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Abstract—The polarity asymmetry on the electrical char-
acteristics of the oxides grown on n+ polysilicon (polyoxides)
was investigated in terms of the oxidation process, the doping
level of the lower polysilicon layer, the oxidation temperature
and the oxide thickness. It was found that the thin polyoxide
prepared by using a low-temperature wafer loading and N2 pre-
annealing process, has a smoother polyoxide/polysilicon interface
and exhibits a lower oxide tunneling current, a higher dielectric
breakdown field when the top electrode is positively biased, a
lower electron trapping rate and a larger charge-to-breakdown
than does the normal polyoxide. The polarity asymmetry is also
strongly dependent on the doping level of the lower polysilicon
layer, the oxidation temperature and the oxide thickness. It was
found that only the thinner polyoxides (�240Å) grown on the
heavily-doped polysilicon film (30 
/sq) by using the higher-
temperature oxidation process (�950 �C) conduct a less oxide
tunneling current when the top electrode is positively biased.

I. INTRODUCTION

T HERMAL oxides grown on npolysilicon (referred to
as polyoxides) have been widely used as the interlayer

dielectrics for nonvolatile memories, such as EPROM, EEP-
ROM, and Flash EEPROM [1]–[4]. However, due to the
nonuniformity of the oxide thickness and the asperities at the
polysilicon/polyoxide interface, the electrical properties, such
as the dielectric breakdown field, the oxide leakage current,
the electron trapping rate under a high field stressing and
the charge-to-breakdown of polyoxides are inferior to those
of oxides grown from single crystal silicon [5]–[11].

It has been reported that polyoxides exhibit a higher con-
ductance and a lower dielectric breakdown field when the
top electrode is positively biased [7]–[10]. This is attributed
to the higher local field induced by the interface roughness
at the bottom polyoxide/polysilicon interface, caused by the
enhanced oxidation rate at grain boundaries [7]–[9]. On the
other hand, Faraoner reported that the electrical characteristics
and the effective barrier height of oxides grown on a textured
polysilicon layer were nearly independent of the applied
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voltage polarity, due to the similar roughness of both the
bottom and top polyoxide/polysilicon interfaces [11].

It has also been found that thin thermal oxides (130 Å)
grown on heavily phosphorus doped polysilicon layer by using
a low-temperature wafer loading and Npre-annealing process
and oxidation at a high temperature (1000C), would exhibit a
lower leakage current and a higher dielectric breakdown field
as the top electrode under a positive biasing [12]. The possible
explanation is that the low temperature wafer loading and
N pre-annealing process could reduce the thermal stress, the
native oxide growth, and the oxidation rate [13]. This results
in a smoother surface morphology of the polysilicon before
oxidation and then induces a smoother polysilicon/polyoxide
interface during the oxidation step.

In this paper, we investigate in detail the polarity asymmetry
on the electrical characteristics of the textured polyoxides in
terms of the oxidation process, the doping level of the lower
polysilicon layer, the oxidation temperature and the oxide
thickness.

II. EXPERIMENTAL PROCEDURES

Thin polyoxide capacitors were fabricated on a 4000Å
polysilicon film deposited on a substrate with thermal oxi-
dation of 1000Å-thick oxide. The lower polysilicon layers
(poly1) was deposited in an LPCVD system at 625C. After
phosphorus doping with a POClsource at 925C or 950 C,
the drive-in process was performed at 1000C in a dry N

O ambient. After removing the surface oxide, the sheet
resistance of the polysilicon layer was measured to be about
90–110 /sq (referred to as the lightly-doped polysilicon),
50–70 /sq (referred to as the median-doped polysilicon) or
20–33 /sq (referred to as the heavily-doped polysilicon). The
wafers were loaded into the furnace at a low temperature
(e.g., 600 C) to reduce the thermal stress and minimize the
native oxide growth [12]. Then, the temperature was gradually
raised to 850C to 1000 C in an N ambient. After an N
pre-annealing stage for about 15 to 30 min, the polyoxides
with a thickness of about 90–500̊A were grown at 850C to
1000 C in a dry O ambient or in a dry O N ambient.
This oxidation recipe is referred to as the special oxidation
(SPO) process. The control samples were loaded into the
furnace at 800C in an N ambient and then oxidized at
1000 C in a dry O ambient without the N pre-annealing
stage for the same time as that of the SPO polyoxides. The
process is referred to as the control oxidation (CTO) process.
After the textured polyoxide formation, a second layer of
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(a)

