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Abstract—The polarity asymmetry on the electrical char- voltage polarity, due to the similar roughness of both the
acteristics of the oxides grown on R polysilicon (polyoxides) bottom and top polyoxide/polysilicon interfaces [11].
was investigated in terms of the oxidation process, the doping |t has also been found that thin thermal oxidesL80 A)

level of the lower polysilicon layer, the oxidation temperature . . .
and the oxide thiclfneés. It Wasyfound that the thin p%lyoxide grown on heavily phosphorus doped polysilicon layer by using

prepared by using a low-temperature wafer loading and N pre- & low-temperature wafer loading and Nre-annealing process
annealing process, has a smoother polyoxide/polysilicon interface and oxidation at a high temperature (10GE), would exhibit a
and exhibits a lower oxide tunneling current, a higher dielectric lower leakage current and a higher dielectric breakdown field
breakdown field when the top electrode is positively biased, a as the top electrode under a positive biasing [12]. The possible
lower electron trapping rate and a larger charge-to-breakdown o, anation is that the low temperature wafer loading and
than does the normal polyoxide. The polarity asymmetry is also N i Id red he th | h
strongly dependent on the doping level of the lower polysilicon "2 .pre-ar.mea Ing process cou _re .uce the therma _Stress' the
layer, the oxidation temperature and the oxide thickness. It was native oxide growth, and the oxidation rate [13]. This results
found that only the thinner polyoxides (<240A) grown on the in a smoother surface morphology of the polysilicon before
heavily-doped polysilicon film (30 €/sq) by using the higher- oxidation and then induces a smoother polysilicon/polyoxide
temperature oxidation process 950 °C) conduct a less oxide jnterface during the oxidation step.
tunneling current when the top electrode is positively biased. In this paper, we investigate in detail the polarity asymmetry

I. INTRODUCTION on the electrica_l ch_aracteristics of the t(_axtured polyoxides in

terms of the oxidation process, the doping level of the lower

HERMAL oxides grown on tipolysilicon (referred to v silicon layer, the oxidation temperature and the oxide
as polyoxides) have been widely used as the interlaygf xness.

dielectrics for nonvolatile memories, such as EPROM, EEP-
ROM, and Flash EEPROM [1]-[4]. However, due to the Il. EXPERIMENTAL PROCEDURES

nonuniformity of the oxide thickness and the asperities at theTnin polyoxide capacitors were fabricated on a 4080

polysilicon/polyoxide interface, the electrical properties, sugky|ysilicon film deposited on a substrate with thermal oxi-
as the dielectric breakdown field, the oxide leakage curregltion of 1000A-thick oxide. The lower polysilicon layers
the electron trapping rate under a high field stressing aph|y1) was deposited in an LPCVD system at 625 After
the charge-to-breakdown of polyoxides are inferior to thosfhosphorus doping with a POCsource at 925C or 950°C,

of oxides grown from single crystal silicon [S]-[11]. the drive-in process was performed at 1000in a dry N,

It has been reported that polyoxides exhibit a higher con- o, ambient. After removing the surface oxide, the sheet
ductance and a lower dielectric breakdown field when thgsjstance of the polysilicon layer was measured to be about
top electrode is positively biased [7]-[10]. This is attributedg_1100/sq (referred to as the lightly-doped polysilicon),
to the higher local field induced by the interface roughnesg) 700/sq (referred to as the median-doped polysilicon) or
at the bottom polyoxide/polysilicon interface, caused by thg)_330/sq (referred to as the heavily-doped polysilicon). The
enhanced oxidation rate at grain boundaries [7]-[9]. On tgsfers were loaded into the furnace at a low temperature
other hand, Faraoner reported that the electrical characterisi€gy. 600°C) to reduce the thermal stress and minimize the
and the effective barrier height of oxides grown on a texturgghiive oxide growth [12]. Then, the temperature was gradually
polysilicon layer were nearly independent of the applieghised to 850C to 1000°C in an N, ambient. After an N

pre-annealing stage for about 15 to 30 min, the polyoxides
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Fig. 1. The TEM micrographs of (a) the SPO polyoxide and (b) the CTO 2 T2

