resistance profiling (SRP) profile is shown
in Fig. 2b, which illustrates the electrically activated dopant
concentration profile with depth profiling for samples pre-
pared with RTP for 5 s at 950 ◦C, along with the SIMS
result. In contrast to the SIMS profiles, as the SRP sug-
gests, the dopants were not fully activated. SIMS detects the
physical quantity of dopant atoms, which is the maximum
amount available for activation. The kink trend is found in
the result, which might indicate that there are vacancies,
which are created by H2 plasma treatment. There are two
major diffusion routes of phosphorus in silicon. At a higher
concentration of P, vacancy mediated diffusion is dominant
for dopants. At a lower concentration of P, the diffusion is
mostly caused by self-interstitials [22], [23], [31], [32]. Here,
as the H2 plasma treatment created manymore vacancies near
the surface, a short RTP duration of 5 seconds was not fully
effective to heal the Si lattice and remove vacancies, which
possibly resulted in the kink trend. The highest dopant con-
centration (2×1019 cm−3) was reached at 20 nm beneath the
surface, while the surface dopant concentration was limited to
1×1018 cm−3. This is significant because the highest dopant
concentration is generally found at the surface.

This lower surface dopant concentration might be due to
various reasons. First, it could have been caused by deacti-
vation of dopants, which means that some of dopants were
possibly deactivated because of the short RTP. However, note
that the doping level was higher than the samples that were
not treated. This seems to indicate that there is a limitation
in shortening the annealing duration of the RTP. The other
reason for the low surface concentration level could be the
probe separation distance resulting from the configuration of
the SRP hardware [33]. When the probe separation distance
is in the range of 2 to 5 times the distance to the insulating
layer, distortions may appear in the surface dopant concen-
tration. Another possible reason for the lower surface dopant
concentration could be from damage caused to the surface by
beveling the sample. To bevel the sample, a damaging process
is involved, and such damage has been reported to influence
dopant concentration results [34]–[37].

Fig. 2c shows the SRP profile of a sample prepared by
the RTP for 30 seconds at 950 ◦C, along with the SIMS
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result, which is the blue line in Fig 2a. As the anneal-
ing duration becomes longer, the dopants are electrically
well activated. Note that the longer annealing process was
a trade-off because the dopants diffused deeper, and the
junction depth increased (> 100 nm). There were negligible
errors in Fig. 2c in which the maximum SRP value exceeded
the SIMS maximum value. The error was found at the sur-
face region but none of the errors were seen below a depth
of 70 nm.

To understand the diffusion depth, the diffusion profile
following the shallow pre-deposition step and the drive-in
diffusion step should be considered. In this study we used
PaD: the pre-deposition step delivered dopants, while the
drive-in diffusion step (RTP, FLP, and LAP) placed and acti-
vated the dopants in the Si lattice. Assuming a constant dose
of dopants, we describe the final diffusion profile by the
equation below [38]:

C (x) = (
2C0

π
) · (

D1t1
D2t2

)
1
2
· e
−x2
4D2t2 (1)

where C(x) is the dopant concentration at depth x, C0 is the
surface dopant concentration before the annealing process,
D1 is the diffusion constant at the pre-deposition temperature,
t1 the pre-deposition time, D2 is the diffusion constant at the
drive-in (annealing) temperature, and t2 is the drive-in time.
From the equation, the junction depth is derived when C(x)
meets the Si background concentration (5 × 1018 cm−3) as
below:

xj =

√
4D2t2ln(

2C0
√
D1t1

5× 1018 · π
√
D2t2

) (2)

Because the PaD process was used with fixed parameters
for the pre-deposition process, D1t1 can be considered a fixed
constant value, and then the final junction depth can be deter-
mined as a function of D2 and t2 which are determined by the
annealing process (RTP, FLP and LAP). Since the diffusion
constant is dependent on the temperature, this equation can
also explain why the processes at 650 ◦C, 60 s and 950 ◦C,
1s show similar doping profiles.

