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a b s t r a c t

A study of the polycrystalline silicon depletion effect generated from the subsequent thermal process is
undertaken. Although phosphorus out-diffusion, which causes the polycrystalline silicon depletion effect,
is increased with an increase in the thermal process temperature, the polysilicon depletion effect is stron-
ger when inducing rapid thermal annealing in lower temperatures of 600–800 �C than in 900 �C. This
indicates that the major reason for the polysilicon depletion effect is not the out-diffusion of phosphorus
but the electrical deactivation of phosphorus, which is segregated at the grain boundary. Therefore, by
increasing the size of polycrystalline silicon grain, we can efficiently reduce the polysilicon depletion
effect and enhance the tolerance to deactivation.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Although metal gate materials with high-k dielectrics were
recently introduced in the CMOS (complementary metal-
oxidesemiconductor) industry, polycrystalline silicon is still widely
used as gate electrode due to the efficiency and simplicity of its
manufacturing process and application [1–3]. However, one of
the major limitations in the extensive use of polysilicon as an elec-
trode is the polysilicon depletion effect (PDE), which is generated
by an applied bias on the polysilicon electrode. The resultant
depletion layer causes an increased gate dielectric thickness and
influences other device characteristics such as reduction of device
current. The depletion layer width (Wd) resulting from the PDE can
be expressed by the following equation [4]:

Wd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KSe0
qN

/s

s
ð1Þ

where KS is the semiconductor dielectric constant, e0 is the permit-
tivity of free space, N is the effective doping concentration, andUs is
the potential difference between the bulk and the surface of the
semiconductor. According to Eq. (1), one of the major factors that
determines the depletion width is the effective doping concentra-

tion of polysilicon. Usually highly doped polysilicon is used for a
metal electrode; hence, an increase of depletion width could be
generally negligible. However, a change of design rules in CMOS
technology leads to a reduction in gate channel length and gate
electrode size. As a result, the PDE is no longer an insignificant prob-
lem [5–9]. For example, in a flash memory device in which the float-
ing gate contains polysilicon, the PDE increases as the floating gate
volume decreases [10–12]. When conducting program and erase
operations, the polysilicon depletion layer is generated on the sur-
face between floating gate and tunnel oxide by a strong electric field
[13,14]. This polysilicon depletion layer causes the deterioration of
device features such as coupling ratio or uniformity.

In this paper, the effect of the thermal process on the PDE was
systematically investigated in order to study the mechanism of the
PDE. It was found that the major reason for the polysilicon deple-
tion effect is not the out-diffusion of phosphorus but the electrical
deactivation of phosphorus, which might be segregated into grain
boundary. Therefore, by increasing the size of the polycrystalline
silicon grain, we can efficiently reduce the polysilicon depletion
effect and enhance the tolerance to deactivation.

2. Experimental

For an investigation of the PDE after annealing, metal-oxide-
silicon (MOS) structures were prepared as follows: 50 Å thick
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SiO2 was deposited onto a p-type Si wafer by low pressure chem-
ical vapor deposition (LP-CVD) at deposition temperature of 830 �C
using dichlorosilane [SiCl2H2] as a precursor. Then, amorphous sil-
icon (a-Si) was formed on top of it using LP-CVD at deposition tem-
perature of 530 �C with an in-situ phosphorus doping
concentration adjusted through the flow control of PH3. Sequential
thermal processes in a furnace at 900 �C for 60 min in an N2 ambi-
ent and in a rapid thermal anneal (RTA) furnace at 900 �C for 90 s in
an N2 ambient were conducted for crystallization of deposited
phosphorus-doped polysilicon and dopant-activated silicon,
respectively. Through these processes a Si-sub/SiO2 50 Å/Poly-Si
2000 Å stack was formed. To investigate the change in phosphorus
concentration by a subsequent thermal process, a two-step post
RTA was applied, denoted by RTA-1 and RTA-2, which is described
in Fig. 1(a). In addition, in order to change the grain size of polysil-
icon, a pre-crystallization thermal process by RTA was applied to
another group of samples before the crystallization thermal pro-
cess as described in Fig. 1(b). For preparing a capacitance-voltage
(CV) measurement sample, 100 Å thick SiO2 and 2000 Å thick
poly-Si layers were added on the above-mentioned stack as a
dielectric and top electrode, respectively. Then, through the etch-
ing of upper polysilicon, a 100 nm � 100 nm sized test pattern
was defined and a CV measurement to determine the polysilicon
depletion width was conducted using an Agilent E4980A precision
LCR meter. A CV measurement was conducted at high frequency of
100 kHz and signal amplitude of 50 mV. To determine the electri-
cally activated phosphorus concentration, sheet resistance (RS)
was measured by a 4-point probe and the physically incorporated
phosphorus concentration was measured by secondary ion mass
spectrometry (SIMS). The grain size of poly-Si was measured by
X-ray diffraction (XRD) and transmission electron microscopy
selected area diffraction (TEM-SAD) methods.

