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Argon lon-Implantation on Polysilicon
or Amorphous-Silicon for Boron
Penetration Suppression i wMOSFET
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Abstract—n this paper, a technique to use Ar ion-implantation In this paper, we propose and demonstrate another technique
on _the_p+@-+Sl or poly-Si gate to suppress the boron pene- which utilizes argon implantation into thetppoly-Si gate
tration in p " pMOSFET s proposed and demonstrated. An 5 gynpress the boron diffusion. It was reported previously

Ar-implantation of a dose over 5 x 10'® ¢cm™2 is shown to be : o > . X
able to sustain 90C°C annealing for 30 min for the gate without that Ar-implantation in polysilicon or Si generates bubble-like

having the underlying gate oxide quality degraded. It is believed defects [10]-[13]. We correlate this property to the gettering
to be due to gettering of fluorine, then consequently boron, by of fluorine and boron atoms at the damaged regions during Ar

th+e bubble-l_ike defects created by the_Ar implantation in _the implantation into polysilicon o-Si to suppress the boron
p" gate region to reduce theB penetration. Excellent electrical penetration. The integrity of gate oxide is preserved and

characteristics like dielectric breakdown (Eyq), interface state . L . .
density (Ds), and charge-to-breakdown(Q1,4) on the gate oxide excellent electrical characteristics on the interface state density

are obtained. The technique is compatible to the present CMOS (Dit), dielectric breakdowr{£1,q), and charge-to-breakdown
process. The submicron pMOSFET fabricated by applying this (Qna) Of the gate oxide are obtained. This technique has

tech_niql_Je exh_ibit better subthreshold characteristics and hot peen applied to fabricate pMOSFET and the fabricated devices
carrier immunity. show significant improvement on their subthreshold swing and

Index Terms—Ar implantation, boron penetration, p™ pMOS-  hot carrier immunity.
FET.

Il. EXPERIMENT
I. INTRODUCTION ] ) ] )
In this experiment, p poly-Si gate MOS capacitors were

+ _Sij . : .
ECENTLY, p* poly-Si was recommended as the gatg,cated for basic measurements for the characteristics of
material for the surface-channel p-type metal-oxidgpe gate oxide. CMOSFET'’s were also fabricated for which

semiconductor field-effect transistor (pMOSFET) of thEMOSFET’s had P poly-Si gate. The capacitors were fabri-

deep submicron complementary MOSFET to avoid sholtyeq on the CMOSFET n-well region, which was phosphorus-

channel effects [1]-[3]. However, the boron used to doﬁﬁ]planted at 100 keV with a dose df x 103 em=2 on a

the poly-Si is easy to penetrate through the gate oxide (-)type (100) 15-2%2-cm Si wafer. The active region was
the underlying silicon. Especially, the incorporated-F due fined by the conventional LOCOS process, where a thin
BF, ion implantation in the p poly-Si gate enhances boro”oxide (glooA) was grown at 920°C in dry O, followed
penetration through the thin gate oxide into the Si substra[g, annealing in I for 20 min. 3000R of LPCVD «-Si was

This results in large threshold voltage shift, large charqfe osited at 560C on the top of the sample as the gate.
trapping rate, degradation of p-channel inverse subthreshglg ., mnarison, similar devices with polysilicon gate of the

and poor reliability of the devices [2]-[5]. Various techniqueg, e thickness were also made. Some samples received Ar

have been proposed to suppress the boron penetration. ifYlantation of doses ofl x 10% cm 2, 5 x 10%* cm~2,

examples, the amorphous Si gate [6]-[8] was suggested si% 1 x 106 cm~2 at 80 keV, respectively. The projected

it prevents the channeling effect and has a larger grain S%ﬁ]ge of Ar was about 90@& which was much shallower
to suppress boron diffusion, and the stacked gate [9] WASN the thickness of thersilicon gate. Then, BF of a
recommended since it has the ability to getféatoms at its dose of6 x 10> cm~2 was implanted at 50 keV for all

layer boundaries to retard boron diffusion. samples. After patterning and etching of the gate, the gate
was thermally reoxidized to grow an additional 80oxide
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Fig. 1. The normalized quasi-statit—V" result of PMOS with or without Fig. 2. The plot of the flat-band voltagéVy,) versus the dose of
Argon implanted poly-Si gate annealed at 900 and«-Si gate annealed at Ar-implanted poly-Si gate and-Si gate.
900, 950, or 1000°C.