polyoxide. The sheet resistance of polyl~$80 2/sq.
. Eox (MVi/cm)
polysilicon (poly2) of about 400@ thick was deposited and @
doped by POGI to the sheet resistance of about 20sq.
The thickness of the polyoxides were determined by the high- 2.0
frequency (100 kHz or 1 MHz) capacitance—voltage (C-V) 10mAJ/em? Stressing
measurement by assuming the dielectric constant to be 3.9. The — i Poly2(+)
transmission electron microscopy (TEM) was used to examine
the morphology of the polyoxide/polysilicon interface. The T
current-voltage (I-V) characteristics were measured by an -
HP4145B semiconductor parameter analyzer.

Ill. RESULTS AND DISCUSSIONS

A. The Effect of Oxidation Process on Polarity Asymmetry

Fig. 1(a) and (b) show the TEM micrographs of the SPOS
and CTO polyoxides, respectively. It is seen that the SPCB
polyoxide has a smoother polyoxide/polyl interface than thew
CTO polyoxide. The smoother surface morphology of the3
SPO polyoxide may be attributed to the reduction of the C10 SPO
thermal stress, the native oxide growth, and the oxidation
rate during the low-temperature wafer loading ang pe-
oxidation annealing process [13]. 0 T

Fig. 2(a) shows thd,—E,, characteristics of the SPO poly- 0 50 100 150 200 250 300
oxide capacitor (heavy line) and the CTO polyoxide capacitor Stressing Time (sec)

(thin line) grown on the heavily-doped poly1-80£¥/sq), (b)
respectively. The effective oxide thickness are 1&2and
169 A for the SPO and CTO polyoxides, respectively. Th&ifl 2. (a) TheJ,—E,, characteristics of the SPO polyoxide capacitor

. . . f . eavy line) and the CTO polyoxide capacitor (thin line) grown on the
reduction in the oxide thickness of the SPO polyoxide avily-doped poly1 30 €/sq), respectively. The effective oxide thickness
consistent with the thin oxide grown on the single-crystaktermined by the high-frequency C-V measurement are abou 262 169
Scon substate ith the same lon-termperature wafer loadifd, e 00 T SR 0S 1 popes pssios
and N pr_e-gnnealmg process [13] In the fl_gur_e, thJe—on_ unger a consg,]tant current 10 mA/cn? stressing. The a?eg of the tepsting
characteristics of the CTO polyoxide capacitor is nearly indgapacitors is1.26 x 103 cm?.
pendent of the measurement polarity and consistent with the
result of the previous paper [11]. However, the SPO polyoxidest capacitors i4.26 x 10~3cm?. The increase in the gate
capacitor exhibits a strong polarity dependence onjthe,, voltage with the increasing time is due to electron trapping
characteristics, i.e., the SPO polyoxide capacitor conducts I¢54]. It is seen that the SPO polyoxide capacitor exhibits a
tunneling current when poly2 is positively biased. lower electron trapping rate than does the CTO polyoxide

Fig. 2(b) shows the curves of gate voltage shift versiespacitor in both injection polarities. Moreover, the value of
time of the SPO and CTO polyoxide capacitors under @harge-to-breakdowrty;,) of the SPO polyoxide capacitor is
constant current of=10 mA/cn? stressing. The area of thelarger than that of the CTO polyoxide capacitor, especially for

e Shift (Volts
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Fig. 3. The plots of the sheet resistance of polyl and the critical electric
field (£.) and the breakdown fieldE, ;). L~
the electron injection from the bottom polyoxide/polysilicon 107
interface. [
High electron trapping rate and lo@;, value of polyoxides 3
have been attributed to the outdiffusion of phosphorus from~ 1630
polysilicon into polyoxide [15]. During the high-temperature &
oxidation process, a large amount of phosphorus would pilez L
up at or near the bottom polyoxide/polysilicon interface [15] o '
and the phosphorus precipitates would remain in the grain® 10°F
boundaries of polysilicon and in the bulk of the polyoxide.
These precipitates act as the electron trapping sites and result 3
in an increase in the leakage current due to the trap-assisted |
direct tunneling [15]. From the lower electron trapping rate 3
and the higherQ,, value, it can be suggested that, for the o
SPO polyoxide, the amount of phosphorus outdiffusion from E
olyl into polyoxide is less than that of the CTO polyoxide. 105 \ i . . n
poly poly poly 4 3 8 10 12 14
B. The Effect of Polyl Doping Level on Polarity Asymmetry Eox (MV/cm)
It has been reported that the polyoxide/polysilicon interface (b)

