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In this study, we report a substantial improvement in the long-term stability of low-temperature
polycrystalline silicon (LTPS) thin-ﬁlm transistors (TFTs) with a tandem gate insulator composed
of silicon dioxide (SiO2 ) deposited by using atomic layer deposition (ALD) and plasma-enhanced
chemical vapor deposition (PECVD). Negative-bias temperature instability (NBTI) tests showed
that threshold-voltage (ΔVth ) shifts were signiﬁcantly smaller than when only a plasma-enhanced
chemical vapor deposition (PECVD) structure was used. We believe that the unique stoichiometric
characteristics and the reduction in the interfacial trap density (Dit ) produced by the SiO2 gate
insulator that had been fabricated using ALD enhanced the long-term stability of the LTPS TFTs.
These results suggest a tandem structure gate insulator with high-quality ALD-based SiO2 thin ﬁlm
can provide an important improvement in the characteristics of the p-channel LTPS TFTs required
for advanced active matrix organic light-emitting diodes (AMOLEDs) applications.
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I. INTRODUCTION
Low-temperature polycrystalline silicon thin-ﬁlm transistors (LTPS TFTs) are specialized devices used in mobile ﬂat panel displays, such as active matrix liquidcrystal displays (AMLCDs), and in active matrix organic
light-emitting diodes (AMOLEDs) [1,2]. Although LTPS
TFTs exhibit mobility several orders of magnitude higher
than amorphous silicon TFTs (a-Si TFTs), in practical
application, device degradation remains an important issue [3]. The grain boundaries in LTPS TFTs can lead
to device degradation and have a detrimental eﬀect on
performance, a problem that has been investigated and
is well recognized. Extensive work has been done to explore ways to improve the quality of the polycrystalline
thin ﬁlms by passivating dangling bonds at the grain
boundaries or by replacing the gate insulator material,
but less emphasis has been given to the morphology of
the poly-Si protrusions [4].
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Excimer laser annealing (ELA) is a widely investigated
alternative method of crystallizing a-Si thin ﬁlms. The
major advantage of this technique is the formation of
polycrystalline grains with excellent structural quality
without thermal damage to the glass substrate. However,
the high surface roughness resulting from protrusions at
the poly-Si grain boundaries is an inherent problem of
laser-crystallized poly-Si thin ﬁlms. During crystallization, silicon transforms from a liquid phase to a solid
phase. Variations in density caused by the phase transformation allow liquid silicon to accumulate in recently
solidiﬁed areas, the grain boundaries, forming protrusions [5, 6]. Because carrier transport takes place close
to the poly-Si/SiO2 interface, these poly-Si protrusions
can lead to a deterioration of device performance and
long-term stability by introducing interfacial defects. At
present, no clear suggestions have been suggested for solutions for improving the long-term stability issues in
LTPS TFTs, such as those caused by NBTI [7–10].
In this study, we investigated a method to improve the
long-term stability of p-channel LTPS TFTs by reducing
the poly-Si/SiO2 interfacial defects caused by the poly-
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Fig. 2. Images of laser crystallized samples: (a) SEM image of the poly-Si thin ﬁlm before secco etching and (b) AFM
analysis of the poly-Si thin ﬁlm (protrusions range from 100
Å to 150 Å).
Fig. 1. Structure and fabrication process of the p-channel
LTPS TFTs.

Si protrusions. We also propose a mechanism to explain
the observed improvements in the characteristics of the
LTPS TFTs. To achieve this objective, we employed
atomic layer deposition (ALD), which allows excellent
step coverage and thin ﬁlm quality.