(b)

Fig. 1. The TEM micrographs of (a) the SPO polyoxide and (b) the CTO
polyoxide. The sheet resistance of poly1 is�30
/sq.

polysilicon (poly2) of about 4000̊A thick was deposited and
doped by POCl to the sheet resistance of about 20/sq.
The thickness of the polyoxides were determined by the high-
frequency (100 kHz or 1 MHz) capacitance–voltage (C–V)
measurement by assuming the dielectric constant to be 3.9. The
transmission electron microscopy (TEM) was used to examine
the morphology of the polyoxide/polysilicon interface. The
current–voltage (I–V) characteristics were measured by an
HP4145B semiconductor parameter analyzer.

III. RESULTS AND DISCUSSIONS

A. The Effect of Oxidation Process on Polarity Asymmetry

Fig. 1(a) and (b) show the TEM micrographs of the SPO
and CTO polyoxides, respectively. It is seen that the SPO
polyoxide has a smoother polyoxide/poly1 interface than the
CTO polyoxide. The smoother surface morphology of the
SPO polyoxide may be attributed to the reduction of the
thermal stress, the native oxide growth, and the oxidation
rate during the low-temperature wafer loading and Npre-
oxidation annealing process [13].

Fig. 2(a) shows the – characteristics of the SPO poly-
oxide capacitor (heavy line) and the CTO polyoxide capacitor
(thin line) grown on the heavily-doped poly1 (30 /sq),
respectively. The effective oxide thickness are 162Å and
169 Å for the SPO and CTO polyoxides, respectively. The
reduction in the oxide thickness of the SPO polyoxide is
consistent with the thin oxide grown on the single-crystal
silicon substrate with the same low-temperature wafer loading
and N pre-annealing process [13]. In the figure, the–
characteristics of the CTO polyoxide capacitor is nearly inde-
pendent of the measurement polarity and consistent with the
result of the previous paper [11]. However, the SPO polyoxide
capacitor exhibits a strong polarity dependence on the–
characteristics, i.e., the SPO polyoxide capacitor conducts less
tunneling current when poly2 is positively biased.

Fig. 2(b) shows the curves of gate voltage shift versus
time of the SPO and CTO polyoxide capacitors under a
constant current of 10 mA/cm stressing. The area of the

(a)

(b)

Fig. 2. (a) TheJg–Eox characteristics of the SPO polyoxide capacitor
(heavy line) and the CTO polyoxide capacitor (thin line) grown on the
heavily-doped poly1 (�30 
/sq), respectively. The effective oxide thickness
determined by the high-frequency C–V measurement are about 162Å and 169
Å for the SPO and CTO polyoxide capacitors, respectively, and (b) the curves
of gate voltage shift versus time of the SPO and CTO polyoxide capacitors
under a constant current of�10 mA/cm2 stressing. The area of the testing
capacitors is1:26 � 10�3 cm2.

test capacitors is cm . The increase in the gate
voltage with the increasing time is due to electron trapping
[14]. It is seen that the SPO polyoxide capacitor exhibits a
lower electron trapping rate than does the CTO polyoxide
capacitor in both injection polarities. Moreover, the value of
charge-to-breakdown ( ) of the SPO polyoxide capacitor is
larger than that of the CTO polyoxide capacitor, especially for
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Fig. 3. The plots of the sheet resistance of poly1 and the critical electric
field (Ec) and the breakdown field (Ebd).

the electron injection from the bottom polyoxide/polysilicon
interface.

High electron trapping rate and low value of polyoxides
have been attributed to the outdiffusion of phosphorus from
polysilicon into polyoxide [15]. During the high-temperature
oxidation process, a large amount of phosphorus would pile
up at or near the bottom polyoxide/polysilicon interface [15]
and the phosphorus precipitates would remain in the grain
boundaries of polysilicon and in the bulk of the polyoxide.
These precipitates act as the electron trapping sites and result
in an increase in the leakage current due to the trap-assisted
direct tunneling [15]. From the lower electron trapping rate
and the higher value, it can be suggested that, for the
SPO polyoxide, the amount of phosphorus outdiffusion from
poly1 into polyoxide is less than that of the CTO polyoxide.

