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Abstract—This work reports the use of amorphous/polysilicon
gate electrode in BF-implanted poly-gated P-MOSFET’s to sup-
press the boron penetration. SIMS analysis clearly illustrates
that fluorine prefers to accumulate in the layer of amorphous
silicon. The retardation of boron diffusion is therefore achieved
by the trapping of fluorine in the amorphous layer of stacked
amorphous/polysilicon (SAP) p-type gate due to a lower diffu-
sion rate of fluorine in the amorphous silicon layer. Polysilicon
depletion effect did not become more severe by introducing
the amorphous silicon. In addition, gate oxide reliability is not
degraded by using this gate structure. Results show that the
structure is a promising gate electrode for future dual-poly gate
CMOS technology development.

I. INTRODUCTION

+ poly-gate technology becomes indispensable for P-
P MOSFET as the CMOS devices continue to be scaled

down to deep-submicrometer regime. The pt poly-
gate surface channel device can reduce the short-channel effect
compared to the buried channel n* poly-gate P-MOSFET [1].
However, the penetration of boron impurities from the p*-
doped electrode through the thin gate oxide into the channel
region is a critical issue [2]-[4]. Furthermore, boron penetra-
tion is aggravated when annealed in the presence of hydrogen
[21, [5], [6] or fluorine [3], [4]. We can eliminate the effect of
hydrogen on the boron penetration by avoiding the presence
of hydrogen after p™ poly doping in the annealing furnaces.
However, fluorine is incorporated in several processes which
are needed for P-MOSFET, such as tungsten silicide depo-
sition, BF; implantation for pT source/drain and gate during
the P-MOSFET fabrication. Boron penetration then becomes
a major issue in the fabrication of deep submicrometer PMOS
device with p* poly-gate. The boron penetration can cause the
shifts of flatband voltage (Vrp), the distortion of capacitance-
voltage (C-V) curves, the increase of subthreshold swing (S)
and leakage current, and the deterioration of the gate oxide
quality. Therefore, boron penetration should be eliminated to
keep the desired performance of the surface-channel device.
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Fig. 1. Fabrication process sequence for SAP pt poly-gate P-MOSFET
process.

Various approaches have been proposed to suppress the
boron penetration [7]-[18]. Most of the previous studies in the
literature [7]-[14] reported that thermally nitrided gate oxide
or reoxidized nitrided oxide in NH3 or NoO ambient can act
as a good diffusion barrier for boron penetration. However,
a higher thermal budget is required for N2O nitrided oxide
due to the low nitridation rate. Furthermore, the nitridation
process in NHj gas introduces a large number of electron
traps [19] and a relatively high fixed positive charge density
[20], [21]. These traps and oxide charges result in threshold
voltage shift, mobility degradation, and reduced stability under
electrical stress. Although to reoxidize the nitrided oxide at
high temperature can improve dielectric properties by reducing
the density of electron traps, such a high temperature step
may not be desirable for future deep-submicrometer CMOS
process. Instead of such a nitrided oxide, another approach is
to modify the structure of the poly-gate, such as larger grain
size formed by as-deposited amorphous silicon [16], [18], and
stacked amorphous silicon film [17] to suppress the boron
penetration. Less boron penetration is due to suppression of
fluorine and boron diffusion in as-deposited amorphous silicon
gate and a longer diffusion path in the stacked amorphous
silicon layers. However, polysilicon depletion effect [22] and
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Fig. 2. High frequency C_V curves for p* poly-gate PMOS capacitors.
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Fig. 3. Quasi-static C-V curves for pT poly-gate PMOS capacitors.

higher gate resistance may be resulted from such multi-stacked
structure, and the performance of dual-gate CMOS devices is
degraded accordingly.

In this paper, we propose a new gate structure which
is composed of an as-deposited polysilicon layer as a top-
layer and a thin as-deposited amorphous silicon layer as a
bottom-layer to suppress the boron penetration and avoid the
polysilicon depletion effect.