of the oxides grown on the heavily-doped polyl (heavily-. -
. . . Fig. 4. TheJ,—E,. characteristics of the lower-temperature (8&Dand
dOpe_d polyoxide) is Smoo_ther than OXIdeS_ grown on t 0°C) polyoxides and the higher temperature (980and 1000 C) poly-
median-doped polyl (median-doped polyoxide) [12]. Als@xides for poly2 under (a) a positive bias and (b) a negative bias, respectively.
the polarity asymmetry of the heavily-doped polyoxide is
opposite to the median-doped polyoxide, i.e, the heavilpolyoxides with the thickness ranging from 110-1A401t is
doped polyoxides conducts a less tunneling current and tseen that both thé’. and E,,; values of the heavily-doped
a higherE,4 value when poly2 is positively biased while forpolyoxide (20-38/sq) are larger than those of the median-
the median-doped polyoxide, it conducts a higher tunnelirtpped polyoxide (50-2Wsq) and the lightly-doped polyoxide
current and has a lower dielectric breakdown figlf}) when (90-11@Y/sq) when poly2 is positively biased. The better
poly2 is positively biased [12]. quality of the heavily-doped polyoxide is believed to be due to
Fig. 3 shows the plots of the sheet resistance of polyl verghg larger grain size of the heavy doping polyl, which results
the critical electric field £.), which is defined as the field in a smoother polyoxide/polysilicon interface [8] and [12]. As
for the leakage current of j4A/cm? through the polyoxide, the phosphorus concentration is increased, the stress-induced
and the destructive dielectric breakdown fiell,{) for the 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 Oxide Thickness (A)
and higher-temperature polyoxide capacitors under a constant current

+100yA/cm? stressing. F%I 6. The plots of thg value of;,; and E. versus the oxide thickness