Q,a was measured under a constant stressing current of 10l ]
100 mA/cnt where the n-type substrate was biased at the ] OWO
accumulation mode. 1013; . ]
< A A A
lll. RESULTS AND DISCUSSION Ng 102 @ ®-mmoemeeoee- .- .
Fig. 1 shows the normalized quasi-statieV’ curves of the 2 i
capacitors of thex-Si gate annealed at 900, 950, and 1000 = 10"k 3
in N> for 15 min and the polysilicon gate annealed at 9Q0 i F
for 15 min, with or without Ar-implantation, respectively. The S 100} o -
Ar-implantation dose was x 10'® cm=. It can be seen that 2 R Si900°C
both sets of the Ar-implanted and without Ar-implanted curves Y S ;
shift toward right when annealing temperature is increased, A “‘S"wooci
and some of the high temperature curves even get distorted, 108 [ O~ Poly-8i,900°C Lo e
indicating the boron penetration effect. However, the curves 0 2 4 6 8 10
of Ar-implanted samples have less shifts than those of the Ar Implant Dose (1x1015/cm2)

sample without Ar-implant, especially for the-Si gate for _ _ _

the 900°C and 950°C annealing curves. The curves ofie, 5, [T Inerace s Sersn) foted Wi e Sove of et

polysilicon gate devices have severe shifts and distortion ev@ja or 1000°C.

the annealing temperature was only $@for 15 min. It was

reported that the shifting and distortion were caused by the , . )

negative charges due to B-F complexes in or at the interfdf}§ @-Si gate samples, the Ar implantation has good suppres-

of the gate oxide and the shallow fayer within the substrate Sion effect for the annealing temperature from S@to 950

due to boron diffusion [4], [5]. As the annealing temperature<- For the annealing temperature of 100D, there still show

was increased to 1000C, however, theC—V curves of the SOme suppression effect for the Ar-implantation, although,

Ar-implanted sample and without-Ar-implanted samples ha@ mentioned previously, 100CC is too high an annealing

serious shifts. This was because 100D was so high an temperature to make the suppression effect significant.

annealing temperature that even the Ar-implantation couldFig- 3 shows the midgap interface state density. ) versus

not suppress the boron penetration, although the Ar-implani®@§ Ar-implanted dosage of the above samples. The interface

sample still shows some boron suppression effect. state density was extracted by using the quasi-static and high-
In Fig. 2, the flatband voltage@’,) of the above samples frequency C-V' technique. From the figure, it is seen that

after annealing are plotted as a function of dosage of AJi increased with the annealing temperature, indicating that

implanted into thex-Si gate annealed from 90 to 1000°C  boron penetration existed and became severe at the higher

and the poly-Si gate annealed at 900. The Ar-implanted temperature. On the other hanf;; decreased with the Ar-

samples have lowe¥;, than the samples without Ar implan-implant dosage, indicating that Ar-implantation improvBg

tation, especially for the poly-Si gate samples. Also, the highttirough suppressing boron penetration. Also it is seen that Ar-

the Ar implantation dosage, the lower the flatband voltage. Fonplantation can make the-Si gate to sustain the 90
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Fig. 4. The plots of the dielectric breakdowi®y,q) versus the dose of Fig. 5. The gate voltage shiffAV,) under 100 mA/cr stress for
Ar-implanted poly-Si gate otv-Si gate capacitor with the gate oxide thicknessAr-implanted or without Ar-implanted poly-Si gate ardSi gate material.

o

of about 100A. The capacitor area was16 x 10~ cn?

TABLE |

ELECTRICAL THICKNESS OF GATE OXIDES MEASURED FROM C—V' CURVES incorporating fluorine have higher thicknesses [14], [15]. The

less fluorine in the oxides resulted in less thicknesses for the

m‘izlf;“gcf:;f;’;’niv“) " 90;_0S°ic e Pg"éz:CSi Ar-implanted samples. For the poly-Si samples, since were
Without Ar-implant TTRETYRBEEEIT most susceptible to the boron diffusion, they had the highest
With Ar-implant (1X 10%cm?) | 102.8 | 103.9 | 106.7 - fluorine concentration in their oxides and they had the largest
With Ar-implant (5 10%/em’)| 101.9 | 103.1 | 104.3 | 106 oxide thicknesses.