II. EXPERIMENTS AND DISCUSSION
We fabricated p-channel LTPS TFTs with a top gate
structure, a width of 90 μm and a length of 10 μm. Figure 1 provides a schematic diagram of the LTPS TFTs
fabrication process, as well as the structure of the TFTs.
The device fabrication process is as follows: The pchannel LTPS TFTs with a top-gate structure were fabricated on glass substrates. A 500-Å-thick a-Si layer was
deposited on a buﬀer layer by using PECVD and was
crystallized into a poly-Si ﬁlm by annealing with a KrF
excimer laser (λ = 308 nm). After crystallization, SEM
(scanning electron microscope) and AFM (atomic force
microscopy) analyses were performed to investigate the
poly-Si microstructure and protrusions. Then, the gate
dielectric layer was deposited at 300 ◦ C on the patterned
active poly-Si region. In the fabrication of the devices,
the thickness of the gate insulator layer was maintained
at 1000 Å by varying the conditions for the PECVD and
the ALD processes. During the PECVD process, silane
(SiH4 ) gas and hydrogen (H2 ) gas were used to deposit
the gate insulator SiO2 layer. Next, a 3000-Å-thick Mo
layer was deposited and patterned as the gate. After
the gate had been formed, to prevent the short-channel
eﬀect, we used an ion doping process to inject boron
ions (30 keV, 1.0E14) into the source/drain contact region. Self-aligned source/drain regions were formed via
ion doping. A 5000-Å-thick dielectric interlayer of SiO2
was then deposited and densiﬁed through rapid thermal
annealing at 600 ◦ C for 60 s. The dopants were activated
during the densiﬁcation of the interlayer dielectric. Finally, a 5000-Å-thick Mo/Al/Mo layer was deposited and
patterned as the interconnection metal layer. The chan-

nel width and the length of the fabricated devices were
90 and 10 μm, respectively.
For the gate insulator (SiO2 ), di(isopropylamino)
silane (DIPAS, H3 Si[N{(CH)(CH3 )2 }2 ]) was deposited
using ALD. In addition, SiH2 Cl2 (99%) was used as the
Si fuel gas, with an O3 (8.6 at%)/O2 gas mixture. The
process temperature was maintained at 350 ◦ C, and the
feed rates of the reaction source and gases, namely, DIPAS, N2 , O2 , and N2 , were 0.3, 0.5, 0.4, and 0.1 s, respectively. The pressure was set to 0.57 Torr. The SiO2
deposition rate was measured and found to be approximately 29 Å/min.
Figure 2 shows the SEM and the AFM analysis results.
The SEM image in Fig. 2(a) shows the microstructure of
the polycrystalline thin ﬁlm before secco etching. After laser irradiation, small hillocks appeared at the grain
boundaries, resulting in a rough surface. AFM analysis
was used to determine the size of the poly-Si protrusions.
Several points were selected and measured in each sample, and the obtained data were the result of two measurements, and a root-mean square (RMS) calculation.
The AFM image in Fig. 2(b) indicates the sizes of the
protrusions range from 100 Å to 150 Å. From the SEM
and AFM analysis results, the surface protrusion density
of poly-Si thin ﬁlm before secco etch can be seen to show
the same tendency when compared to the AFM image.
Table 1 shows the results of the XPS analysis. As
can be seen in Table 1, measurements were obtained for
two diﬀerent conditions: surface etching for 0 s and for
100 s. When the surface etching was performed for 100
s, signiﬁcant diﬀerences were observed between the Si2p
and the O1s peaks of the PECVD and the ALD ﬁlms
at 1000 Å. The Si and the O contents of the ﬁlms were
calculated based on these results. As listed in Table 1,
the chemical state of the surface Si indicates that the
ALD process results in ﬁlms with an overall higher SiO2
bonding rate than the PECVD process. Moreover, the
ALD SiO2 thin ﬁlm exhibited diﬀerent Si and SiO/SiO2
bonding ratios than the PECVD SiO2 thin ﬁlm. Specifically, the SiO2 bonding ratio was 94.7% for the former
and was much higher for the latter. Figure 3 shows the
transfer characteristics of the p-channel LTPS TFTs for
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Table 1. Comparison of the components/fractions of SiO2
deposited by using PECVD and ALD as measured by using
XPS.
Surface PECVD
ALD
Surface PECVD
ALD
(0 s) (1000 Å) (1000 Å) (100 s) (1000 Å) (1000 Å)
Si2p
23.8
23.7
Si2p
91.1
94.7
O1s
68.4
68.1
O1s
8.5
4.8
C1s
0.5
0.5
C1s
7.8
8.2

Fig. 3. Transfer characteristics of the p-channel LTPS
TFTs under applied gate voltage from −15 to +15 V, in the
linear region (Vds = 0.1 V).