ranging from 98 to 399A.
introducing vacancies into Si and by the enhancement of the ) ) ]
Si0, viscous-flow [8]. However, as mentioned previously, du'€ Polarity asymmetry on the electrical properties of the
to the outdiffusion of phosphorus from polyl into p0|yoxidé)olyOX|des is str_ongly dependent on the O_X|dat|on temperature.
during the oxidation process, a large amount of phosphor’M@reover’ the_h|gher-temperature polyoxides have amuchiless
would pile up at or near the polyoxide/polysilicon interfac&!€ctron trapping rate than the lower-temperature polyoxides
[15] and the phosphorus precipitates would remain in tHg both injection polarities, as shown in Fig. 5. This suggests
polysilicon grain boundary and in the bulk of the polyoxidethat the oxide quality of the higher-temperature polyoxides
These precipitates act as the electron trapping sites and re§[ftmuch better than that of the lower-temperature polyoxides.
in an increase in the leakage current due to the trap-assisté¥f IS consistent to the situation of oxides grown on the
direct tunneling [15]. Thus, a large amount of the phosphorg#dle-crystal silicon substrate [16] and could be explained
incorporated into the polyoxide will degrade the oxide qualityS follows. It has been reported that the low-temperature
despite of the smoother polyoxide/polysilicon interface. THXidation process is pre-dominantly controlled by the surface
E. values of the polyoxide grown on the more heavily-dope@action [17]. The enhanced oxidation rate at the grain
polyl (~179/sq) were reduced to 1.2 and 2.4 MV/cm foPoundaries would enhance the stress .between the grains and
poly2 under a positive and negative bias, respectively. ~ cause a rougher polyoxide/polysilicon interface [8] and [17].
In contrast, the mechanism of the high temperature oxidation
C. The Effect of Oxidation Temperature on Polarity Asymmetgyocess is dominated by the oxidant diffusion [17], as a result,
Fig. 4(a) and (b) show the/,—V, characteristics of the the oxidation-induced stress due to the higher oxidation rate
lower-temperature (850C and 900C) polyoxides and the at the grain boundaries could be reduced [8]. Besides, at a
higher-temperature (95@ and 1000 C) polyoxides for poly2 higher temperature the viscous flow of the oxide could occur
under a positive and negative bias, respectively. The effectid]. Thus, a smoother polyoxide/polysilicon interface could
oxide thickness of these polyoxides are about 130-A4Mhd be obtained for polyoxides prepared at a higher temperature.
the sheet resistance of poly1 is abouf#8q. It is seen that the Hence, the polyoxides prepared by the higher-temperature
lower-temperature polyoxides exhibit a larger oxide leakagidation process have better electrical properties than the
current and a loweF, value when poly2 is positively biased.lower-temperature polyoxides.
This implies that for the lower-temperature polyoxides, the ) _ )
bottom polyoxide/polysilicon interface is rougher than the tolg- The Effect of Oxide Thickness on Polarity Asymmetry
one [11]. The polarity asymmetry is consistent to that reportedin this section, we will discuss the effect of the oxide
by previous papers [7]-[11]. However, the higher-temperatutigickness on the polarity asymmetry of the value Kf and
polyoxides exhibit a much less oxide leakage current andfag, the electron trapping rate and the trapped-charge centroid
larger E. value when poly2 is positively biased. This implieof the heavily-doped polyoxides. The oxidation process was
that the bottom polyoxide/polysilicon interface of the highemperformed at 1000C in a O, + No ambient. Fig. 6 shows the
temperature polyoxides is smoother than the top one. Thp#ts of the value ofE. and £, versus the oxide thickness
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ranging from 98-399A. It is seen that the heavily-doped 10

polyoxides have a largeE. and E,,; value when poly2o is —e— AvgIA —=0-- Vg 131A
positively biased, until the oxide thickness is more than 240 —®—  Avg() 2864 —-O--  AVge) 2864
which has been reported to be independent of the measurement | —A—  AVge) 3994 -=-f-- AVg() 3994

polarity [11]. The inversion of the polarity asymmetry @n

and £, for the thicker polyoxides>(240,&) may be due to the

fact that the longer oxidation time resulted in more phosphoru_§§

outdiffusion from poly1 into the polyoxide to form phosphorus 2 6

precipitates, which act as the electron trapping sites and cau%

a more oxide leakage current due to the trap-assisted direct tutg

neling [15]. Another reason was that the longer oxidation re—rﬁ a4

sulted in a rougher bottom polyoxide/polysilicon interface duef’g”

to the enhanced oxidation rate at the grain boundaries [7]-[9]2
The Fowler—Nordheim (F-N) injection technique [19] was g

used to identify the trapped oxide charges density;( and  §

the trapped-charge centroid)(in the polyoxide. By comparing

the deviations of the F-N |-V characteristics before and after

Bottom Injection

[
—

stresses with both polarities, the values(af, andz can be IIIZIIIIIIZZZIIZZ%
determined [19] and [20], whereis the location of the trapped T B
oxide charges measured from the poly2. Fig. 7(a) and (b)
shows the gate voltage shift,, versus the injection fluence -2 et : At . -

0 40 80 120 160 200 240 280 320

for the heavily-doped polyoxides of 131, 286, and 2oander

a constant current a£10,A/cm? injection stressings, respec-
tively, where V,(+) is the voltage shift when the poly2 is Fluence (x10' ' cm )
positively biased andf, (—) is the voltage shift when the poly2 @)

is negatively biased. It is seen that for the bottom injection,
the values o/, (+) of all the polyoxides are much larger than

