G38 Electrochemical and Solid-State Lette8s(2) G38-G40(2005
1099-0062/2004/2)/G38/3/$7.00 © The Electrochemical Society, Inc.
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We have investigated the influence of a contact etch-stop I&®k) on the local mechanical stress in a deep sub-micrometer
complementary metal oxide semiconduct@MOS) field-effect transistor using convergent-beam electron diffraction with nano-
scale resolution. By introducing a thin buffer layer of Ji) underneath the @\, contact ESL, we have shown that the
compressive channel strain can be effectively mitigated, resulting in higher electron mobility and drive current in n-channel metal
oxide semiconductor field-effect transistors, without undue impact on the electrical performance of p-channel transistors. Hence,
the SEN,/SION, film stack is a promising alternative for contact ESL to enable high-performance CMOS devices.
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The borderless contact process utilizing a contact etch-stop layetions with a probe size of about 2 nm. The use of energy filtering to
(ESL) has been widely employed in advanced complementary metatollect zero-energy-loss images reduces the background inelastic
oxide semiconductofCMOYS) technology to minimize chip size as scattering considerably so that the contrast in the CBED patterns is
design rules scale dowr?. However, it has been reported in recent enhanced when taken at room temperature. A cross-sectional TEM
years that the performance of deep sub-micrometer MOS field-effecimage of a MOSFET with the CBED measurement positions indi-
transistors(MOSFETS is markedly influenced by the mechanical cated is depicted in Fig. 1a. A typical CBED pattern obtained from
stress generated from the contact ESL in the channel régi@pe- one of these locations is illustrated in Fig. 1b. Distinct higher-order
cifically, conventional plasma-enhanced chemical vapor deposited.aue zone(HOLZ) lines could be readily observed on the CBED
(PECVD) SisN, ESL generally induces considerable compressive pattern, facilitating the extraction of lattice strain componesxs,
stress in miniaturized MOSFETs, resulting in electron mobility and eyy, using the EMS software packadéthe typical standard
degradatior?:® To overcome the deleterious effect of thggj ESL, deviation of the measured strain was X810 .2 In determining
several solutions have been proposed in the pasetltd. claimed exx andeyy the x-axis is taken along the channel, and the y-axis is
that n-channel MOSFET performance could be improved by alteringnormal to the substrate surface. A positive sign of the strain compo-
the PECVD SiN, film stress from compressive to tensile, however nent is associated with a tensile strain, while a negative sign indi-
at the expense of p-channel MOSFET performah@mn the other ~ cates a compressive strain.
hand, Shimizwet al. reported that SN, ESL induced compressive . .
stress in n-channel MOSFETs could be largely relaxed using selec- Results and Discussion
tive Ge implantation into the §\, layer® In this paper, we report a Figure 2a compares thexx strain variation measured from the
simple local mechanical stress reduction approach by incorporatingource to the drain contacts, between theNgISION, and the
a thin buffer layer of PECVD silicon oxynitride (Sj®,) under-  Sj;N, ESL samples. The g\, ESL sample exhibited a large spatial
neath the compressive 38, ESL film. The proposed SiN/Si®l, variation of theexx strain. Below the source and drain contacts
ESL improves the performance of n-channel MOSFETSs without af-(locations 1 and  the lattice strain showed a relatively high tensile
fecting the p-channel MOSFET performance. The local mechanicaktress £xx > 0). This has been attributed to the fact that a com-
stress reduction in the transistor channel is verified usingpressive overlayer generally yields a tensile strain in the substrate
convergent-beam electron diffractiofCBED) with nano-scale  underneatht® In contrast, directly under the gate electrgtieation
resolution’® Additionally, we show that the lattice strain variation 3), the lattice strain has changed from tensile to compressive
along the channel is significantly reduced using thgN$ISiON, (exx < 0). Our observation is in agreement with a previous study
ESL film. asserting that the lattice strain under a gate electrode of a short-
channel transistor was predominately dictated by the stress from the
sidewall of the gate electrode exerted from the BSDn the other