B. The Effect of Poly1 Doping Level on Polarity Asymmetry

It has been reported that the polyoxide/polysilicon interface
of the oxides grown on the heavily-doped poly1 (heavily-
doped polyoxide) is smoother than oxides grown on the
median-doped poly1 (median-doped polyoxide) [12]. Also,
the polarity asymmetry of the heavily-doped polyoxide is
opposite to the median-doped polyoxide, i.e, the heavily-
doped polyoxides conducts a less tunneling current and has
a higher value when poly2 is positively biased while for
the median-doped polyoxide, it conducts a higher tunneling
current and has a lower dielectric breakdown field () when
poly2 is positively biased [12].

Fig. 3 shows the plots of the sheet resistance of poly1 versus
the critical electric field ( ), which is defined as the field
for the leakage current of 1A/cm through the polyoxide,
and the destructive dielectric breakdown field () for the

(a)

(b)

Fig. 4. TheJg–Eox characteristics of the lower-temperature (850�C and
900�C) polyoxides and the higher temperature (950�C and 1000�C) poly-
oxides for poly2 under (a) a positive bias and (b) a negative bias, respectively.

polyoxides with the thickness ranging from 110–150Å. It is
seen that both the and values of the heavily-doped
polyoxide (20–33 /sq) are larger than those of the median-
doped polyoxide (50–70/sq) and the lightly-doped polyoxide
(90–110 /sq) when poly2 is positively biased. The better
quality of the heavily-doped polyoxide is believed to be due to
the larger grain size of the heavy doping poly1, which results
in a smoother polyoxide/polysilicon interface [8] and [12]. As
the phosphorus concentration is increased, the stress-induced
oxide thinning and the “horn” formation can be prevented by
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Fig. 5. The curves of gate voltage shift versus time of the lower-temperature
and higher-temperature polyoxide capacitors under a constant current of
�100�A/cm2 stressing.

introducing vacancies into Si and by the enhancement of the
SiO viscous-flow [8]. However, as mentioned previously, due
to the outdiffusion of phosphorus from poly1 into polyoxide
during the oxidation process, a large amount of phosphorus
would pile up at or near the polyoxide/polysilicon interface
[15] and the phosphorus precipitates would remain in the
polysilicon grain boundary and in the bulk of the polyoxide.
These precipitates act as the electron trapping sites and result
in an increase in the leakage current due to the trap-assisted
direct tunneling [15]. Thus, a large amount of the phosphorus
incorporated into the polyoxide will degrade the oxide quality,
despite of the smoother polyoxide/polysilicon interface. The

values of the polyoxide grown on the more heavily-doped
poly1 ( 17 /sq) were reduced to 1.2 and 2.4 MV/cm for
poly2 under a positive and negative bias, respectively.

C. The Effect of Oxidation Temperature on Polarity Asymmetry

Fig. 4(a) and (b) show the – characteristics of the
lower-temperature (850C and 900 C) polyoxides and the
higher-temperature (950C and 1000C) polyoxides for poly2
under a positive and negative bias, respectively. The effective
oxide thickness of these polyoxides are about 130–140Å and
the sheet resistance of poly1 is about 22/sq. It is seen that the
lower-temperature polyoxides exhibit a larger oxide leakage
current and a lower value when poly2 is positively biased.
This implies that for the lower-temperature polyoxides, the
bottom polyoxide/polysilicon interface is rougher than the top
one [11]. The polarity asymmetry is consistent to that reported
by previous papers [7]–[11]. However, the higher-temperature
polyoxides exhibit a much less oxide leakage current and a
larger value when poly2 is positively biased. This implies
that the bottom polyoxide/polysilicon interface of the higher-
temperature polyoxides is smoother than the top one. Thus,

Fig. 6. The plots of the value ofEbd andEc versus the oxide thickness
ranging from 98 to 399Å.