In Fig. 2d, the theoretical junction depth was calculated
from equation (2), and the magenta and blue points marked
on the graph are the expected junction depths for 5 s and 30 s,
respectively. Our experimental results agreed with the the-
oretical values, thus confirming that reducing the annealing
duration is a very successful approach for making a smaller
heat effective area. For the additional electrical results, sheet
resistance results are plotted versus junction depth in supple-
mentary materials, Fig. S6.

The thermal penetration depth has the relation dth ≈α
√
Dτ

(where the dth stands for the thermal penetration depth, α for
the transient heating coefficient, D for thermal diffusivity, and
τ for the annealing time) [39]. We chose α = 2 to describe
the 1/e (spatial) decay in the temperature distribution, which
is a general solution of the linear heat equation for a point
source in infinite space in case of transient heating. The inset
in Fig. 2d helps explain the phenomena. The two different

durations, l1 and l2 (l1 < l2), each generated a heat effective
area with sufficient energy for doping (diffusion and acti-
vation). The energy absorbed in the annealing processes is
converted to local heat and diffuses by thermal conduction via
scattered thermal vibrations. The area has a dominant effect
on the doping profile since the dopants diffuse by the energy
mostly given by thermal sources. Because the lamp duration
of l2 is longer than l1, the heat diffused deeper, made a larger
red heated area and the dopants diffused deeper (area1 <

area2). Here, the solution for effectively fabricating a shallow
junction could be shortening the annealing process time, but
the RTP process time cannot be reduced below a certain limit,
where it only raises the temperature by 400 ◦C/s [40].

B. FLASH LAMP ANNEALING PROCESS (FLP)
Tomake the junction shallower, for the next attempt to reduce
annealing time we investigated FLP with a Xe lamp. There
were huge differences in temperature between the surface and
the bottom, caused by the short lamp duration (10-20 ms),
which was unlike in the RTP (process time: 1-150 s). Here,
note that the differentiating feature of the FLP (a sudden tem-
perature increase and large temperature difference between
the surface and the bottom)may cause non-negligible thermal
stress which results in cracking or damage to the wafer.
Thus, we preheated the samples at 300 ◦C and 400 ◦C to
mitigate the thermal stress. As the FLP SIMS results show
in Fig. 3a, the green line (preheating temperature: 300 ◦C,
lamp duration: 20ms, energy density: 80 J/cm2) resulted in
a poor surface dopant concentration (<1 × 1019 cm−3).
This means that the energy density was too low to drive in
the dopants. On the other hand, the cyan (300 ◦C, 20 ms,
88 J/cm2) and magenta (300 ◦C, 10 ms, 127 J/cm2) lines
reveal better profiles; the surface dopant concentration of the
cyan and magenta lines reached higher than 4 × 1020 cm−3

and had a very steeply sloping doping profile.
Note that themagenta line indicates a higher energy density

and shorter lamp duration compared to the cyan line. The
FLP with higher energy density produced a similar SIMS
profile even with a shorter annealing duration; this can also
be understood from equation (1). Accordingly, we increased
the base temperature (400 ◦C) and lamp duration (20 ms) to
achieve higher doping effects.

At the same time, the orange (400 ◦C, 20 ms, 80 J/cm2)
line met the low surface concentration (<1 × 1019 cm−3),
so we studied FLP conditions with higher energy density.
Under those conditions, the blue (400 ◦C, 20 ms, 120 J/cm2)
and the red (400 ◦C, 20 ms, 127 J/cm2) lines showed the
most favorable results. The blue and the red lines exhibited
the highest surface concentration (∼2 × 1021 cm−3). As the
sheet resistance indicates the activation of dopants and the red
line showed the lowest sheet resistance results, we selected
the red line conditions, preheating of 400 ◦C, lamp duration
of 20 ms and the energy density of 127 J/cm2, as the best FLP
conditions.

