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The three-dimensional CMOS inverter with top-gate (TG) poly-Si thin film transistors (TFTs) vertically
stacked on the bottom-gate (BG) poly-Si TFTs have been proposed to achieve high-performance charac-
teristics via excimer laser crystallization (ELC) for the first time. Under an appropriate laser irradiation
energy density, the silicon grain growth could be controlled from the sidewalls of the bottom-gate struc-
ture and thus the high-quality laterally grown poly-Si film with single perpendicular grain boundary in
the channel would be formed for the BG TFTs. In addition, a simple ELC method was also utilized to the
top-layered poly-Si film for TG TFTs as compared with solid-state-crystallized (SPC) ones. As a result, the
field-effect mobilities of the proposed n-type BG and p-type TG TFTs could be significantly increased to be
390 and 131 cm2/V s, respectively, in contrast to 32.3 and 14.7 cm2/V s for the SPC ones, accordingly. Fur-
thermore, such three-dimensional (3-D) TFT have also been employed to demonstrate the inverter
devices and is suitable for future 3-D ICs as well as system-on-panel applications.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the past years, shrinkage of the device dimension was one of
the technologies to increase transistor density and improve circuit
performance on integrated circuits [1,2]. However, the device
dimension might not be shrunk infinitely. Therefore, the scaling-
down technologies to increase the transistor density might ap-
proach the scaling limitation [3,4]. Moreover, with decreasing the
feature size, the importance of interconnect delay increases [5].

Owing to the scaling limit and the increasing domination of the
interconnects, a further increase of device density and reduction of
delay would depend on the three-dimensional integration technol-
ogy [6–8]. Vertically stacked multifloor structure has been consid-
ered as one of the ultimate three-dimensional integrated circuits
(3-D ICs) in future [9]. From the viewpoint of reduction of intercon-
nect delay, the connection of the function blocks could be replaced
by the shorter and vertical interconnects for 2-layer devices. There-
fore, the interconnect delay of 3-D ICs would be reduced as com-
pared with 2-D ICs [6]. In the perspective of reduction of chip
area, it has reported that a 50% area reduction could be attained
by employing two stacked device layers over the standard 2-D IC
structure [10]. Furthermore, the process could be simplified by
means of fabricating only one type of device instead of comple-
mentary ones on each layer [11].
ll rights reserved.
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One of the main challenges to implement 3-D stacked transis-
tors was the thermal budget. The high temperature processing of
second layer of devices and beyond might be a threat to cause dop-
ant diffusion in the lower layers of devices [12]. Another obstacles
of developing 3-D stacked device layer technology was to obtain
high quality silicon layer for the multi-level purpose [13], for
example, solid-phase crystallization [14], selective epitaxial
growth and epitaxial lateral growth of silicon [15], crystallization
of amorphous silicon using Ge [16], metal induced lateral crystal-
lization [12], etc. Some of these methods might cause poor film
quality and metal contamination as well as suffer from compli-
cated process and high thermal budget [17,18].

One promising approach for achieving high-quality silicon
grains with low thermal budget was to utilize ELC [19]. Under
the laser annealing conditions near the super lateral growth
(SLG) regime, the large grains can be obtained for high-perfor-
mance poly-Si TFTs. In addition, various poly-Si grain enhancement
technologies with ELC have been proposed to further improve the
uniformity and performance of poly-Si TFTs, including the a-Si
spacer [20], recessed-channel structure [21], and so on [22–29].
However, some of them might need complex process or requiring
complicated laser annealing systems.

