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Fabrication and Analysis of Deep Submicron
Strained-Si N-MOSFET’s

Kern (Ken) Rim Member, IEEEJudy L. Hoyt Member, IEEEand James F. GibbonBellow, IEEE

Abstract—Deep submicron strained-Si n-MOSFET's were the expected performance improvements in each new gener-
fabricated on strained Si/relaxed S§.sGeo.2 heterostructures. ation through geometric scaling has become an increasingly
Epitaxial layer structures were designed to yield well-matched complex, expensive, and difficult problem. Scaling channel

channel doping profiles after processing, allowing comparison of L .
strained and unstrained Si surface channel devices. In spite of length produces diminishing improvements in MOSFET cur-

the high substrate doping and high vertical fields, the MOSFET rent drive as velocity saturation effects begin to influence the
mobility of the strained-Si devices is enhanced by 75% compared device characteristics. Gate dielectric scaling also faces funda-
to that of the unstrained-Si control devices and the state-of-the-art mental limits set by leakage current in thin gate dielectrics. In
universal MOSFET mobility. Although the strained and un- 4qgjtion, the finite thickness and quantum mechanical nature

strained-Si MOSFET’s exhibit very similar short-channel effects, . . I~ .
the intrinsic transconductance of the strained Si devices is of the inversion layer, and polysilicon gate depletion effects

enhanced by roughly 60% for the entire channel length range diminish the gate-to-channel capacitan€ec and inversion
investigated (1 to 0.1m) when self-heating is reduced by an ac layer carrier concentration for ultrathin gate oxides. Emphasis
measurement technique. Comparison of the measured transcon- on low power design and hot carrier reliability further compli-
ductance to hydrodynamic device simulations indicates that in ;416 the device design issues. Moreover, the increase in channel
addition to the increased low-field mobility, improved high-field . . h . . .

transport in strained Si is necessary to explain the observed impurity concentration and vertical field required _to contr_o_l
performance improvement. Reduced carrier-phonon scattering Short channel effects tends to degrade the carrier mobility
for electrons with average energies less than a few hundred meV and impact current drive, making it difficult to sustain device
accounts for the enhanced high-field electron transportin strained performance improvements.

Si. Since strained Si provides device performance enhancements One way to address the challenge of improving device perfor-

through changes in material properties rather than changes in - : .
device geometry and doping, strained Si is a promising candidate MaNCe IS to enhance carrier transport in the MOSFET channel

for improving the performance of Si CMOS technology without Py changing the material properties. For example, strain in Si
compromising the control of short channel effects. can be used to modify the carrier transport properties. Using
Index Terms—Hydrodynamic simulation, mobility enhance- Hall effect structurgs, high electron mobilities have bgt_ap mea-
ment, MOSFET mobility, self-heating, SiGe boron diffusion Sured in strained Si at room temperature [1] and mobilities ap-
barrier layers, SiGe-on-insulator, strained-Si MOSFET'’s, proaching 500 000 chfVs have been demonstrated at 0.4 K [2].
transconductance. Electron mobility enhancements in tensile-strained Si have been
theoretically predicted [3]-[6] for both bulk and inversion layer
transport. Fig. 1 shows a schematic illustration of the crystal lat-
tice for strained Si on relaxedSi, Ge,, and the subsequent en-
G EOMETRIC scaling of Si CMOS devices has providegygy splitting of the Si conduction band edge. Because the equi-
much of the performance improvement for each neprium lattice constant of Si_,Ge, is larger than that of Si, a
technology generation. In spite of the_ reduction in supplyseudomorphic layer of Si grown on relaxed_SiGe, is under
voltage, scaling of the gate dielectric thickness, as well as thgyxial tension. The strain lifts the sixfold degeneracy in the con-
channel length, has helped increase or maintain current drijg:tion band and lowers the two perpendicular valleys (labeled
and improve CMOS circuit delay. However, as CMOS tech-x,” in Fig. 1) with respect to the four in-plane vallega,).
nology progresses into the deep submicron regime, sustainifigctrons are expected to preferentially occupy the lower-en-
ergy A, valleys, reducing the effective in-plane transport mass.