Fig. 3b shows the SRP profile for the best conditions,
preheating of 400 ◦C, a lamp duration of 20 ms and an
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FIGURE 3. (a) SIMS profiles for FLP process conditions. (b) SRP profile
compared with SIMS profile for FLP of preheating at 400 ◦C, lamp
duration of 20 ms and energy density of 127 J/cm2. (c) Thermal
simulation (COMSOL Multiphysics) result for FLP of preheating
at 400 ◦C, lamp duration of 20 ms and energy density of 127 J/cm2.

energy density of 127 J/cm2, which is the red line in Fig. 3a,
compared to the SIMS result. Compared to the junction

depth produced by the RTP, the SRP profile had the highest
activated dopant concentration of about 1.37 × 1020 cm−3.
The shallowest junction depth, where the concentration of P
reached 5×1018 cm−3, was 30 nm. The FLP results indicated
that it could potentially form an effective shallow junction.
However, the junction depth is still limited to the tens of nm
scale, while a sub-10 nm scale is required for future device
technology [41].

The temperature profile generated during the FLP was
predicted by numerical thermal analysis using COMSOL
Multiphysics. Because the flash lamp located inside the
chamber was perfectly covered, direct measurement was
very challenging. Here, we note that our theoretical equation
model was applied to the equilibrium temperature approx-
imation. While temperature equilibrium (i.e., electron–
phonon coupling) typically occurs within the range of
10−12-10−10 seconds, this approximation is reasonable
because our FLP takes a relatively long duration (10-20 ms).

The simulation results for the generated temperature
changed over time at the surface. The results for 5 µm,
50 µm, and 100 µm beneath the surface and the bottom of
the substrate (800 µm thick) are plotted in Fig. 3c. The graph
above in Fig. 3c presents the overall temperature changes,
while the graph below shows the peak points of the high-
est temperature in more detail. According to the predicted
results, the FLP with the red conditions (400 ◦C, 20 ms,
127 J/cm2) can raise the temperature of the surface to nearly
1,020 ◦C; the temperature transition only took 0.02 s, and
there was only a little time delay (0.04 s) in the heat flow from
the surface to the bottom. The above graph shows that there
is a relatively thick isothermal layer (surface ∼ 5 µm) which
has a temperature similar to the surface. This indicates that the
dopants near the isothermal layer were diffused and activated
by the thermal energy. As a result, we can see in Fig. 3b
that the junction depth for the FLP was 30 nm, and the P
concentration dropped very sharply at a depth of 40 nm,
which is still not shallow enough.

C. LASER ANNEALING PROCESS (LAP)
To make a USJ, we investigated the LAP as an alternative
approach. We preheated the wafer with the RTP at 650 ◦C
for 60 s; this increased the surface temperature, but it was not
enough energy to cause the dopants to diffuse. A laser beam
with a wavelength of 532 nm and a pulse duration of 50 ns
was shaped to 0.1 mm × 1.0 mm. A pulsed laser delivered
energy within a very short time period, creating a high peak
power effect, and the peak power raised the temperature very
high compared to the degree produced by average power.

The SIMS results for the LAP, while the energy density
of the laser beam was swept from 0.25 J/cm2 to 0.3 J/cm2,
are plotted in Fig. 4a. The red (0.25 J/cm2) and the magenta
(0.26 J/cm2) lines show the surface dopant concentrations
of 1.07 × 1021 cm−3 and 8.24 × 1020 cm−3, respectively.
As the energy density increased, the cyan (0.295 J/cm2) and
the blue (0.3 J/cm2) lines exhibited higher surface dopant
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FIGURE 4. (a) SIMS profiles for LAP process conditions. (b) SRP profile
compared with SIMS profile for LAP (0.3 J/cm2). The junction depth was
about 10 nm. (c) Thermal simulation (COMSOL Multiphysics) result for
LAP for energy density of 0.3 J/cm2. LAP would increase the surface
temperature to 1,100 ◦C in very short time (50 ns) with a shallow
isothermal layer (10 nm).

concentrations of 1.88 × 1021 cm−3 and 2.02 × 1021 cm−3,
respectively.

