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ABSTRACT

Charging damage nduced i oxides with thickness ranging from
8.7 to 2 5nm is mvestigated. Resuls of charge-to-breakdowm (Qbd)
measurements performed on cortrol devices indicate that the polarity
dependence increases with decreasing oxide thidmess at om
temperature md elevated temperature (180 °C) canditions. As the
oxide thickness is thinmed down below 3 nm, the Qbd becomes very
sersitive to the stressing curert demsiy and temperature.
Experimental resuls show that severe artena effect would ocour
cning plasma ashing treament in devices with gate oxides as thin as
26 nm. It is carclided that the negative plasma chargng and high
process temperature are the key factors responsible for the damage.

INTRODUCTION

Plasma chargng effect, which may lead to severe oxide
degradation chring processing, has become one of major reliabiliy
concems in ULSImamifacturing since the late 80°s[1]~[7]. This can
be ascrbedto several reasans: (1) Oxide becomes very susceptble
to chaigihg damage as its thickness (Tox) is scaled below 10 nm.(2)
Number of plasma steps employed in a chip fabrication increases
significantly as the chip fimctionality and complexdty advance.(3)
order to promote the throughput or to meet the critical requirements
of deep-submicran manmufactiring, process took with high plasma
curert density, such as high curent mplartor and high-densiy
plasma (HDDP) reactors for etching and depositian applicatians, are
mcreasingly used. These process steps may potentially aggravate the
extent of charging.

When ertering sub-quatter micron era (Tox < 6 nm), the oxide
thickness dependence of plasma charging damage preserts an
mportat and cantroversial topic. Pak and Ha studied the damage
mduced m oxtides ( 22 nm < Tox < 7.7 nm ) dhring metal and cortact
etching processes and indicaed that thimer oxide has superior
mmmity [3]. Alavi et al. showed that, as oxide i thinned dowm, the
damage mcreases wp to a poirt (~4 nm), and then decreases due to
direct tnelingt]. Similar results were also found by Noguchi et al.
m hwestigating the electron shading effect[5]. On the other hand, the
results of Bayoumi et al. fref. 6, Tox range: 8 ~ 4 nm], Krishinan et
al.fref7, Toxrange: 6 ~ 3 51nm] and Chien et al. fref. 8, Toxrange: 8
~ 4 nm] showed that susceptibility of oxide to damage increases wih

decreasing oxide thickness. More recently, Kridhinan et al. fimther
mdicaed that severe damage couldbe ndiced in gate oxide as thin
as 2.1 nmunder certain ICP metal etch process canditians P]. These
different findings are understandable since the process canditians
and equipment canfigurations can be very different from one study
to another. Mearwhile, degradaion characteristics of oxide under
highfield stressihg may change significartly as Tox is thinned dowm
and, thws, different kinds of indicators, e g., chargeto-breakdown
(Qbd), breakdowm field, threshold vokage (VAr), etc., wsed to
characterize the damage may lead to a very different outcome.

This study i tert to make the piduwe of Tox-dependent
chargng damage more clear. Important factors mchiding stress
poluity, temperatme, and stress cunrant level are Irwestigated.
Device parameter measirements were ako performed on n-charmel
trans stars with Tox ranging from 8.7 to 2 5nm. Charging demage
mduced dmring photoresist (PR) removal step n a dowm-stream
reactor is also studied and analyzed.

DEVICEFABRICATION

N-chamel trasistors with n' poly-Si gate were fabricated on 6
m. Siwafers. The oxides were growmin O,/N, (1/6 )finnace ambient
at temperature ranging from 800 ~ 900 °C . Oxdde thickness ranging
from 2.5 to 8.7 nm was determined by the ellipsometry and TEM
methods on the monitor wafers . Figure 1 shows a TEM example of a
25 nm-thick oxide. The oxide thidmess was ako checked by the
F-N IV fittihg (Fig2)[10][11] method, which takes the
poly-depletian effect nto accourt, on the fabricated devices. Typical

examples are shown in Fig2. Cansistent resuks are cotained among
these methods.

Fig.1 TEMphoto ofa 2.5 nm-thick oxide layer.