. . . _The energy splitting also suppresses intervalley phonon-carrier
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Stramed Si of 1.5 zm. The graded layer was capped with a 7008hick
relaxed Si_,Ge, layer with constant (20%) Ge content.

A cubic Dichlorosilane and germane were used as the Si and Ge precur-
tansion Eacoked S Ge sors at growth temperatures in the range of 700 to TGOA
140,042 i thin (~230 A), strained-Si channel layer was then grown on the
.-l relaxed Si_,Ge, layer. The thickness of the epitaxial layers,
{a} equilibriurm lattices (b} pseudomorphic Ge content in the relaxed Si, Ge, layer, and the strain state

stralned 5| on relaxed 5i, Ge_ of the strained-Si channel layer were verified by cross-sec-
tional TEM, Rutherford back-scattering (RBS) and Raman
spectroscopwfter the devices were fabricated. Approximately
80 to 100A of the strained-Si layer was consumed during

fiy the gate oxidation and various chemical cleaning steps during

A device fabrication, resulting in a final thickness of 1&80for

i AE, the channel layer.

: The epitaxial layers welia-situdoped with boron by flowing

y diborane during epitaxial growth. Fig. 2(c) shows the targeted

(100 . _ = as-grown vertical doping profile under the channel. The boron

(AEg, ~ &= mel) dobi . . . )

In-plane ping peak, which results in a retrograde doping profile after

A, valleys thermal processing (Fig. 3), was designed to suppress short

channel effects in MOSFET's with 0.&m channel length.

Boron diffusivity in both relaxed and strained,SGe.» is

Fig. 1. Schematic illustrations of (a) equilibrium lattices, (b) peudomorph@pprommately S_IX t'mes lower than that in Si [13] I_n Order_to

strained Si on relaxed Si,Ge,, and (c) strain-induced conduction bandcontrol boron diffusion and match the post-fabrication doping

splitting in Si. profiles in the strained-Si and control devices, two thin layers

of strained Si;_,Ge, boron diffusion barrier layers were

posed to buried-channel) devices, including excellent currdRgerted above and below the doping peak in the epitaxially
drive/turn-off characteristics, and scaling behavior. grown unstrained Si cont_rol dev_lce (“epi Si _c_ontrol”). Since the
However, the impact of strain on high field transport and tHand offset between strained, Sj.Ge, and Si is in the valence
performance of deep submicron devices have not been inve8gnd. these i, Ge, layers are not expected to play a role in
gated. Simulation studies indicate that increased low-field mi€ €lectrical performance of the control devices. Fig. 3 shows
bility improves the transconductance of Si MOSFET’s, even the boron doping profiles in th(_a strained apd unstrained devices
0.1 um channel length, although the impact of low-field moMeasured by SIMS after device processing. Compared to the
bility diminishes with decreasing channel length [9]. If strai§iMmulated boron profile obtained using the boron diffusivity in
can enhance the high-field transport properties of Si in additigt (dashed line) [14], the measured boron profiles are steeper,
to the low-field mobility, device performance improvements thadicating that the Si ,Ge, layers were indeed effective in
are even greater may be possible. I|m|t|'ng boron.d|ffu3|on dynng gatg OX|dat|op an.d.thgrma_ll an-
Deep submicron strained-Si n-MOSFET’s were fabricateﬂ?al'”g- In spite of the d|_fference in boron diffusivity in Si and
characterized, and analyzed to investigate short channel devie-=Ge:. the boron profiles are well matched near the channel
performance and the impact of strain on high-field transport i the two devices. This allows meaningful comparisons of
strained Si [10]. Strain provides transconductance and currdfpSFET mobilities and short channel device performance
drive improvements that are independent of the geometric dpfween the strained-Si and epi Si control devices. ,
electrostatic design of the device. In this paper, the device fab-D€€p submicron n-MOSFET’s were fabricated using a sim-
rication and the electrical characteristics are presented, andRffied standard MOS fabrication process. Thermal exposure
performance enhancements are discussed using device sinfiif4ing the processing was limited to prevent strain relaxation
tion results as well as analysis which gives insight into the phy§-the epitaxial layers and Ge diffusion into the channel layer.
ical mechanisms underlying the improvements. Finally, the in2€vice isolation in the field was achieved by a field implant