The devices were n- and p-channel MOSFETs with channelhand, the lateral strain profile of the;Bi,/SION, ESL sample
width/length(W/L) of 10/0.12um, fabricated using 0.1@m CMOS displayed significantly smaller variation when compared to that of
technology. To demonstrate the local mechanical stress reduction ithe SiN, ESL sample, as seen in Fig. 2a. Furthermore, the locations
the transistor channel using,8i,/SiO\N, ESL, two contact ESL  below the source/drain contacts and gate electrode have much
films were evaluated in this studyA) a single 300 A layer of  smaller strain magnitudes than for theyi$j ESL sample. Hence,
SisN,, and(B) a stacked layer comprising of 200 A silicon oxyni-  the incorporation of a SigN, film beneath a $N, ESL aids con-
tride (SiQN,) capped with 300 A $N,. The SiN, and SiQN, siderably in cushioning the compressive stress induced by i, Si
were deposited by PECVD at 480-550°C, using SiN, and film in the transistor channel. The result is consistent with the blan-
SiH, /N, /N,O gases, respectively. Aim situ process recipe has ket film stress measurements for different wafers with varying ni-
been developed for forming the,8i, /SiON, film. CBED patterns tride thickness listed in Fig. 2a. The blanket film stresses measured
were captured using a Tecnai F20 transmission electron microscopesing the wafer bowing technique were approximatel80 and
(TEM) equipped with a field-emission gUFEG) and a Gatan im-  —40 MPa for the 300 A §N, and the 300 A SiN,/200 A SiIQN,
aging filter (GIF). Scanning transmission electron microscopy layers, respectively. Thus, the;Si, film produced a higher com-
(STEM) mode was used to collect CBED patterns at specific loca-pressive stress than the,8j,/SiON, stacked film, in agreement

with the CBED result shown in Fig. 2a. The compressive stress
relief in the transistor channel is expected to influence the electrical

2 E-mail: g0202196@nus.edu.sg conduction of the MOSFET, as shown later. Figure 2b depicts the

Experimental



Electrochemical and Solid-State Lettess(2) G38-G40(2005 G39

(a ; ‘. : 3 X [001] (a) ESL Mechanical Stress
~L-shape i O 20+ SiN -100 to 70 MPa
nitride spacer 0.12um > x[:llol - 15 SIN/SION =50 10 -10 MPa -
5 =) u
ESL $ - 10
Poly-Si gate N 5]
electrode 2
e <o °\°\/ o
ok o
— - SiN
-5 — Q- SiNSiON
1 2 3 4 5
Position
61(b)
4.
2 o
S o \o
Z 5] o—© —o0
w;: -44
_6-
n —W-siN
-8 - - SiN/SiON
1 2 3 4 5
Position

Figure 2. (a) Longitudinal lattice strairzxx, and(b) transverse lattice strain

eyy for Si;N, and SiN,/SiO,N, ESL samples measured from CBED pat-
terns taken from the Si substrate at the positions indicated by the numbers 1
to 5 on Fig la. Inset ifa) shows the blanket film stress measurement for
SisN, and SN, /SiON, films.

) ] ) ] ] sile strain below the source/drain contacts without a corresponding
i o CocD maamemen e e vy v oy g TErovement i electical perfomance. I Fig. & the p-charre
(b) An example of one of the CBED patterns obtained from the sampIeMOSFET electrical performance Ofﬁ“/S'QNV an.d SN, ESL
shown in(a) with the electron beam aligned along 280) zone axis. samples are compared. It can be seen that the introduction of the

SiON, layer has no discernible influence on the electrical perfor-

mance of the p-channel MOSFETs. This may be attributed to the

piezoresistive effect, in which the stress components along the chan-
correspondingeyy strain distribution for the SN, and the nel length and channel width act adversely against each other to
Si;N, /SIO,N, ESL samples. Comparing with Fig. 2a, it is evident determine the performance of p-channel MOSFET and this may
that the magnitude ofyy is opposite to that ofxx. This is attrib-  resultin minimal effect on the hole mobilifi*11?The stress exerted
uted to the fact that compressive strain in one direction typically by the nitride capping layer may not be completely uniaxial which