=)

those of theV,(—). Moreover, the value o¥,(+) increases | T AVgw IR --0-- AvgO 1314
significantly with the increase of the oxide thickness, while the o AVgw286A  --DO-- AVg() 2864
value of V,(—) increases only slightly. For the top injection, at AVgI IR --am= aveo) 3994
the value ofV,(+) of all the heavily-doped polyoxides are Top Injection

somewhat smaller than that of thg(—). Also, the increase __
in both theV,(+) and V,(—) values with the increase of the 2
oxide thickness are similar. This implies that for the heavily-»
doped polyoxides, the increase in the electron trapping rates
with the increase of the oxide thickness is predominated by thé
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;S
outdiffusion from polyl into polyoxide to form phosphorus £
precipitates [15], which act as the electron trapping sites thed
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 lafgeand £, 4
value when poly2 is positively biased. This can be expected be- "o 40 80 120 160 200 240 280 320
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-dopeflg. 7. The curves of the gate voltage shifig,(+) and V,(~), versus
polyoside, the larger electron rapping rate with poly2 under e NECier Lunce o e ey ceper pooutes o L 28 e 399
positive bias is pre-dominantly by the outdiffusion of phospha-1g,,a/cm? (top injection) stressings, respectively.
rus from polyl into the polyoxide to be the electron trapping
sites near the bottom polyoxide/polysilicon interface [15]. the trapped charges of all the heavily-doped polyoxides are

For all the heavily-doped polyoxides, the location of théocated near the bottom polyoxide/polysilicon interface. For
trapped-charge centroid, is strongly dependent on the injec-example, the value ofs of the thicker (399A) and the
tion polarity, as shown in Fig. 8(b). For the bottom injectionthinner (131 A) heavily-doped polyoxides are about 350

0

Fluence (x10 "em '2)
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100 polyoxide is about 17R away from poly2, i.e., the trapped
—e— A® charges are located close to the middle of the polyoxide layer.
b --o-- 131Am This is consistent with the result of Avmit al. [20]. On the
—=— 2864 (B) other hand, for the thinner heavily-doped polyoxide, the value
go| ~TOTT z8Am of z is about 35A away from poly2, i.e., the trapped charges

—&— 399 (B)
3994 (T)

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 polyl into the polyoxide is
ar/ S eeemTTT larger than that from poly2 into the polyoxide.

60

Qot (x10 "* C/em’)

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 polyl, 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, Mre-annealing process. As
compared to the normal polyoxides, the prepared polyoxides
L4 2 exhibit a lower oxide leakage current, a high8r and E;q
Fluence (x10 cm ) value, a smaller electron trapping rate and a larggr value.
@ Moreover, the prepared polyoxides exhibit a lower oxide
leakage current and a high&l. and F4 value when poly?2 is
400 positively biased, while for the normal polyoxide, the oxide
1 leakage current and the dielectric breakdown field are nearly
350 PA—a- Bl independent of the measurement polarity. This is due to that
3994 (W) . . .
the bottom polysilicon/polyoxide interface of the prepared
polyoxide is smoother than that of the normal polyoxide. The

20

0 80 160 240 320

L 00r smaller electron trapping rate and a larggy, value for the

B 2864 ) prepared polyoxides may also be due to the less electron
g 250 el ¥  trapping sites generated from the phosphorus outdiffusion from
3 polyl into the polyoxide [15].

£ 00 The poIarity asymmetry on the electrical characteristics

E 1993 (1) of the polyoxides were found to be strongly dependent on
Q Ao A mm o e the doping level of polyl, the oxidation temperature and

T 150 Bk @ T the oxide thickness. Only the thinner polyoxidg 240 A)

% . grown on the heavily doped polysilicon film<@0£¥/sq) by

= ol BT 2—3-6/;-% ---------------- using the higher-temperature oxidation proces850°C) can

exhibit lower oxide tunneling currents when the top electrode

is positively biased. This is because the low-temperature
1314 (1) oxidation process would enhance the oxidation-induced stress
and cause more phosphorus atoms to segregate at grain bound-
. . A aries [8]. Also, the longer oxidation time would cause more

160 240 320 phosphorus outdiffusion from polyl into the polyoxide to
create the electron trapping sites and cause a rougher bottom
Fluence (x10" ‘cm’) polyoxide/polysilicon interface.
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