pact on CMOS technology and challenges for practical applicd?d deposition of low temperature oxide (LTO). A Bathick
tion are briefly described. (67 A by capacitance measurement) thermal oxide was grown

on strained Si by a dry-wet-dry thermal oxidation sequence
at 800 °C. An in-situ phosphorous-doped polysilicon gate
was deposited and patterned with an e-beam lithography step,
The structures of the strained-Si and control devices afi@nd etched using RIE. All other levels were defined with
fabrication are illustrated in Fig. 2. Relaxed; SiGe, layers optical lithography steps. Thermal annealing was limited to
were epitaxially grown on CZ S§100) substrates in a rapid the source/drain implant annealing (2 min at 650 and
thermal chemical vapor deposition (RTCVD) reactor by5 s at 850°C) and the Ti salicide formation annealing (2
using a linear graded buffer layer technique [11], [12]. In thisiin at 650°C). A second salicide annealing step, typically
technique, a graded relaxed; SjGe, layer was formed by performed in a standard Ti salicide process to induce a phase
increasing the Ge content from 0 to 20% over the thicknesansformation to the low resistivity C54 phase, was omitted

Parpendscular
Ao valleys

)

(<} biaxial tensile strain-induced E; splitting in 5i

Il. DEVICE FABRICATION
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Fig. 2. Structure of (a) strained-Si and (b) epi Si control devices after processing, and (c) targgtetoron profile in the two devices.
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Fig. 3. Comparison of boron profiles measured by SIMS after processing, VGS (volt)

and TSUPREM IV-simulated [14] profile. Due to the presence gfs&e; »

diffusion barriers, the boron profiles are well matched for the two structurgsig. 4. Subthreshold characteristics of sub-Q.28 (0.13um for strained-Si

and doping profile broadening is reduced. and 0.17um for epi Si control) n-MOSFET’s. The subthreshold slopes are as
expected by a device simulation using the corresponding doping profile and gate
oxide thickness.

in this process in order to minimize the agglomeration of the

Ti(Sh—+Ge), film and junction leakage [15], [16]. Due to the strained-Si and epi Si control devices with channel lengths

the limited doping activation associated with the conservatl\(/)(-%- 0.13 and 0.17:m, respectively. The measured subthreshold

thermal budget, the series resistar€g,. in the strained-Si slopes are comparable to the device simulation result@4
and epi Si control devices, determined by the shift-and-rat P P

I . . . ;
method [17], was 1200 and 90Q-um, respectively. Both n?V/dec) [18] calculated using the device dimensions and

values are considerably hiaher than the tvpical values foundmeasured channel doping profile from the fabricated devices.
y g yp 1|1P|e characteristic for the strained Si device exhibits a slightly

recent CMOS technologies. The salicide process with relatlvef fger slope (110 mV/dec) compared to the epi Si control device

high resistivity, and the conservative lithography alignme ; : . .
; (103 mV/dec), possibly due to the higher dielectric constant
tolerance spacingx1 pm) between the gate and source/dra%]c Si,_.Ge,. The leakage floori(us-independent part of the

contact holes also contributed to the high series resistance. subthreshold current characteristic) in the strained Si device is
approximately an order of magnitude higher than that of the
control transistor. A larger reverse junction leakage, associated
Since the doping profiles were matched and other geometwith the smaller band gap in §Gey» and a finite concen-

dimensions (junction depth, gate oxide thickness, etc.) wdration of dislocations that propagate to the surface from the
nearly identical, the subthreshold characteristics and shgraded buffer layer, contributes to the higher leakage floor in
channel effects were comparable in the strained Si and epitls strained-Si device. Even for the case of identical generation
control devices. Fig. 4 shows the subthreshold characteristicdifdtimes in the S§ sGey » and Si material, the smaller band gap