the polarity asymmetry on the electrical properties of the
polyoxides is strongly dependent on the oxidation temperature.
Moreover, the higher-temperature polyoxides have a much less
electron trapping rate than the lower-temperature polyoxides
in both injection polarities, as shown in Fig. 5. This suggests
that the oxide quality of the higher-temperature polyoxides
are much better than that of the lower-temperature polyoxides.
This is consistent to the situation of oxides grown on the
single-crystal silicon substrate [16] and could be explained
as follows. It has been reported that the low-temperature
oxidation process is pre-dominantly controlled by the surface
reaction [17]. The enhanced oxidation rate at the grain
boundaries would enhance the stress between the grains and
cause a rougher polyoxide/polysilicon interface [8] and [17].
In contrast, the mechanism of the high temperature oxidation
process is dominated by the oxidant diffusion [17], as a result,
the oxidation-induced stress due to the higher oxidation rate
at the grain boundaries could be reduced [8]. Besides, at a
higher temperature the viscous flow of the oxide could occur
[18]. Thus, a smoother polyoxide/polysilicon interface could
be obtained for polyoxides prepared at a higher temperature.
Hence, the polyoxides prepared by the higher-temperature
oxidation process have better electrical properties than the
lower-temperature polyoxides.

D. The Effect of Oxide Thickness on Polarity Asymmetry

In this section, we will discuss the effect of the oxide
thickness on the polarity asymmetry of the value of and

, the electron trapping rate and the trapped-charge centroid
of the heavily-doped polyoxides. The oxidation process was
performed at 1000 C in a O N ambient. Fig. 6 shows the
plots of the value of and versus the oxide thickness
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ranging from 98–399Å. It is seen that the heavily-doped
polyoxides have a larger and value when poly2 is
positively biased, until the oxide thickness is more than 240Å,
which has been reported to be independent of the measurement
polarity [11]. The inversion of the polarity asymmetry on
and for the thicker polyoxides (240Å) may be due to the
fact that the longer oxidation time resulted in more phosphorus
outdiffusion from poly1 into the polyoxide to form phosphorus
precipitates, which act as the electron trapping sites and cause
a more oxide leakage current due to the trap-assisted direct tun-
neling [15]. Another reason was that the longer oxidation re-
sulted in a rougher bottom polyoxide/polysilicon interface due
to the enhanced oxidation rate at the grain boundaries [7]–[9].

The Fowler–Nordheim (F–N) injection technique [19] was
used to identify the trapped oxide charges density () and
the trapped-charge centroid () in the polyoxide. By comparing
the deviations of the F–N I–V characteristics before and after
stresses with both polarities, the values of and can be
determined [19] and [20], whereis the location of the trapped
oxide charges measured from the poly2. Fig. 7(a) and (b)
shows the gate voltage shift, , versus the injection fluence
for the heavily-doped polyoxides of 131, 286, and 399Å under
a constant current of 10 A/cm injection stressings, respec-
tively, where is the voltage shift when the poly2 is
positively biased and is the voltage shift when the poly2
is negatively biased. It is seen that for the bottom injection,
the values of of all the polyoxides are much larger than
those of the . Moreover, the value of increases
significantly with the increase of the oxide thickness, while the
value of increases only slightly. For the top injection,
the value of of all the heavily-doped polyoxides are
somewhat smaller than that of the . Also, the increase
in both the and values with the increase of the
oxide thickness are similar. This implies that for the heavily-
doped polyoxides, the increase in the electron trapping rate
with the increase of the oxide thickness is predominated by the
property of the bottom polyoxide/polysilicon interface. Due to
the fact that a longer oxidation time results in rougher bottom
polyoxide/polysilicon interface [7]–[9] and more phosphorus
outdiffusion from poly1 into polyoxide to form phosphorus
precipitates [15], which act as the electron trapping sites the
thicker heavily-doped polyoxide has a much larger electron
trapping rate than does the thinner heavily-doped polyoxide in
both polarities, as shown in Fig. 7(a).