With Ar-implant (1 10%/cm’) | 101.5] 101.7 | 102.8 | 103 Fig. 5 shows the gate voltage shiftaV,) of the «-Si

gate and polysilicon gate samples with and without Ar-
@jplantation, respectively, when they were subjected to a 100
mA/cm? constant current stress. These samples were annealed

even be kept at the level af0 x 10'°/cn2/eV after 900°C, at 900°C for 15 min. The n-type substrate was biased at
15 min annealing. accumulation mode durin@y,q measurement. In the figure, the

Fig. 4 shows the dielectric breakdowi&,q) with respect @-S! gate samples have small trapping rates and laggars
to the Ar-implantation dosage for various annealing temperdl@n those of the polysilicon gate samples. For both gates,
tures. The gate oxide thicknesses used for estimaiiggof the Arimplanted samples have larg@f..’s as compared to
samples are listed in Table I. Al,’s increase with the Ar- Fhe samples without Ar—lmplan_tatlon, and_ the larger the Ar-
implantation dosage for all the annealing temperatures excépplantation, the largex;,q. Fig. 6 compiles the plots of
the 1000°C o-Si gate samples. For the Si gate samples with the (,4's of all samples annealed at different temperatures
900°C 15 min annealing can havé,, above 13 MV/cm. For under the constant current stressing of 100 mA&iciihe Q},q
the poly-Si gate samples, the Ar-implantation has increaskgreases with the Ar dosage for all the samples except the
their Ey,q dramatically. «-Si gate samples annealed at 100D

The thicknesses of the gate oxides were measured botdhe above data show that the degradation of oxide was
by ellipsometry and by’—V curves. The thickness measuredemarkably suppressed by the Ar implantation, when its dose
by ellipsometry wa)3 + 2 A and the electrical thicknesseswas aboves x 10> cm 2, into the«-Si gate for the 900 and
measured byC-V curves are listed in Table I. The electricaP50°C annealing, or the poly-Si gate for the 900 annealing.
thicknesses were extracted B — Vi, = 5 V in the accu-  Fig. 7 shows the sheet resistance as a function of the dose
mulation region of MOS capacitors. For the samples witho@f Ar implanted into thea-Si annealed from 900C to
Ar-implantation, the electrical thicknesses were slightly largdi000°C and the poly-Si annealed at 99G. For all samples,
and the higher the annealing temperature, the larger the ox@fieet resistances increase by about 16% as samples receive
thickness. Also, the poly-Si samples had the largest electri¢stimplantation of a dosage of x 10'® cm2, then sheet
oxide thickness. This can be explained by fluorine getterinigsistances stay basically constant even the dosage of the Ar-
of Ar-implantation through the “bubble effect,” which will implantation increases tbx 1016 cm=2. This increase in sheet
be shown and explained in a latter paragraph and TEMSsistances indicates that the active doping concentration of
pictures. Due to gettering of fluorine in poly gates by Aboron might have decreased with the Ar-implantation or the
implantation for the Ar-implanted samples, their gate oxidexditional implanted Ar in the-Si or the poly-Si gates served
had a lower fluorine concentration. It was reported that oxidas scattering impurity to current conduction. This may create

annealing without having its oxide/Si substrate interface d
graded. For thd x 10'® cm~2 implanted dose, thé;, can
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Fig. 8. The SIMS profiles of (a) fluorine and (b) boron of theSi gate
PMOS capacitor annealing at 90C.

Fig. 7. Sheet resistivity as a function of the dose of Ar int®i annealed

from 900°C to 1000°C or poly-Si annealed at 900C.