Metal pads with various sunface areas are conmnected to the poly-Si
gate eledrode of these n-charmel transistors and act as the arterma.
These metal patems were defined with wet processing ad then the
PR layers were stipped off with the O, plasma in a dowm-stream
asher. The process temperature i 200 C cing ashing. Charghg



demage couldbe hduced i this treatment and is analyzed by use of
antamna devices. The antenna arearatio (AAR) ¥ defined as the area
ratio betwean the metal pad and the actwe regian. In this study, the
“‘control devices” are referred to those wih small AAR valies (e g.,
AAR < 20), assuming the induced damage ¥ negligble i these
samples.

Fig 2 Typical cnrent-voltage characteristics ofulrathin
oxides and the F-N cunrent fitting cunves.

Tox DEPENDENCE ON Qbd CHARA CTERIZATION

Constant cunrent stressing was employed m this woik to exgplore
the time-dependert-dielectric breadkdowvn (TDDB) characteristics of
ultiathin oxides. This method is qpropriate for characterizing the
charging damage since it has been pointed out tha the plasma
chargmg may more likely act as anon-ideal cunrert source [12]. 1t is
noted that, as oxide is thimer than 5nm, soft breakdown i nduced
predommartly mstead of hard breakdowm[13][14]. Duning this study,
it is finther found that the faihure events after stressing were entirely
soft bredkdowvn as oxide is thimed dowm below 4 nm, consistent
with the results of arecent report[15].

Figure 3 shows the effect of stress polarity on the Qbd resuks
measured at 25 and 180 °C.respecwely. The magnitude of stressing
cunrent density & fived at 1 A/an’. The polarity dependence means
the difference in Qbd valies between that obtained by gate injection
(Vg < 0) and substrate mjectian (Vg > 0). k has been well
doamented I previows repoms [16][17] tha the polarity
dependence increases with decreasing Tox for oxides thicker tha 4
nm, and ¥ asaibed to the different propermies between the
poly-Si/oxide and oxide/Si irterfaces . lnthis study, we obsewe that,
as oxide ¥ finther scaled down, the polarity dependence becomes
even stranger & both 25 and 180 °C, as shown i Fig3. This is
mainly due to the rise in Qbd wmder substrate injectian candition as
oxide is thimed dowm, while the Qbd mder gate njection stressing
Temains relatively umchanged.

Fig4 shows the effects of stress anrert density and temperature
on (bd wnder gae njection stressing. It is found that, Qbd of 2.6
nm-thidk oxides is about three orders higher e thar those
of thicker oxides under cnrent density of -02 A/an’ (Vox ~ 29V
for Tox = 26 nm) at room temperature, mdicating the higher
tolerance to high field under DT process. However, when
temperatire ¥ raised from room temperature to 180 C, Qbd of

Fig 3 50%charge-to-breakdown measured at 25 and 180 “Cas
afimction of stress polarity and oxide thickness. AARd
the test samples is 4.

Fig 4 50%charge-to-breakdown measured at 25 and 180 ‘C wnda
gate njection of -0 2 and -1 A/am’ respectively, as afimctin
of oxdde thickness. AAR ofthe test samples is 16.

26 nm-thick oxides (J = -02 A/an?) is anly about ane order
higher ih magnitude than that of thidker oxides . This mplies that
the temperatuwe acceleratian effect is very significant for
ultathin oxides vmder direct tmmeling (DT) stressing. Such
effect is not clearty umderstood, and could be possibly related to
the properties of oxide/Si interface, since it has beenpoirted out
that the mjected electrans may release energy at the
interface[18].

By increasing the cunrent densityto - 1 A/am® (Vox~3 4 V)
the thidmess dependence an Qbd shown n Fig3 & not
significant & room temperature while a ciop . Qbd is observed
at 180 ‘Cas Tox is scaled dowm. This means that, under the F-N
stressing, thinner oxides may suffer more damage as temperature
is raised. In addiion, anrert density dependence of Qbd is also
reduced at high temperatuwe. For oxide thimer thax 3 nm,
althoughnot as srang as that in in DT stressing, the temperature



acceleratim effect is also very significart. The temperature effect
has been reported previously[19]R0]. In this study, however, we
find that its role would be even more important as oxide is scaled
below 4 nm, thus more attention should be paid in this aspect.

Fig 5 Wafer maps of (a)negative and (b)positive potential
values recorded by CHARM-2 sensors.