As mentioned previously, the thinner heavily-doped polyox-
ide has a lower oxide leakage current and a largerand
value when poly2 is positively biased. This can be expected be-
cause the thinner heavily-doped polyoxide has a lower electron
trapping rate when electrons are injected from the bottom poly-
oxide/polysilicon interface. However, as shown in Fig. 8(a),
the value of of the bottom injection is larger than that of
the top injection. Thus, it is believed that for the heavily-doped
polyoxide, the larger electron trapping rate with poly2 under a
positive bias is pre-dominantly by the outdiffusion of phospho-
rus from poly1 into the polyoxide to be the electron trapping
sites near the bottom polyoxide/polysilicon interface [15].

For all the heavily-doped polyoxides, the location of the
trapped-charge centroid, is strongly dependent on the injec-
tion polarity, as shown in Fig. 8(b). For the bottom injection,

(a)

(b)

Fig. 7. The curves of the gate voltage shifts,Vg(+) and Vg(�), versus
the injection fluence for the heavily doped polyoxides of 131, 286, and 399
Å under a constant current of (a) 10�A/cm2 (bottom injection) and (b)
�10�A/cm2 (top injection) stressings, respectively.

the trapped charges of all the heavily-doped polyoxides are
located near the bottom polyoxide/polysilicon interface. For
example, the value of of the thicker (399Å) and the
thinner (131 Å) heavily-doped polyoxides are about 350
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(a)

(b)

Fig. 8. The curves of (a) the trapped-charge density (Qot) and (b) the
trapped-charge centroid (x) versus the injection fluence of the heavily-doped
polyoxides of 131, 286, and 399̊A, respectively.

Å and 120 Å away from poly2, respectively. This can be
explained by the outdiffusion of phosphorus from poly1 into
polyoxide to generate the electron trapping sites near the
bottom polyoxide/polysilicon interface [15]. However, for the
top injection, the value of of the thicker heavily-doped

polyoxide is about 170̊A away from poly2, i.e., the trapped
charges are located close to the middle of the polyoxide layer.
This is consistent with the result of Avniet al. [20]. On the
other hand, for the thinner heavily-doped polyoxide, the value
of is about 35Å away from poly2, i.e., the trapped charges
are located near the top polyoxide/polysilicon interface. This
polarity dependence of the trapped-charge centroid of the
thinner heavily-doped polyoxide was not reported before.
This phenomenon may be explained by the fact that for the
thinner heavily-doped polyoxide, the top polyoxide/polysilicon
interface is rougher than the bottom one, while the amount of
the phosphorus outdiffusion from poly1 into the polyoxide is
larger than that from poly2 into the polyoxide.

IV. CONCLUSION

In this work, we have investigated the polarity asymmetry
on the electrical characteristics of the polyoxides in terms of
the oxidation process, the doping level of poly1, the oxidation
temperature and the oxide thickness. It is found that high
quality thin polyoxides could be obtained by using a low-
temperature wafer loading and Npre-annealing process. As
compared to the normal polyoxides, the prepared polyoxides
exhibit a lower oxide leakage current, a higher and
value, a smaller electron trapping rate and a larger value.
Moreover, the prepared polyoxides exhibit a lower oxide
leakage current and a higher and value when poly2 is
positively biased, while for the normal polyoxide, the oxide
leakage current and the dielectric breakdown field are nearly
independent of the measurement polarity. This is due to that
the bottom polysilicon/polyoxide interface of the prepared
polyoxide is smoother than that of the normal polyoxide. The
smaller electron trapping rate and a larger value for the
prepared polyoxides may also be due to the less electron
trapping sites generated from the phosphorus outdiffusion from
poly1 into the polyoxide [15].

The polarity asymmetry on the electrical characteristics
of the polyoxides were found to be strongly dependent on
the doping level of poly1, the oxidation temperature and
the oxide thickness. Only the thinner polyoxide (240 Å)
grown on the heavily doped polysilicon film (30 /sq) by
using the higher-temperature oxidation process (950 C) can
exhibit lower oxide tunneling currents when the top electrode
is positively biased. This is because the low-temperature
oxidation process would enhance the oxidation-induced stress
and cause more phosphorus atoms to segregate at grain bound-
aries [8]. Also, the longer oxidation time would cause more
phosphorus outdiffusion from poly1 into the polyoxide to
create the electron trapping sites and cause a rougher bottom
polyoxide/polysilicon interface.
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