A simple structure of bottom-gate (BG) TFTs vertically stacked
with top-gate (TG) TFTs possessing low thermal budget and easy
fabrication procedure was proposed to attain high-performance
3-D ICs via ELC. Consequently, the bottom-layered BG poly-Si TFTs
with single perpendicular grain boundary in the channel
would demonstrate high-performance electrical characteristics.
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Furthermore, the complementary 3-D poly-Si invertors with
p-type top-gate (TG) TFTs stacked on the n-type bottom-gate
(BG) ones were also demonstrated with good characteristics for
the system-on-panel and 3-D integrated CMOS applications.
2. Device fabrication

Fig. 1 displays the key fabrication steps for the proposed 3-D
CMOS inverter with BG and TG poly-Si TFTs crystallized via ELC.
At first, an 100-nm-thick phosphorus-doped polysilicon layer was
deposited by low-pressure chemical vapor deposition (LPCVD) at
550 �C on oxidized silicon wafers. After definition the bottom-layer
bottom gate electrode, an 100-nm-thick tetraethyl orthosilicate
(TEOS) gate oxide layer and an 100-nm-thick a-Si layer were
deposited by LPCVD. Then, the samples were performed by a KrF
excimer laser irradiation (k = 248 nm) at room temperature and
the number of laser shots per area was 20 (i.e., 95% overlapping).
After ELC, the poly-Si active layers were etched to define the
bottom-layered active channel region. Next, a phosphorus ion
implantation with a dose of 5 � 1015 cm�2 was carried out to form
the n-type bottom-layered source and drain regions. After the
deposition of a TEOS separation oxide, an 100-nm-thick a-Si layer
were deposited by LPCVD and irradiated by the KrF excimer laser.
Next, the poly-Si active layers were etched to define the top-lay-
ered active channel region. After that, an 100-nm-thick TEOS gate
oxide layer and an 100-nm-thick in situ doped phosphorus poly-Si
layer were deposited. The poly-Si gate and gate oxide were etched
to form top-layered top-gate region. Then, a boron ion implanta-
tion with a dose of 5 � 1015 cm�2 was carried out to form the
p-type top-layered source and drain regions. Afterwards, a TEOS
Fig. 1. Schematic diagrams of the key-process procedures of the proposed 3-D
passivation oxide layer was deposited, and the dopant activation
was performed by thermal annealing at 600 �C for 10 h. Finally,
contact hole opening, metallization, and sintering process were
carried out to complete the fabrication of the 3-D BG and TG TFTs.
For the comparison, the conventional SPC TG poly-Si TFTs were
also fabricated.
3. Results and discussion

The plane-view scanning electron microscopy (SEM) photo-
graphs, as shown in Figs. 2 and 3, verify the grain boundaries in
the channels for the bottom-layered and top-layered devices. For
the bottom-layered ELC BG poly-Si thin film, Fig. 2a and b show
the SEM images of the films without and with optimum laser irra-
diation energy density after Secco etching, respectively. It was ob-
served that the silicon grains uniformly existed in the channel
region and only one perpendicular grain boundary was formed in
the center of the channel under optimum laser irradiation energy
density of 460 mJ/cm2, as illustrated in Fig. 2b. However, Fig. 2a
displays the poly-Si thin film having many small grains without
optimum laser irradiation energy density of 420 mJ/cm2. When
the excimer laser irradiation is irradiated on the a-Si thin film,
the optimum laser energy density is controlled to completely melt
the thin channel region of a-Si film and partially melt the thick re-
gion of a-Si near the sidewalls of the bottom gate. A lot of un-melt-
ing solid seeds remain near the sidewalls of bottom-gate electrode.
Consequently, a lateral temperature gradient can be produced be-
tween the thin channel and thick sidewalls of a-Si thin film, and
the grains will grow laterally from the sidewalls to towards the
channel region. Therefore, the lateral growth can be artificially
bottom-gate (BG) and top-gate (TG) poly-Si TFTs crystallized with ELC.
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Fig. 2. The plane-view scanning electron microscopy (SEM) photographs of
bottom-layer poly-Si thin film (a) without and (b) with optimum laser irradiation
energy density after Secco etching.

(a)

(b)

Fig. 3. The plane-view scanning electron microscopy (SEM) photographs of top-
layer poly-Si thin film (a) without and (b) with optimum laser irradiation energy
density after Secco etching.

Fig. 4. The focus-ion-beam prepared cross-sectional TEM image of excimer-laser-
crystallized 3-D BG and TG TFT with a gate length of 1.2 lm.