II. DEVICE FABRICATION

P* poly-gated PMOS capacitors (area = 2 x 10~ cm?)
and P-MOSFET’s were fabricated using boron doped (100)-
oriented substrates with resistivity of 15-25 2-cm by employ-
ing conventional CMOS twin-well technology. The n-well was
formed by phosphorus ion implantation and high temperature
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Fig. 5. Measured PMOS threshold voltage as a function of the poly-gate
length. The threshold voltage was determined by the extrapolation on the
Vi axis of the linear Ip — Vi slope at the maximum transconduction (at
Vp = -0.1 V) in the Ip — Vi plot.

drive-in to adjust the surface concentration to 5 x 1016 ¢cm—3.

Double channel implants were formed by As and Phosphorus
to adjust the threshold voltage to about —0.8 V. After LOCOS
and active area definitions, a thin gate oxide (11 nm) was
thermally grown in dry oxygen and hydrogen chloride at
900°C. In this work, the p* poly-gate of the present structure
which is referred to as “the SAP structure” is formed by first
depositing a 500 A amorphous silicon and then depositing
a polysilicon layer to a total thickness of 3000 A. Poly-
gate composed of only a 3000 A polysilicon layer was also
fabricated as a control sample. The amorphous silicon and
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Fig. 7. P-MOSFET’s device degradation in threshold voltage shift after
channel hot-carrier stress versus stress gate voltage. P-MOSFET’s were
stressed at Vp = —6 V and at different Vg for 1000 sec.

polysilicon were deposited in a LPCVD furnace at 550°C and
620°C, respectively. PT poly was doped by various doses
of BF; implantation at 50 KeV and annealed by the rapid
thermal anneal (RTA) at 1000°C for 30 sec prior to poly-gate
etch. After the gates had been patterned and etched, p~ LDD
(lightly-doped drain) implantation with BF; was employed and
APCVD oxide spacers were formed. P*-doped source/drain
were implanted with BF; at 55 KeV with doses of 2 x 10'°
cm~2 through a thin sacrificial thermal oxide grown at 900°C.
After BPSG deposition and densification at 900°C, contacts
were defined. Then, the plug implantation was employed, and
the samples were annealed at 900°C followed by metal-1
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Fig. 8. Measured leakage current of the gated-diode as a function of gate
voltage for control and SAP samples.

metalization and sintering at 400°C for 30 min. The fabrication
process flow of the SAP poly-gate structure is illustrated in
Fig. 1.

III. RESULTS AND DISCUSSION

A. P*-poly Gated MOS Capacitors

High frequency C-V and quasi-static C-V analyses are
performed on PMOS capacitors for examining the boron
penetration phenomena. All C-V curves were measured from
inversion to accumulation in order to reduce spurious effects
due to inversion-layer response time [23]. Fig. 2 shows the
high-frequency (100 KHz) C-V curves for PMOS capacitors
with BFy-implanted dose of 2 x 1015 cm~2 and 1 x 106 cm—2
for the two types of gate structures, respectively. It is shown
that there is much less positive threshold voltage shift for
the SAP samples than control samples as the implanted dose
increasing from 2x 105 cm~2 to 1x 10 cm~2. This indicates
that less boron penetration occurs for the SAP structure. Due
to a shallow boron doped layer resulted from boron penetration
beneath the gate oxide, as modeled by Pfiester et al. [3],
a slightly smaller minimum capacitance is observed for the
boron-penetrated samples. This shallow p-layer creates an
additional p-n junction depletion capacitance in series with
oxide capacitance and channel depletion layer capacitance.
Thus the C-V characteristics are modified. Similar C-V
analysis has been done by Sigmon and Swanson [24] for ion-
implanted p-channel MOS devices. Fig. 3 shows the effects
of implanted dose on quasi-static C-V curves of the p* poly-
gate MOS capacitors. The C;;,,,/Crmax 1atios are close to unity