CHARGING DAMA GE INDUCED DURING ASHING

In this work, we characterized the chaging damage induced in
oxides cwring a photoreskt (PR) stipphg stp in an RF
dovm-stream O, plasma asher. Previously, we have hwestigaed this
system and foumd that severe arterma effect could ocarn at the wafer
center[B][21]. The cause of damage is presumably due to the
nonwniforn plasma generatianresulted from the gas mjectianmode
of the asher[22]. This & supported by resuks of CHARM-2 monior
wafers. As canbe seen b Figs 5(a) and (b), the CHARM-2 sensors
recorded high posiwe and negaie potential values at the wafer
edge and center, respectively. In the expermments, however, no
significant damage i found in devices located at the wafer edge
where positive chagihg i manred. This can be ascarbed to the
strong polarity dependence showm in Fig 3.

Fig 6 shows the Qbd as afimction of device locatian and antenma
area ratio for oxides with thidmess ranging from 4 to 8.7 nm. Each
datmn represents the average resul of several measurement sies
with identical distance-from-center. Constart cunrent stressing was
performed with -0 2 A/em>. & is noted thet the Qbd of devices wih
small AAR of 16 ¥ essentially independent of positian and,
therefore, can be regaded as a damage-free reference, confiming
owr assumption made In previows sectian. For devices with large
AAR (10K), significart damage begins to appear at the wafer center
as oxides ¥ scaled below 6 nm and, for 4 nm-thick oxides, oxide
breakdowm is nduced at the wafer center.

Charge-to-Breakdown (C/cm?)

Distance-from-center (cm)

Fig6Position dependence of charge-to-bredkkdown as a
function of oxide thickness (4 ~ 8 nm) and antenna area
ratio.(solid circle: AAR =10 K; open circle: AAR = 16)



Characteristics of Qbd for oxides wih thickness ranging from 4
to 2.6 nm are shown in Fig.7. For efficient characterizatian, these
devices were stressed ether to bredkdown or to a value of 5000
C/an’ if the oxides are ot failed with stress anrert density of -0 2
Alem’. Stressing with -1 A/am® is also performed on the devices
with 2.6 nm-thick oxide. It is cbsawed in this figure thet oxide
breakdovm ocams in large arterma devices at the wafer center
regardless of oxide thickness. As oxide is thimed down to 2.6 nm,
Qbd higher thm 5000 C/cm’ is cbsewed for samples wih small
AAR of 16 (vot showm ) and for samples with A AR of 10 Kbut away
from the center region tnder - 02 A/em’ stress condiion. In these
devices, the abngt increase n Qbd as compared to that obtained
under -1 Afem’ sress candition & explained by the higher tolerance
to tunelihg cmrat stressihg o DT (-02 A/em®) process.
Nevertheless, the results showm h Fig7(c) cdealy mdicae that
severe antenna effect is nchuced at the wafer center.

Charge-to-Breakdown (C/cmz)

Fig.7 Position dependence of charge-to-breakdowm as a
fimction of oxide thickness (4 ~ 8 nm ) and antenna area

ratio. (solid circle: AAR = 10 K; open circle: AAR = 16,

Oxide thickness dependence on Qbd ¥ illustrated i Fig8, n
which the average results obtained from control and damaged (AAR
= 10000) samples are shown and compared. The damaged samples
are located mthe nine cells (shown in this figure ) at the wafer center.
Constart cunrent stressingof -0 2 A/am’ cunrent dersiy is performed
onthese devices. It is seen that,for oxdides thicker than 3 nm, Qbd of
cortrol samples is relatively mdependent of Tox, while tha of
damage samples decreases with decreasing Tox. When Tox is
thinned dowvn to 26 nm, Qbd of control devices rises significantly
chue to the transition of stress conditian from FN (Tox >3nm)to DT
process, as mentioned eardier. Nevertheless, the remaining Qod
measured from the damage samples is much smaller. From the

Fig8 Chage-to-bredkdowmn resulks of anterma devices as a
fimction of oxdde thidmess. The test cells where the
large arterma devices (AAR = 10 K) are located are
shown in the top portian of the figure. Each datm

represents the average result of several measurements.