(a)

(b)

Fig. 5. The typical (a) transfer characteristics and (b) output characteristics of the
proposed 3-D ELC BG TFT on bottom layer and conventional SPC TFT.
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controlled in the channel region of the bottom-layered ELC BG TFTs
and only one grain boundary perpendicular to the direction of cur-
rent flow is uniformly formed in the center of the channel region.
Moreover, the optimum laser irradiation energy density process
window for the bottom-layered poly-Si thin film could be easier
widened from 460 mJ/cm2 to 540 mJ/cm2.

The plane-view SEM photographs of top-layer poly-Si thin film
without and with optimum laser irradiation energy density after
Secco etching were displayed in Fig. 3a and b, accordingly. Under
the laser irradiation energy density of 400 mJ/cm2, the small grains
and a large amount of grain boundaries were observed in the poly-
Si thin film, as shown in Fig. 3a. On the contrary, the large poly-Si
grains existed in the poly-Si thin film with the optimum laser
irradiation energy density of 440 mJ/cm2, as presented in Fig. 3b.
When the applied excimer laser energy density on the a-Si thin
film is too small to cause complete melting the a-Si thin film in
the channel region, vertical solidification occurs and the un-melted
solid layer remains to be a-Si. Thus, the melted Si layer transform
into poly-Si with small grain size. On the other, when the energy
density of excimer laser irradiation on the a-Si thin film is con-
trolled to near complete melting the a-Si thin film, very few resi-
dues exist as seeds. Therefore, the large grain size poly-Si thin
film was formed in the channel due to the so-called super lateral
growth phenomenon.

Fig. 4 demonstrated the cross-sectional transmission electron
microscopy photograph to analyze the microstructure of exci-
mer-laser-crystallized 3-D CMOS TFTs with a gate length of



Table 1
Measured electrical characteristics of 3-D ELC BG TFTs on bottom layer and conventional SPC ones.

TFT structures (L = W = 1.2 lm) Field-effect mobility lFE (cm2/V s) Subthreshold swing S.S. (V/dec) Threshold voltage Vth (V) On/off current ratio

Conventional SPC TFT 32.3 1.148 3.23 1.84 � l06

Proposed 3-D ELC BG TFT on bottom layer 390 0.512 �0.23 1.76 � l08

(a)

(b)

Fig. 6. The typical (a) transfer characteristics and (b) output characteristics of the
proposed 3-D ELC TG TFT on top layer and conventional SPC TFT.

I.C. Lee et al. / Solid-State Electronics 77 (2012) 26–30 29
1.2 lm. It is clearly shown the gate-stacked structure of the TFTs
with the p-type top-layered ELC TG TFTs stacked on the n-type bot-
tom-layered ELC BG ones. The poly-Si grains were observed in the
top-layer p-type channel. Moreover, two spatially controlled sili-
con grains with a longitudinal size of about 0.60 lm were formed
in the bottom n-channel owing to the BG structure. This phenom-
enon is attributed to that the 100-nm-thick poly-Si thin film with
the thicker sidewall intrinsically caused by the BG structure was
complete melted and the thin film located near the sidewalls
was partial melted under appropriate laser irradiation conditions.
Then the poly-Si thin film would start solidification from the BG
sidewalls and extend toward the complete melted silicon film in
the channel until the solid–melt interface impinged from the oppo-
site directions. In addition, it was worthy to notice that the bottom
Table 2
Measured electrical characteristics of 3-D ELC TG TFTs on top layer and conventional SPC

TFT structures (L = W = 1.2 lm) Field-effect mobility lFE (cm2/V s) Subt

Conventional SPC TFT 14.7 1.33
Proposed 3-D ELC TG TFT on top layer 131 0.53
channel maintained the single grain boundary perpendicular to the
current flow after laser irradiation of the top-layered devices.
Therefore, most of the laser irradiation energy of top-layered de-
vices was absorbed in the top-layered silicon film and the opti-
mized laser energy would not damage the underlayer.