Vds = −0.1 V and Vgs = −15 V +15 V at 25 ◦ C. In
the 1st ALD/2nd PECVD tandem structure, the transfer
characteristics of the p-channel LTPS TFTs can clearly
be seen to have a tendency to improve with increasing
ALD thickness (100 Å → 150 Å → 200 Å). From these
results, we supposed that the reason the subthreshold
swing factor (SS-factor) decreases with increasing thickness of the 1st deposited ALD SiO2 layer is that interfacial defects at the poly-Si/SiO2 interface are eliminated.
In addition, the characteristics of the p-channel LTPS
TFTs were worse with the ALD 100 Å/PECVD 900 Å
tandem structure than for the other structures. The results suggest that when the ALD deposition thickness is
increased to a level equal to or higher than the size (Ref.
Fig. 1 100 Å∼150 Å) of the polycrystalline thin ﬁlm protrusions, the poly-Si/SiO2 interfacial defects tend to decrease, and the p-channel LTPS TFT characteristics tend
to improved. With respect to the poly-Si protrusion morphology, the ALD/PECVD tandem structure prepared
with the 1st SiO2 200 Å (ALD) layer showed LTPS TFT
characteristics that were equivalent to those for PECVD
1000 Å and ALD 1000 Å.
To evaluate the ALD/PECVD tandem structure more
closely, we conducted NBTI tests to investigate the eﬀect
of the protrusions on the long-term stability of the pchannel LTPS TFTs. Figure 4 shows the transfer curve
(Id − Vg ) degradation of the p-channel LTPS TFTs at
Vds = −10 V under negative gate bias stress for a duration of 43,200 s (12 h). During the bias stress test, the
gate voltage was maintained at −20 V, and the substrate
temperature was set as high as 100 ◦ C (initial temperature: 30 ◦ C). The initial transfer characteristics of the
p-channel LTPS TFTs were maintained, and the stress

time was varied from 1, 3, 7, to 12 h (43,200 s) while
the source and the drain were grounded to avoid any hot
carriers.
In general, the measurement test results showed that
the transfer characteristics of the p-channel LTPS TFTs
with the ALD/PECVD tandem structure had smaller
variation with ALD than with PECVD during the NBTI
stress time period. For the p-channel LTPS TFTs with
the tandem structure, as the 1st ALD thickness increased
(100 Å → 150 Å → 200 Å), the transfer characteristics
of the p-channel LTPS TFTs tended to exhibit small
variation with changing NBTI stress time. Although the
variation in Vth in the 1st ALD 200 Å/2nd PECVD 800
Å tandem structure was better than that of ALD 1000
Å, we decided that the precursor components (C, H, O)
remaining in the deposited ﬁlm were not suﬃciently removed by the ALD deposition temperature (@ 350 ◦ C)
and remained in the thin ﬁlm; this is thought to have
aﬀected the LTPS TFT characteristics. Figure 5 shows
the variation in threshold voltage (ΔVth ) according to
stress time. A similar behavior of the threshold voltage
variation (ΔVth ) is also observed in Fig. 5. In these results, as the 1st ALD thickness increased, the tandem
structure degraded less with increasing stress time, and
the degradation was lower. Also, we found that the variation in threshold voltage (ΔVth ) of the ALD 1000 Å
was improved more than it was for the PECVD 1000 Å.
However, the tandem structure with the 1st ALD 100
Å, which degraded linearly with increasing stress time,
showed greater deterioration than the other structures.
From these results, we suppose that the variation in
threshold voltage (ΔVth ) in the p-channel LTPS TFTs
due to NBTI stress is closely related to the poly-Si protrusions, which generate trap states at the poly-Si/SiO2
interfaces. In order to clarify the mechanism responsible for the degradation in the p-channel LTPS TFTs
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Fig. 4. Ids - Vgs transfer characteristics of the p-channel LTPS TFTs from NBTI tests conducted for diﬀerent times (1, 3, 7,
12 h): (a) PECVD 1000 Å, (b) ALD 1000 Å, (c) ALD 100 Å/PECVD 900 Å, and (d) ALD 200 Å/PECVD 800 Å.