~93%) for both types of gate structures, indicating negligi-
ble polysilicon depletion effect resulted from the underlaid
amorphous silicon layer. Furthermore, a distortion of quasi-
static C—V curve in the strong inversion region is observed
for the control sample with BF, implanted dose of 1 x 106
cm~2. This distortion has also been observed by Pfiester et
al. [3] and Lo er al. [25], respectively. As reported by Lo
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Fig. 9. The SIMS depth profiles of (a) fluorine and (b) boron of the
BF;-implanted control and SAP gates. The films were implanted with dose
of 1 x 1016 cm~2 and annealed in Na for 30 min. at 900°C.

et al., the distortion may be due to the boron penetration
induced donor-type defect centers within the surface region
of Si substrate. In comparison with control and SAP gate
structures, samples with SAP gate structure show a much less
threshold voltage shift and C-V distortion. Fowler-Nordhiem
stressing with a constant gate current density of +100 mA/cm?
is performed on PMOS capacitors to characterize the gate
oxide reliability, as shown in Fig. 4. Resnlts show that electron
trapping efficiency in the gate oxide increases with boron
penetration and the capacitors with the SAP structure exhibit
lower electron trapping efficiency and higher value of charge
to breakdown (Q4q).
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Fig. 10. TEM cross section for BFz-implanted gate: (a) control; (b) SAP.
The films were BF;-implanted with 5 X 1013 cm™2, after annealed at 900°C
for 30 min.

B. P*-poly Gated MOS Transistors

The measured threshold voltage as a function of poly-
gate length is shown in Fig. 5. The threshold voltage is
determined by the extrapolation of the interception point on
the Vg axis of the linear I versus Vg slope at the maximum
transconductance (at Vp = —0.1 V) in the Ip versus Vg
plot. Less positive threshold voltage shift, resulted from boron
penetration effect, is observed for the SAP structure. The
reverse short-channel effect (RSCE), i.e., the threshold voltage
becomes more negative with decreasing channel length, is
also found. It can be explained by the laterally nonuniform
channel profile in the channel due to effects of fluorine
enhanced boron diffusion in the gate oxide and subsequent
thermal budget after the poly-gate etch [26]. This phenomena
was also observed by Sung et al. [4], H and/or OH radical
during deposition of the TEOS gate spacer were reported
to attribute to the enhanced reverse short-channel effect. In
comparison with control and SAP structures, samples with
SAP poly-gate show a much weaker gate length dependence,
since the boron penetration is greatly suppressed by the SAP
poly-gate. Furthermore, a less threshold voltage variation
is obtained for the SAP structure. With significant boron
penetration, the transistor becomes a depletion type and the
subthreshold swing of the transistor increases [3], [4]. The
measured subthreshold characteristics for short channel P-
MOSFET’s (Lg = 0.35 pm) of both types of gate structures
are shown in Fig. 6. The subthreshold swing is increased
largely for control samples as the BF »-implanted dosage
increases from 2 x 10® cm™2 to 1 x 10 cm~2. Channel
hot-carrier effects of short channel P-MOSFET’s were also
studied. As shown in Fig. 7, the SAP structure exhibits Iess
degradation in terms of less threshold voltage shift for various
gate voltage conditions.

Gated-diode measurement [27] was also performed to char-
acterize the physical damage at the Si/SiO; interface induced
by the boron impurities which were diffused from the heavily
doped poly-gate. For Vo < Vpp, the interface is accumu-
lated and the leakage current originates from the depletion
region of the metallurgical p-n junction only. When the gate
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Fig. 11. (a) AFM images of poly-gate films in 2 um square regions; (b) surface microroughness of the films for both gate structures as a function of

BF;-implanted dosage. The films were annealed at 900°C for 15 min.

voltage reaches flat-band condition, a field-induced depletion
region is created under the surface which contributes to
strong increase in diode reverse current. Besides the reverse
current due to generation-recombination centers in the bulk
silicon, there is a contribution due to the generation at surface
states at the Si/SiO interface as the gate voltage increases.
When threshold voltage is reached, the inversion layer shields
the surface states from the depletion region and the leak-
age current due to generation from interface traps decreases
sharply by an amount directly proportional to the number
of interface states. The measured results shown in Fig. 8
indicate that the penetration of boron into the gate oxide
and channel actually results in an increase in interface state
density.