Ar implant dose(1x10'/cm?)

increases, consequently, leading to decrease of the fluorine
) _ peak at the gate oxide. Obviously, the Ar implantation into
the gate depletion problem for the MOS device. However, g3y g or o-Sj gate had acted as a sink for fluorine atoms,
seen from theC—V" curves of Fig. 1, the ratios ofin/Cox  thus reduced the fluorine atoms in gate oxide film. Sincdthe
are almost the same for both sample with Ar-implant ang the gate oxide would enhance the boron penetrationgthe
without Ar-implant for botha-Si or poly-Si gate devices. The gj gate with Ar implantation with less fluorine in it had a less
Ar-implantation did not seem to create a more serious gagron penetration. It can be seen in Fig. 8(b) that Ar-implanted
depletion problem as compared with the un-implanted samplggmp|es have higher boron peaks at Rp oncHgi gate and
In addition, it is mentioned that the sheet resistances of p0|y7§isha||ower prof"e in the under|ying silicon substrate than
gate samples are higher than those of ¢h8i gate samples that of the control sample. In addition, on the Ar-implanted
for all annealing conditions in this figure. curves, it is noted that there is no obvious decrease of boron
Fig. 8(a) and (b) shows fluorine and boron SIMS profilegoncentration in the region just above the oxide in th&i
respectively, for thex-Si gate samples with and without Ar-gate. This is consistent with the observation of e’ curves
implantation. The samples were annealed at 900n N, for of Fig. 1, where theC.,,/C,, of the C=V curves are almost
15 min. For the Ar-implanted samples, fluorine atoms tend the same for the Ar-implanted samples and the without Ar-
segregate at the Ar-implant damaged region which is abdntplanted samples. This also suggests that the sheet resistance
900 A of the projected Ar implantation distance. The pealncrease of the Ar-implaned samples might be caused by the
of the segregated fluorine increases as the Ar implant dasgurity scattering of the implanted Ar atoms.
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(c) (d)

Fig. 9. The planar-view TEM of the gate material with or without Ar implant annealed at®0(Qa) a-Si without Ar, (b) a-Si with Ar, 1 x 1015
cm—2, (c) a-Si with Ar, 5 x 10'> ecm™2, (d) «-Si with Ar, 1 x 10'¢ cm=2,

Fig. 9(a)—(d) shows the planar-view TEM pictures of the TABLE I
«-Si gate samples without Ar-implantation and with Ar- THE CORRELATION BETWEEN BUBBLE DENSITY/SIZE AND AT IMPLANT DOSE
implantation of various doses annealed at 3@in an N, Arimplant Dose(l/em®)| 0 |1x10®  [5x10%  [1x10%

ambient, respectively. Fig. 10(a)—(d) shows the similar TEM g7 |Bubble density(lem?) |ax10" [2.7x10" [4.7x10" [7x10"
pictures but for the poly-Si samples. From the pictures, it
is seen that thev-Si gate samples have larger grain sizes
than those of the poly-Si gate samples but for both groups
of samples, the grain sizes of the Ar-implanted samples are
the same as that of the sample without Ar-implantation.
However, it is observed that there are bubble-like defects on
the -Si gate samples and the more the Ar-implantation, tidth the suppression capability of samples. It is believed that
more the defects. For the sample without Ar-implantatioﬁ'?ese bubble-like defects behaved like gettering centers for

it has the lowest bubble density, abotitx 101° cm=2, but the implanted fluorine, which in turn resulted in suppression
has the |argest bubble Size, about éOup to 600 A_ For of boron diffusion. The more the implanted Ar, the more the

the Ar-implanted sample of the dose afx 10'¢ cm—2, bubble defects, and the more the suppression effect.

it has the largest density, abo@tx 10*! cm2, but the To investigate the phenomenon that the Ar-implanted sam-
smallest bubble size, about 26-300 A. For the poly-Si gate ple annealed at 1000C did not show too much boron
samples, no bubble is observed for the sample without Ar iogHppression effect, the TEM pictures for the sample were
implantation as shown in Fig. 10(a), and for the Ar-implante@lso taken. They are shown in Fig. 11. Fig. 11(a) shows the
samples, bubbles are observed but with less densities tianar-view TEM picture of the:-Si gate sample with an Ar-
the corresponding counterparts of theSi gate samples of implant of 5 x 10 cm~2 annealed at 1000C. The sample
the same doses. Table Il summarizes the bubble size/denbig bubbles of larger size but lower density than those of
in terms of the Ar implantation dose for bothSi gate and the sample annealed at 90C. This larger bubble size but
poly-Si gate samples. From the figures and the table, it codttver density was the result of the poly grain regrowth at
be suspected that these bubble-like defects have correlatioa higher temperature of 100€. Fig. 11(b) and (c) shows