In Fig. 4b, indicated by the blue line, the SRP profile
for the LAP with an energy density of 0.3 J/cm2, which
represents the highest surface dopant concentration in Fig. 4a,
is compared to the SIMS result. The SRP profile had a highest
activated dopant concentration of about 3.86 × 1019 cm−3

and the junction depth where the P concentration reached
5 × 1018 cm−3 was 10 nm. The LAP successfully formed
the USJ while the RTP and FLP did not. Since the LAP with
an energy density of 0.3 J/cm2 had the highest energy among
the LAP conditions, the other conditions had lower activated
dopant concentrations.

This indicates that the lower powered LAPs are not suitable
even though they seem to have a shallower doping profile in
the SIMS results.

Directly measuring the LAP temperature curve is even
more difficult than with FLP due to its very fast process time
(50 ns). For this reason, we also made predictions of the
temperature generated by a pulsed laser. The LAP thermal
simulation results are provided in Fig. 4c by depth (0 nm,
10 nm, 100 nm, 1 µm) from the surface to the bottom of
the substrate. The figure plots the graph in detail again to
illustrate the temperature in the short time period.

According to the thermal simulation results, the LAP with
the blue conditions (energy density: 0.3 J/cm2) raised the
surface temperature to 1,100 ◦C in a very short time; the tem-
perature transitionwith the pulsed laser only took 50 nanosec-
onds. The graph below shows that there is a relatively shallow
isothermal layer (surface∼ 10 nm) and this indicates that the
dopants will make a shallower activation layer; the dopants
will diffuse less and the thermal energy needed for dopant
activation will only be localized near the surface.

The SRP results in Fig. 4b supports these results. The
junction depth for the LAPwas 10 nm and the P concentration
decreased dramatically with more depth. These results exper-
izmentally prove that shallower junctions were formed by
the annealing process with the shorter lamp duration. Finally,
using the LAP, a USJ of about 10 nm was obtained, while the
RTP and FLP showed a relatively deeper junction. Our results
also revealed that themaximum activation level was relatively
low. The reason was that the laser activation annealed the
sample so fast that the total amount of dopants that driven-in
was not enough to reach maximum solubility limit. However,
the annealing duration of laser is so short that even more
injected beams will not produce a deeper profile of dopants
but we expect that it will drive-in and activate the dopants.

Materials can be modified to minimize SCEs. In this study,
a Si3N4 layer was used as the capping layer to prevent the
out-diffusion of dopants, and the layer also worked to trap
heat at the surface. To make shallower junctions, below
5 nm, a capping layer with lower thermal diffusivity will
enhance the thermal effect just at the surface. Since SCEs are
induced by scaling mismatches, the importance of controlling
electric field is being noted and the future devices will be
developed [42]–[45].
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IV. CONCLUSION
In conclusion, we achieved a USJ with n-type doping using
P deposited by PaD and LAP. Our PaD with no bias power
allowed damage-free dopant delivery without directionality
effects. Our first attempted activation method, RTP, resulted
in a relatively deep junction (> 35 nm) and low surface dopant
concentration (2 × 1019 cm−3). The RTP was successful at
decreasing the junction depth with a shorter annealing time,
but it was limited by the minimum lamp duration of the RTP
process (a few seconds). Accordingly, we employed the FLP
for our next attempt. The FLP produced a shallower junction
(∼30 nm) than the RTP. However, the FLP depth was still at
the tens of nanometer scale, while the expected depth needed
for a USJ is about 10 nm.

Finally, the LAP was used to provide an extremely short
annealing duration. The LAP raised the surface temperature
to 1,100 ◦C in a very short time (50 ns) and formed an
extremely shallow isothermal layer. The final SRP result for
the LAP showed that a 10 nm deep USJ was formed, which
indicates that the LAP with modified plasma assisted doping
is a powerful method for fabricating USJs.
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