C. SIMS Analysis

Fig. 9(a) shows the measured SIMS depth profiles of the
fluorine concentration in the poly-gate/SiO9/Si structure for
both gate structures. The samples were implanted by BF; to
a dose of 1 x 10'® cm=2, followed by furnace annealing

in N, ambient at 900°C for 30 min. As can be seen, the
profile of the control sample at the as-implanted position is
narrower than that of the SAP structure. This implies that
fluorine diffusion in the SAP gate exhibits a lower effective
diffusion rate than that in the control sample. Furthermore,
there is a pile-up of fluorine at the interface between top-layer
and bottom-layer for the stacked gate structure. The pile-up of
fluorine results from the existence of a thin interfacial oxide
layer between the polysilicon layer and amorphous silicon
layer in the SAP structure. The interfacial oxide layer was
formed during the deposition break due to the residual oxygen
in the LPCVD system. Detail description of the segregation
and diffusion mechanism for fluorine and boron atoms will be
discussed in the later report [28]. The effects of lower fluorine
diffusion rate in the underlaid amorphous silicon [16], [29]
and segregation of fluorine impurities at the poly/amorphous
interface result in a much larger amount of fluorine in the
gate electrode. The more fluorine is retained in the poly-
gate electrode, the less fluorine diffuses into the gate oxide.
Therefore, for the SAP structure, less fluorine and boron
are present in the gate oxide, which results in less fluorine
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enhanced boron penetration as shown in Fig. 9(b). Thus, boron
penetration effect can be effectively suppressed by the SAP
gate structure.

D. TEM Analysis and Surface Roughness

Fig. 10(a) and (b) are the TEM micrographs of both kinds
of structures after 900°C annealing for 30 min. The texture of
the SAP structure reveals that there exists an interface between
polysilicon layer and amorphous silicon layer. Furthermore,
the grain boundaries of the polysilicon and amorphous silicon
are not aligned. The amorphous silicon layer exhibits more
random orientation, while the polysilicon layer exhibits the
well known columnar structure.

A smoother gate/oxide interface is observed in the structure
of polysilicon with underlaid amorphous silicon. The smooth
gate/oxide interface can simplify many processing steps such
as lithography and etching. As gate electrodes, the surface
morphology is an important factor in device reliability because
that the presence of asperity on the film surface can lead to
premature device failures from localized high electric fields.
Thus, it is highly desirable to have gate electrodes with smooth
surfaces [30]. Furthermore, as poly-gate etching is anisotropic,
poly-gates with rough morphologies require extended overetch
to remove highlight residues. This extended etching may
have a propensity for the pitting of the substrate which
would degrade device reliability, especially for the scaled gate
oxide in future CMOS technology. Surface microroughness
of gate films is evaluated by atomic force microscope (AFM:
NanoScope III, Digital Instruments). AFM images in polysil-
icon films in 2 pm square regions for both gate structures are
shown in Fig. 11(a). The surface roughness becomes smaller
with increasing the implant dose of BF; as shown in Fig.
11(b). For the SAP gate, smoother surface is obtained resulted
from smooth surface of the underlaid amorphous layer.

()

IV. CONCLUSION

Retardation of boron diffusion from the p* poly-gate into
the substrate of the PMOS devices is significantly achieved by
employing the SAP structure which is composed of polysilicon
layer with underlaid amorphous silicon without degrading
device reliability. Superior device performance and tighter
threshold voltage controllability are obtained in the p-channel
MOSFET’s with the new poly-gate structure. Furthermore, the
interface quality underneath the gate oxide can be preserved.
Retention of fluorine impurity in the poly-gate due to lower
diffusion rate in amorphous silicon, interfacial segregation
effect, and differently aligned grain boundaries are shown to
be the possible causes for retarding boron penetration. The
process of the SAP poly-gate is simple and compatible with
conventional CMOS process and can be readily adapted in
deep submicrometer CMOS technology.
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