Bubble size(A ) 80-600 (30400 |30-400 (30-300

poly-Si [Bubble density(1/cm?) |[None  [2.1x10" [3.4x10" [5.2x10"

Bubble size(A ) None [25-126 [25-125 |25-125
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(© (d)

Fig. 10. The planar-view TEM of the gate material with or without Ar implant annealed af @0@a) poly-Si without Ar, (b) poly-Si with Arl x 101°
cm—2, (c) poly-Si with Ar,5 x 101> cm™2, and (d) poly-Si with Ar,1 x 106 cm—2.

the cross-sectional TEM pictures of theSi gate samples Fig. 13 shows the measured subthreshold characteris-
with Ar-implant dose of5 x 10*®* cm~?2 annealed at 900C tics of the same pMOSFET's. Similarly, the more the
and 1000°C, respectively. The 1000C-annealed sample Ar-implantation, the better the off and the subthreshold
has grains of larger size than that of the 90D-annealed characteristics of the devices, and the device without Ar-
sample. This bubble regrowth phenomenon had also bdeplantation has the poorest characteristics. For example, for
reported and discussed by references [11], [16]. This largbe devices without the Ar-implant, the subthreshold swing
size but lower density bubbles explains the decreased boisnl12 mv/dec., but for the devices of the Ar-implant of a
suppression ability for the sample annealed at 1000 At dose ofl x 10*® cm™2, it is reduced to be 96 mv/dec. This
the same time, the larger grains of theSi gate also resulted is because the increases of unannealed-out interface state
in larger stress on the gate oxide. This in addition degradpf] and the more acceptor type of charges in the underlying
the oxide characteristics lik€yq, E1a, and Dy, as shown in channel due to boron penetration diffusion, resulted in more
previous data. subthreshold swings. For the samples with Ar implantation,
Fig. 12 shows the threshold voltage shifts of the pMOShe above effects became less serious.
FET's W = 10 um), made with the p «-Si gate, without  Fig. 14 shows the hot carrier effect of the same above
and with Ar-implantation, as a function of the gate lengteamples, for which their threshold voltage shifts are plotted
after annealing at 908C in N.. It is a plot showing the short with their stressing gate voltag&, — V;1,). During stressing,
channel effect of these devices. On the plots, the more tte samples were biased at a drain voltagé pt= —6 V for
Ar-implantation, the more negative tHé,, and the less the 10 min. Since for a fixed drain voltage, if the gate stressing
short channel effect are observed. For the devices of the Apltage varies from 5 V to-5 V, the gate current increases
implantation of the doses aboge< 101> cm~2, their Vi3, even first and then decreases due to the fact that the drain-gate
become negative for the channel length less than 1 um. Sinfield increases and then decreases, the stressing gate voltage
the boron penetration reduces the channel doping, making fhe each sample was chosen to be the value which gave
short channel effect more significant, this strongly indicatese maximum gate current in order to obtain the maximum
that Ar-implantation reduces the boron diffusion in the gatressing. These gate voltages and maximum gate currents
of the devices. for various Ar implant doses are listed in Table Ill. In the
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Fig. 12. Threshold voltage of pMOSFET as a function of gate length with
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Fig. 13. Subthreshold characteristics of ¥ p pMOSFET by Ar
ion-implantation into«-Si with various dose at 900C.

explained since the Ar-implanted devices have an improved
gate oxide quality as compared to that of the devices without
Ar-implantation.

Hence, all the above data of Figs. 13 and 14 show that the
device performance such as the subthreshold swing and the
hot carrier immunity was improved by the Ar implantation,
especially for the dose abovex 10'° cm~2.