Fig. 5. Threshold voltage (Vth ) as a function of NBTI
stress time.

Fig. 6. Interfacial trap density (Dit ) values from high frequency C-V measurements.

with the tandem structure, we investigated the interfacial trap density of the poly-Si/SiO2 interface. In pchannel LTPS TFTs, the transfer characteristics and the
NBTI degradation are more closely associated with the
mid-gap interface trap states located at the poly-Si/SiO2
interface and the grain boundaries [11,12]. Considering
this fact, we determined the trap density of the LTPS

TFTs with the poly-Si/SiO2 interface by using the Terman method, which uses high-frequency (hf) C-V measurements to evaluate conveniently and accurately the
interface trap density [13,14]. The hf C-V measurements
were performed at 1 MHz, assuming the interface traps
do not respond to hf ac excitation, but will follow a slowly
varying dc bias. The interface trap density can be de-
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termined from the stretching of the measured curves by
using


Cox dΔVg
Cox dVg
Cs
= 2
Dit = 2
−1 −
q
dϕs
q
q dϕs
where ΔVg = Vg (measured) − Vg (ideal), ϕs is the surface potential and Cox , Cs is the oxide capacitance and
semiconductor capacitance respectively. In the simulated
ideal C-V curve, each gate bias Vg corresponds to a surface potential ϕs . Therefore, the calculated Dit at each
ϕs point can generate a plot of Dit vs ΔE. As shown in
Fig. 6, the PECVD (1000 Å) device exhibited a Dit value
of 1.5 × 1013 cm−2 eV−1 while the tandem structure devices (1st ALD/2nd PECVD) showed values lower than
1012 cm−2 eV−1 . Figure 6 clearly indicates that in addition to the trap states generated by the poly-Si/SiO2
interface protrusions, holes were also trapped within
the poly-Si/SiO2 interface, resulting in a robust negative threshold voltage variation (ΔVth ). Thus, the trap
states generated during the gate bias stress increased
the electric ﬁeld, resulting in faster degradation of the
ALD/PECVD tandem structure compared to PECVD
structures.

III. CONCLUSION
In this study, the electrical characteristics of p-channel
LTPS TFTs with a tandem structure (1st ALD/2nd
PECVD) gate insulator ﬁlm were investigated using negative bias temperature instability (NBTI) tests. From
the XPS results, the ALD SiO2 thin ﬁlm exhibited different Si and SiO/SiO2 bonding ratios than the PECVD
SiO2 thin ﬁlm. Speciﬁcally, the SiO2 bonding ratio
was 94.7% for the former, and much higher for the latter. When the ALD thickness was increased enough
to suﬃciently cover the protrusions of the poly-Si thin
ﬁlm, the characteristics of the p-channel LTPS TFTs
were improved. In addition, the NBTI measurements
showed that the tandem structure device had signiﬁcantly smaller long-term variations in the threshold voltage shift (ΔVth ). To investigate this phenomenon, we
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extracted the interfacial trap density by using the Therman method, which clearly showed that defects in the
poly-Si/SiO2 interface contributed to this phenomenon.
Based on these experimental results, we conclude that
the poly-Si protrusions aﬀect the degradation of the
LTPS TFTs characteristics and their long-term stability.
If the variation in threshold voltage (ΔVth ) of the LTPS
TFTs is to be minimized and their long term stability improved, the characteristics of the poly-Si/SiO2 interface
need to be considered, and designing the TFT fabrication
process. These factors dominate the long-term stability
under NBTI stress, which generates interface trap states
due to poly-Si protrusions at the poly-Si/SiO2 interface
of the LTPS TFTs.
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