I1l. ELECTRICAL CHARACTERISTICS
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Fig. 6. SplitC-Vfor a large-area strained-Si n-MOSFET.
Fig. 5. Measured threshold voltage roll-off and DIBL characteristics as a
function of channel length. Comparable short channel effects are observed i3 800

the strained-Si and control devices. @ '\ WleElfjel\r/i I%’;‘ al. Strained Si on
2 : ( ) relaxed Si; ;Ge, »
o .

in Sip.sGey 2 is expected to increase diode reverse saturatior § 600 this work

currents bys—6x compared to Si diodes. However, the leakage ~,
floor in these devices is more than seven orders of magnitud =
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the off-state device current for a typical choicelgf which is
usually lower than 0.5 V for deep submicron devices.
Although the drain-induced barrier lowering (DIBL) in the
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the Si control, this is due to the shorter channel length of theid Unstrained Si control /

devices in that comparison. DIBL and- roll-off are plotted Universal n-MOSFET Mobility

D

2
as functions of chapn_el length in Fig. 5. A good agreement ir:g Room T. (Takagi, et al., TED '94)
the DIBL characteristics and small differencelin roll-off be- o ol
tween the two sets of devices indicate that the short channel e 0.00 0.25 0.50 0.75 1.00 1.25
fects are comparable in the strained Si and epi Si control device Vertical Effective Field, E . (MV/cm)

as the electrostatic and geometric design of the devices is essen-

tially identical. The threshold voltage of the strained-Si devidgd- 7. Effective mobilityy..c as a function of vertical effective field..

is ~150 meV lower that that of the control device. The lowere zegt:g{nzggfﬁgvﬁzg_meas“red effective mobility is enhancec-5y5% for
conduction band edge of strained Si and the smaller band gap

energy in the relaxed Si, Ge, layer account for much of the \hare), represents the bulk charge, which is estimated by inte-

d_ifferenc_e in threshold voltage. No attempt was made in_ the dg?rhting the measured doping profile across the depletion width
vice design to match the threshold voltage in these devices. under the channel

Fig. 6 Sh‘;’WS th? SpWTV Charactensucs ofa largéi( x L = . From Fig. 7 we see that the effective mobility of the strained
50 x 50 um”) strained Si device. The small plateau observed i yevice exhibits an enhancement of roughly 75% over that of
the gate—to—sub;trate _capacnar@élzm) curve 1s caused by the the control device at a given effective field. The universal mo-
yalence banq d|scon'F|nU|ty at th_e strained Sifrelaxqd 3Be, _bility curve for state-of-the-art Si n-MOSFET’s [19] is shown
mter_face, which confines holes in a_weII formed b_y a potentlﬂ# the figure (dotted line). The mobility of the strained Si device
barrier. The gate-to-channel capacitafiCe:c) was integrated s »q significantly higher than the mobilities for n-MOSFET’s
to obtain the inversion carrier concentratiGh,y Which was iun state-of-the-art gate oxides. The mobility data measured
used to calculated the effective mobiliiys: on lightly doped £ x 10'® cm~3) strained-Si devices [7] is

L gp also shown for compar?son (the pair of curves on the left). Nott_e
fleft = 337 O (1) that because of the higher substrate doping which results in
had larger@,, the E.¢ range for the devices in this work is consid-

The drain conductancg, was measured at a low drain biagrably higher than for the devices fabricated on lightly-doped
(Vbs = 10 mV) to minimize the effect of lateral field. The Substrates. The electron mobility enhancement observed in the

extractedu.s is plotted against the effective vertical field; lightly doped devices for relatively low vertical fields [7] is
in Fig. 7. The effective field was obtained from thus sustained for high vertical fields (up to 1 MV/cm) and
high substrate doping which are suitable for deep submicron
B 1 1 5 device design. This result indicates that for the vertical effec-
= g’ Qv+ 2 +Qiny @ ive field range investigated here (roughly 0.5 to 1 MV/cm),
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Fig. 9. Measured and calculated intrinsic transconductgpgeas a function
of channel length. See text for the descriptions for each curve.