Fig. 11. (a) The planar-view TEM of-Si gate with Ar,5 x 10'> cm~—2
annealed at 1000C, (b) the cross section TEM of-Si gate with Ar,5 x 10'°
cm~2 annealed at 900C, and (c) the cross section TEM ofSi gate with
Ar, 5 x 1015 cm—2 annealed at 1000C. IV.- CONCLUSION

In this paper, we have reported and demonstrated that Ar
plots of Fig. 14,V;;, shift decreases with the Ar-implantationimplantation into thex-Si gate or the poly-Si gate can preserve
dosage. The maximuni;, shift for the sample without Ar the integrity of the gate oxide of pMOSFET. The preservation
implantation is approximately 140 mV, but is only 82 m\s believed to be due to gettering of fluorine in the gate by the
for the sample with the Ar-implant of a dose @fx 10'® bubble-like defects which are created by the Ar-implantation.
cm~2. This again shows that the Ar-implantation improves th€he gettering of fluorine, at the same time, getters boron
hot carrier susceptibility of pMOSFET. This result is easilyn the gate, leading to suppression of boron diffusion. As a
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| Stress Condition ! fluorine incorporation,IEEE Trans. Electron Devicesol. 39, p. 1687,
[ Vv =-6V, 10min —A— With Ar,1x10"® July 1992,
[71 M. Koda, Y. Shida, J. Kawaguchi, and Y. Kaneko, “Improving gate
oxide integrity in p- pMOSFET by using large grain size polysilicon
4 gate,” in IEDM Tech. Dig, 1993, p. 471.
] [8] C.-Y. Lin, C.-Y. Chang, and C. C.-H. Hsu, “Suppression of boron
- penetration in BE-implanted p-type gate MOSFET by trapping of
1 fluorines in amorphous gate|EEE Trans. Electron Devices/ol. 42,
p. 1503, Aug. 1995.
[9] S.L.Wu, C.L.Lee,andT.F. Lei, “Suppression of the boron penetration
induce dielectric degradation by a stacked-amorphous-silicon film as the
gate structure for pMOSFETJEEE Trans. Electron Devicewol. 43,
p. 303, Feb. 1996.
[10] J. Hung and R. J. Jaccodine, “Study of argon and silicon implantation
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Va-Vth [11] P. Revesz, M. Wittmer, J. Roth, and J. W. Mayer, “Epitaxial regrowth of
g-Vth (Volt) Ar-implanted amorphous siliconJ. Appl. Phys.vol. 49, p. 5199, 1978.

. L . [12] A. G. Cullis, T. E. Seidel, and R. L. Meek, “Comparative study of
Fig. 14. Hot-carrier induced threshold voltage shift of the sample as a " 4pnealed neon-, argon-, and krypton-ion implication damage in silicon,”
function of stress gate voltage under stress conditiono&= —6 V, 10 min. J. Appl. Phys.vol. 49, p. 5188, 1978.

[13] E. Rimini, K.-K. Chu, J. E. E. Baglin, T. Y. Tan, and R. T. Hodyson,
“Laser annealing of silicon implanted with both argon and arsenic,”

TABLE 11l
Appl. Phys. Lett.vol. 37, p. P81, 1980.
MAXIMUM GATE CURRENTS AND THEIR APPLIED [14] Ppg Wrigyht and K. C. Sarsswat, “The effect of fluorine in silicon dioxide
GATE VOLTAGES FORVARIOUS AT IMPLANT DOSES gate dielectrics,"EEE Trans. Electron Devicesol. 36, p. 879, May
: 2 15 15 16 1989
Ar implant Dose(l/cm) 0 | 1107] 510 1x10 [15] J. R. Pfiester, F. K. Baker, T. C. Mele, and H. H. Tseng, “The effects of
Maximum gate current, Ig(nA) 445] 341 3.12 278 boron penetration onp polysilicon gated PMOS device|EEE Trans.
Gate Voltage for Maximum Ig (V) | 0.1 | -0.21 | -0.35 -0.48 Electron Devicesvol. 37, p. 1842, Aug. 1990.
[16] C. W. Nieh and L. J. Chen, “Cross-sentional transmission electron

microscope study of residual defects in ;Bl-‘rmplanted (111) si,"d.
] Appl. Phys. vol. 62, p. 4421, 1987.
result, smallerVy, shift, lower D;;, larger E,q and Qy,q, are

obtained as compared to the conventional devices of the same
«-Si gate, or the poly-Si gate, when they are annealed at 900
or 950°C. As a consequence, the device performance, st
as the subthreshold swing and the hot carrier immunity &
improved.

This Ar-implantation can be readily integrated into thi
present CMOS process. It can be considered to be an e
yet, effective way to improve the performance of the gate
pPMOSFET.
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