Because of the high-quality bottom-layered poly-Si film, the
n-type ELC BG TFTs demonstrated superior electrical performance,
as shown in Fig. 5a and b for the transfer and output characteris-
tics, correspondingly. It was observed that the higher field-effect
mobility of 390 cm2/V s for the proposed 3-D ELC BG TFT on the
bottom layer was attained as compared with the lower one of
32.3 cm2/V s for the conventional SPC TFT. The proposed 3-D ELC
BG TFT also showed a steeper subthreshold swing and high on/
off current ratio of 0.512 V/dec and 1.76 � 108 as compared with
the conventional SPC one having those of 1.148 V/dec and
1.84 � 106, respectively. Table 1 presents some important electri-
cal parameters. Those great improvements were attributed to the
high-quality large and uniform poly-Si grains as well as the only
one perpendicular grain boundary artificially controlled growth
in the channel region owing to the bottom-gate structure under
optimum laser energy condition.

The TG poly-Si TFT on top layer shows good electrical character-
istics as compared with the conventional one. Fig. 6a and b exhibit
the typical transfer and output characteristics, respectively. As can
be seen, an obvious improvement in device characteristics is ob-
tained from the SPC TFT to the proposed 3-D ELC TG one, such as
the field-effect-mobility increasing from 14.7 to 131 cm2/V s and
the subthreshold swing decreasing from 1.337 to 0.531 V/dec.
Some important electrical parameters were listed in Table 2. It is
also demonstrated that the proposed 3-D ELC TG TFTs exhibit high-
er driving capability due to the high-quality silicon grains in the
channel. Take the |Vgs � Vth| = 4 V as an example, the current driv-
ability of proposed 3-D ELC TG TFT is about ten times as large as
that of an SPC TFT under the same bias condition. It was contrib-
uted to the high-quality poly-Si thin film under optimum laser
irradiation energy density for the proposed scheme. In summary,
the better electrical characteristics and driving capability imply
that the proposed 3-D ELC BG and TG TFT structure is more
suitable for high-resolution AMLCDs, AMOLEDs, and 3-D IC
applications.

To demonstrate the feasibility in 3-D IC applications, the inver-
ter property, voltage transfer characteristics, of the proposed CMOS
with vertically stacked BG and TG poly-Si TFTs was exhibited in
Fig. 7. The 3-D configuration was the p-type TG TFTs stacked on
the n-type BG TFTs with the common gate structure. The power
supply was VDD = 1, 2, or 3 V, and the input signal swings from –
2 to 2 V as well as the output voltage were from 1 to 3 V near
the VDD. In addition, the high noise margin NMH was 1.79 V and
the low noise margin NML was 0.11 V for VDD = 3 V. The definitions
of the noise margin were: NMH = VOH – VIH and NML = VIL – VOL.
Where VIH and VIL are defined as the points at which the slope of
ones.

hreshold swing S.S. (V/dec) Threshold voltage Vth (V) On/off current ratio

7 �4.25 1.11 � l06

1 �2.04 2.32 � 107



Fig. 7. Transfer characteristics of 3-D TFT inverter with p-type TG TFTs on the top
layer and the n-type BG TFTs on the bottom layer. The power supply is VDD = 1, 2, or
3 V.
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the transfer characteristics is –1. The output voltages are VOH and
VOL. Indeed, the proposed 3-D BG and TG poly-Si TFTs showed good
inverter properties.

4. Conclusions

A novel high-performance 3-D CMOS inverter, which is com-
posed of one BG poly-Si TFT with single one perpendicular grain
boundary in the channel and one stacked TG poly-Si TFT, has been
fabricated by ELC. The proposed top-layered p-type TG and bot-
tom-layered n-type BG poly-Si TFTs exhibit high field-effect mobil-
ities of 131 and 390 cm2/V s, respectively, as compared with the
conventional p-type and n-type SPC TFTs having the mobilities of
14.7 and 32.3 cm2/V s, correspondingly. It is attributed to the only
one grain boundary perpendicular to the channel for the bottom
layer and the high-quality poly-Si film for the top layer. Moreover,
the inverter with the stacked p-type TFTs on the n-type ones was
demonstrated with good characteristics. Therefore, the vertically
stacked BG and TG poly-Si TFTs are compatible with current CMOS
process procedures as well as suitable for the future 3-D ICs and
system-on-panel applications.
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