results in a tensile strain in the perpendicular direction. we normally presume. In reality, it is usually a combination of both
Figure 3 shows a comparison of the n-channel MOSFET saturatiniaxial and biaxial stresses. _
tion drain current (Js;) and maximum transconductance (Gg) The stress relief effect of Si@l, film can be explained by the

between the $N,/SION, (Fig. 33 and SiN, (Fig. 39 ESL more relaxed structural configuration of the non-stoichiometric
samples. The (L,) was measured at the bias conditiops ¥ Vg SiO>_(Ny film. The stru_ctural <_:onfig_uration of_a@i4 film copsis_ts of
= 1.2V while grounding the source and substrate terminals. The? Si-Ns network, while a SicN, film comprises a combination of

(Gmy,a) Was extracted from thedV characteristics measured with

Vgs = 0.05V. Because G, ~(WI/L) n.C,, Vs it tracks the effec- 530 2.70
tive carrier mobility (w) in the transistor channel because the tran- (2) (b) I

sistor size and gate capacitancey)Cwere identical for both the 520 '__L‘ '2'65§
SigN,/SiION, and the §N, ESL samples. The electrical measure- = 510 T T 260 =
ments were performed on many die across a wafer. As seen from 1 1 e
Fig. 3a and b, it is clear that the8l,/SiON, ESL sample had a 5001 258 |
higher (ks (—~2%) and (Gmy.) (~4%) than the SN, ESL 490 . 12.50 =,
sample. This observation is attributed to thgNgi/SiON, ESL ,_:5480_ 545 EE
sample having a higher electron mobility than theNgi ESL 2% 4% G
sample, as a consequence of reduced compressive strain in the tran- 0 ———————————2.40
sistor channel region due to the $N buffering effect shown in SIN S'Nllzsé(l)JNﬁSlﬁ SIN/SION

Fig. 2a. Note that this is the first direct experimental evidence that

the Io_ca_l channel strain in a deep sub-micrometer n-channel_ MOS,:igure 3. Comparison of(@ saturation drain current () and (b) maxi-
FET is |nf|uencgd by the ESL stress, and_ that the. stress in tUrmy,m transconductance (Gm) between SN, and SiN,/SION, ESL
affects the electrical conduction of the transistor. Additionally, it can samples, for n-channel MOSFETS, in the form of a box plot. The plot allows
be inferred from Fig. 2a and 3 that the lattice strain below the the exploration of the maximum, upper quartile, median, lower quartile, and
source/drain contacts has minimal impact on the electrical performinimum values in the data set. Theyi8j/SiO,N, ESL sample depicts an
mance of a MOSFET, as sh, ESL has a significantly higher ten- improvement 0f~2% and~4% in the (ls.) and (Gm,.), respectively.
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Figure 4. Comparison of(a) saturation drain current {J,) and (b) maxi-
mum transconductance (G between SN, and SiN,/SiON, ESL

samples, for p-channel MOSFETS, in the form of a box plot. The ESL shows
no appreciable effect on the electrical behavior.

N-Si-O3, N,-Si-O and N-Si-O networks. As a result, a i, film

is rendered more rigid by the necessity of nitrogen forming three, 4.

rather than two, bonds as in the case of a,8ifilm. The presence

of the oxygen atom adds flexibility to the nitride lattice, resulting in
a more relaxed structure. This may aid in the relief of the compres-
sive stress in the g\, film.

Conclusion

In summary, we have demonstrated, using CBED, that the com- g,

pressive channel strain in a deep-sub micrometer MOSFET could bed.
10.

relieved by introducing a thin buffer layer of Si8y, underneath the

SizN, contact ESL. We have further shown that the channel stresg.

reduction has benefited the electron mobility and drive current in
n-channel MOSFETSs, but without significant impact on the electrical

performance of p-channel transistors. Hence, an optimized,

SigN, /SION, contact ESL process could offer a simple promising
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alternative to permit high device performance in deep sub-micron
CMOS technology. Moreover, the etch selectivity required for ESL
would not be unduly compromised since the JiQlayer is capped
with a robust etch-stop §i, layer.
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