3. Results and discussion

The severe PDE, which occurred with the subsequent thermal
process, is caused by depletion width thickening, which in turn is
caused by activated phosphorus concentration (P-conc.) changes
in polysilicon. To identify how the P-conc. is influenced by the sub-
sequent thermal process, we deliberately applied the post RTA-1
and RTA-2 processes as a subsequent thermal process. Addition-
ally, we determined the electrically activated P-conc. by RS mea-

surements and the physically incorporated P-conc. by SIMS. The
change of relative P-conc. values is illustrated in Fig. 2. Before
the thermal process, the physically incorporated P-conc. of all sam-
ples were fixed at approximately 1.23 � 1020 cm�3. As shown in
Fig. 2, relative P-conc. values determined by RS after post RTA-1’s
of 600, 700, and 800 �C decreased to 95–97%, which were relatively
lower than that of approximately 99% and nearly 100% after
annealing at 500 �C and 900 �C, respectively. This means that
annealing temperature is not the main cause of electrically acti-
vated P-conc. change in highly doped polysilicon. Meanwhile,
physically incorporated P-conc. values measured by SIMS were
almost the same in all samples, even though electrically activated
P-conc. values determined by RS showed different values. This
means only electrically activated P-conc. is changed by post RTA-
1 without a change of the physical amount of phosphorous in
polysilicon. On the other hand, the P-conc. values obtained were
almost 100% post RTA-2 (900 �C, 90 s). These results indicate that
the major cause of electrically activated P-conc. change by thermal
treatment is not the out-diffusion of dopants but electrical deacti-
vation. To understand the PDE phenomena fundamentally, the
cause of electrical deactivation of phosphorus should be deter-
mined. Accordingly, we focused on the mechanism study of electri-
cal phosphorus deactivation, which is the major reason for the PDE
at high doping density.

As discussed above, phosphorus loss after RTA-1 determined by
SIMS was negligible and re-activation of the dopant occurred in the
post RTA-2. Therefore, it is expected that deactivated phosphorus
exists on the interstitial site inside the polysilicon grain or in the
grain boundary as a segregated form [15–18]. To confirm how
the deactivated phosphorus exists, we compared the deactivation
degree among polysilicon samples of different grain size because
the different proportion of grains and grain boundaries might lead
to different degrees of phosphorus deactivation. The polysilicon
samples with different grain sizes were prepared by the formation
of a crystallization seed through the additional thermal process
(described as ‘‘Pre-crystallization thermal” in Fig. 1(b)) at a differ-
ent temperature before applying the crystallization thermal pro-
cess [19]. Through TEM and TEM-SAD patterns, as shown in
Fig. 3, it was confirmed that the grain size became smaller as the
pre-crystallization temperature increased. It seems the pre-
crystallization thermal process results in more crystallization
nuclei and leads to an increase of the density of grains and grain

Fig. 1. Schematic thermal process sequence of samples (a) to investigate the phosphorus concentration change and (b) to differentiate the grain size.
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