Fig. 8. Output characteristics of 0.28n devices. Open circles represent the
output characteristics of the strained-Si device measured by thg awethod, - ) ) )
which was used to reduce the effects of self-heating, as discussed in the text addition to the negative drain conductangg self-heating

in the strained-Si device elevates the temperature in the channel
phonon scattering still has a strong influence on the inversi%qd degrades the enhancement of steady-state current drive in

layer mobility of electrons. Surface roughness scattering is € e strained-Si device. . .
In order to reduce the influence of self-heating on the

ected to dominate the electron mobility at very high vertical . L .
P Y ynig asured device characteristics, an AC drain conductance

fields, and strain-induced mobility enh th i :
¢S, and strain-induced monllity enhancerment by Suppress| p) method [22], [23] was used to determine the output char-

of phonon scattering may eventually diminish at higher vertic . ; . . L
fields (E.g > 1 MV/cm). acteristics. In this technique, drain current characteristics are

Current drive characteristics of the deep submicro tained by Integrating the ag measured at a frequency (.6
strained-Si devices also exhibit enhancements over th z) faster than typical thermal time constants of self-heating

of the control devices. In Fig. 8, output characteristics &mcroseconds)._ G.OOd agreerr_]er)t between the de- and ac-mea-
the strained-Si and epi Si control devices are compared red characteristics of the epi Si control devices, which should
a channel length of 0.2m. The drain current is plotted exhibit negligible heating, validated the use of this technique

for normalized gate overdrive§/gs — Vr) because of the to ob'_[ain output characteristics [10, _Fig. 8(@)]l. Theg@g .
difference in threshold voltage values. The solid and dashi hnique has been successfully appl_|ed to_the_characterlzatmn
lines represent the drain current drive of the strained-Si a SOl (_:JeV|ces [22], [23]. The_ open _C|rcle_s In Fig. 8 represent
epi Si control devices measured by a typical dc technig e drain current of the strained-Si device measured by the

with a HP4155 parameter analyzer. The current drive eAS method. A significant current drive enhancement over the
hancement in the strained-Si devicé is evident at all biggntrol device is observed. Even with the high series resistance

points. However, at high current levels and drain bias, |athese devices, the saturation current and transconductance

negative slope in the drain current of the strained-Si device|% are _enhanced by45% when self-heating in the strained-Si
observed. This is due to SOIl-like self-heating in the strained- fUice IS reduce_d by thg ac mgthod. .
MOSFET's fabricated on a thick, relaxed, Si.Ge, layer. The Iq or(_jer.to estimate thiatrinsic performance of the devices,
reported value for the thermal conductivity ofoSGe 2 is the'|ntr|n3|c trapsconductan@ew was extracted using the fol-
approximatelyl5x lower than that of bulk Si [12], [20]. The 'OWiNg expressions [24].

combination of the low thermal conductivity and the thickness

(~7000 A SipsGego cap + 1.5 pm graded buffer layer) of 0

the relaxed Si_.Ge, layer resulted in a structure with low Im = - Rowap - (15 Rs - g0)] 3)
thermal conductance, leading to self-heating effects analogous 0 Gm,ext ’

to those often observed in SOI devices with thick buried oxide Im = m )