Fig9 Threshold volage, subthreshold swihg, and
transcanductance as a fimctimn of cell postion
Arterna area ratio of the devices is 20 K. Oxide

thickness is 2 .5nm.



results shown in Figs 3 and 4, it is undentood that the damage
characteristics of thitmer oxides are very sensitive to stress polarity,
curert density (or oxide field), axd temperature. The arterna effect
shovn . Figs. 6 ~ 8 ca thus be mainly asaibed to the strang
negawe plasma chargihg (supported by the resuks of CHARM-2
monitors showm m Fig5), and elevaed process temperature (200
C). The latter factor could be even more mmportant since the
associded acceleraion effect is very significart under both FN and
DT charging stress conditions.

The above aalysis & mainly based anthe Qbd dharacterizatian.
When other indicators are used, the featuwe of outcome might be
different. This & shown h Fig9, i which the Vih, stbthreshold
swing (SS), and transcanductance (Gm) of transistors with Tox of
2 51m and AAR of 20 K are shown as afimctian of device locatian.
There seems to be no degradatian mthis plot. Howev er, when Qbd is
used to characterize these devices, as shown in Fig.10, significant
antama effect is identified. Such findihg is asaibed to the
significant decrease In the rates of trap creatian and nterface state
generaion vnder high-field stressing as oxide is scaled down[17]. |
is noted that the breakdown everts found i the measurements of
Fig.10 all belong to the soft-bredcdowm type, cansistert with the
findings shown previously [15] and mprevious section. Typical Vgt
cmves chring constant cunrent stressing are ilhstraed n Figll It is
seenthat soft breakdowm wihnoisy characteristics [15] apears for
large anterma device from the begiming of stressing. Interestingly,
subtlreshold characteristics of a transistor wih sudh thin oxide
depict little chages even after the chage-to-breadkdowvn test. An
example is shovn i Figl2, in which the Wth, SS, and Gm remain
almost umcanged after oxide i stressedto soft-breakdowm. Similar
results were also reported recertly [15][23]. The only mportmt
factors in ULSI mamifachwing when gae oxide ¥ scaled parameter
that depids significant dange shovn i the figures is the gate
leakage (Ig), which increases significartly after oxide breakdowm.
This could explain the different outcomes between Figs 9 and 10 in
monitoring the antenna effect.

Fig 10 Charge-to-breakdowm values as afimction of cell position

Channel length and width of the measured transistor arve 12
and 10 um, respectively.

-5
S 4 | AAR =500
§ -3 n
& AAR=20K
3,
Tox = 2.5nm
J=-1 A/an?
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0 100 200 300 400 500

Stress Time (sec)

Fig.1l Gate voltage varation dwing canstant cunrent stressing
for devices locaed a the wafer center wih small (AAR=

500)and large (AAR = 20 K) antenna.

Fig.12 Drain and gate cunrent as a fimction of gate voltage
measured (a)before and (b ) after charge-to-breakdowm test.
Channel length and width of the measured transistor are 12

and 10 pm, respectively.



CONCLUSIONS

In this study we have hwestigaed effects of stress polarity,
temperatire, and cunrert density an the dargeto-breakdowm
characteristics of oxides with thidmess ranging from 2. 5t0 8.7 1 is
shown that the stress polarty dependence creases with decreasing
oxide thidmness & both 25 and 180 °C. This indicates that negative
plasma chargimgmay produce far more severe damage than positive
plasma charging as oxide is thimed down belbw 4 nm, as is
evidenced by the experimental results. The acceleration effect of
temperature is ako found to be very significart as oxide is scaled
dowm. Severe damage could thus be induced in ulra-thin oxides at
elevated process temperature condiion even under DT stressing
condiia. Based an the experment findings, we conchude thet the
plasma vmiformity and process temperatre are the two most down.
I is believed that more attentian should be paid on the plasma steps
which are operaed & raised temperatme, such as ashing or other
CVD steps, when the gate oxide is scaled below 31m.

We have also compared the usefulness of several indicaors m
revealng the arterma effect. i is foumd that traditianal methods of
monitorng transistor parameters, ncluding Vth, SS, and Gm, may
not be approprise for detecting the chaging damage in ultrahmn
gate oxides. Cansequantly, some destuctie methods, such as the
chargeto-breakdowmn measurement, or the noise characterizaion
teclniques [9][15], are necessary to evaliate plasma damage in the
ultrathin oxddes.
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