layers. The thermal conductance of the strained Si device

structure roughly corresponds to the thermal conductance ofwahere R, and R are the total and source-side series resis-
SOl structure with 1304 of Si and 2300A of buried oxide. tance. The measured transconductance and drain conductance
The thickness dependence of the thermal conductivity ofweere used fow,, x. andgp. The intrinsic transconductances
thin Si film also contributes to the low thermal conductancextracted from the measurements of the strained-Si and epi Si
[21]. According to analytical modeling based on the solutiooontrol devices are compared in Fig. 9 (solid symbols) as a
of the Boltzman transport equations for phonons, the roofunction of the physical gate lengflt,,.1, ) measured by cross-
temperature thermal conductivity of a 1@0thick Si film in  sectional SEM. When self-heating in the strained-Si devices is
the in-plane direction is-7 x lower than that of bulk Si [21]. reduced with the agp measurement technique, the intrinsic
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transconductance enhancement for the strained Si device com- = 10? p—r——r RN E
pared to the epi Si control is sustained for all channel lengths 3 : —-— AEg=04eV ]
considered in this experiment. Even for deep submicron channel -c% L e AE;=02¢eV |
lengths, where the contribution of low-field mobility to current = i — - AEg=01eV |
drive is expected to be diminisheg,; is enhanced by as much © 10! | \ Unstrained Si
as 60%. QE) g ~ ]
= i ]
S
IV. ANALYSIS OF ENHANCED ELECTRON TRANSPORT § 100 L
m -
The low-field mobility enhancement in the strained-Si E’ F
n-MOSFET's can be explained by suppressed intervalley = :
scattering and carrier repopulation due to the strain-induced o i ]
conduction band energy splitting [6], [7]. However, high-field A, 10" ol s L]
and transient transport properties are expected to dominate 0.01 0.1 1
the characteristics of deep submicron MOSFET’s. Therefore, Average Electron Energy (eV)

in order to understand the mechanisms responsible for the
observed enhanced current drive and transconductance in tHésel0. Energy relaxation time., (arbitrary units) estimated from the

; ; Qi ; ; i~ published velocity-field and energy-field relations for strained Si [25].
deep submicron strained-Si devices, the impact of strain @érious curves correspond to different strain-induced energy splittings,.

duced energy splitting on high-field inversion layer carri@hcreasing strain increases the energy relaxation time.
transport needs to be considered.

Theoretical investigations of electron transport in strained Si . L i ) i
using Monte Carlo calculations have previously been reportgq fit to the velocity-field and energy-field relations to fing
[4], [25], [26]. In [25], the velocity-field and energy-field rela- 1) [18]. [25]. [27]:
tions obtained from steady-state calculations indicate that the
enhancement of the steady-state velocity in strained Si dimin- v-E=—
ishes with increasing carrier energy and lateral field. Although

the change in the saturation velocity with strain is expected to p% 10 shows the estimated, obtained in this way, as a func-
small [25], transient transport calculations at high lateral fieldg,, of average electron energy and strain-induced energy split-
(5 MV/cm) show a significant enhancement of the transient Vfing AE,. For average electron energies of up to 0.3 eV, con-

locity overshoot with increasing energy splitting between thg,ction band energy splittingd £, of 0.1 and 0.2 eV result
A, andA, valleys. The calculatlon_s in [25] were pe.rformed ol increases in,, by as much ad.8 and2.5x, respectively,
bulk transport under the assumptions of uniform field and cgfygicating that the transient electron velocity should be signifi-
rier concentration, as opposed to the highly nonuniform f'el%ntly enhanced. For an energy splitting of 0.14 eV, which cor-

and carrier concentrations that typically characterize transppttnonds to the strain condition used in our devices (strained Si

in MOSFET inversion layers. _ on Sp sGey.»), 7. is expected to increase by roughly a factor of
Using the MEDICI simulator [18], hydrodynamic (HD) de-yq.
vice simulations were carried out to analyze the impact of 1ow- The yniversal mobility model (UNIMOB) [18], which was
field mobility and high field transport on device characteristicsited to the measured mobility of the strained-Si and epi Si con-
Although HD device modeling is limited by simplified bandyo| gevices (Fig. 7), was used as the low-field mobility model
structure and carrier transport assumptions, it provides an jRhe simulations. In MEDICI’s implementation of HD mod-
tuitive and computationally efficient means of analyzing phygsing, high lateral field transport is modeled with a “carrier tem-
ical trends. In hydrodynamic modeling of carrier transport, thesratyre based mobility” (TMPMOB) [18]. In this approach, the
energy relaxation time,, which is an average time constangnergy balance equation is locally solved concurrently with the
associated with energy scattering process, is often used 10 Igprdiffusion equation, to calculate the local mobility as a func-
resent the strength of transient transport behavior. In order to 88§pn of the local carrier temperature. A value #f= 1.3 and
timate the influence of the c_ondqction band energy splitting 9" — 0.1 ps, which produced the best fit to the measured charac-
the electron energy relaxation time, the velocity-field and eRgristics of the control device, was used in the Caughey—Thomas

ergy-field relations for strained Si calculated by Monte Carlgypression [18] for the final mobility. The saturation velocity
simulations [25] were fitted to the energy balance equation: ,, ' for the unstrained Si device was setts x 107 cm/s.

Fig. 11 shows the electron velocity along the channel calcu-
lated with various combinations pfr, 7., anduvg,: fora0.1m
oW 1 device. Compared to the control device [solid line with dots,
B = Vet Jn B <7> (W =Wo)+6r (5 (d)], changing only the low field mobility to that of strained-Si
devices [solid line, curve (c)] enhances the velocity near the
whereW is the carrier energy,, is the energy flow, andg is source by~30%, which is about half the measuregl; en-
the generation term. Stripping the spatially varying terms resultancement factor. When, is increased by factor of two in ad-
in the “local homogeneous hydrodynamic equation” which catition to the change to the low field mobility [curve (b)], the

(6)
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Fig. 11. Simulated electron velocity along the channel of @uin Fig. 12. Comparison of the expected density of states in the conduction band

n-MOSFET's. of unstrained and strained Si.

r@ﬁ discussed above, estimates of the energy relaxation time

velocity enhancement near the source approaches the meas ; . S
intrinsic transconductance enhancement (60%). Increasing Henved from Monte CaT"’ calcullat|ons (F!g. 19) |nQ|cate that
for the strain in our devices, 2 increase inr,, is quite fea-

100 T . . i i
by ~10% [curve (a)], which is consistent with theoretical presible, for electron energies up to roughly 0.3 eV. According to

icti 4], [25] further i h locity. . ) . .
dictions [4], [25] further increases the velocity. the HD simulations of the devices with Q.In channel length,

The calculated .and measured transcqndu_ctances_ are CPrr'é'average carrier energy along the channel is at most 0.3 eV,
pared as a function of channel length in Fig. 9. Since th

) . ) v%lidatin the2x increase inr,, used in the HD simulation of
series resistancei..; of the simulated structure was low 9 v

: . he strained-Si devices.
(<200 £2-pm), the simulated transconductance was dwectfy The suppression of carrier scattering by the strain-induced

Cﬁ:nI(D)asl:ae%ft(ihtgg;?%uel;:irgr?:tse?efr?erget:ti dmiiaild:?/g]e(g;s'vﬂ;%nergy splitting can be understood by a simple analysis of the
gnl)? the low field mobility waz changed to the enr;ance ange in t_he Qensity_ of state_s (DOS), which ess_entially Ie_ads
mobility of strained-Si devices, was to explore the impact 0?? a reduptlon in the final avallable_ states for carrier scattermg

X . ' : events. Fig. 12 shows the conduction band DOS for unstrained
the low-field mobility enhancement alone. In this case, t i compared to that for strained Si withz, = 140 meV, which
enhanced low-field mobility in strained Si accounts for mos y X

rr n rain ionrelax . The strained-Si
of the measured enhancement at a channel lengthy.ofi.1At Corresponds to strained Si onrelaxegls$e) . The strained-S

. . DOS was estimated by
such a long channel length, increasing or v, [curves (a)
and (b)] has negligible influence on transconductance, becaysggs . (E) = DOS(E) + DOSA4(E)
the carrier transport is dominated by the effect of low field 2 1
mobility and the impact of transient transport effects are in- = 3 - DOSunser.(B) + 5 - DOSunsr. (B — AE;)
significant. However, al. = 0.1 pm, the effect of the low field 7)
mobility enhancement accounts for only half of the measured
transconductance enhancement, similar to the trend seerwhereDOSA > andDOSA4 are the densities of states for the
the simulated velocity near the source (Fig. 11). The resuityofold degeneratéA,) and fourfold degenerate\,) valleys,
which is consistent with the findings in an earlier report afespectively, and® is the electron energy above the conduc-
hydrodynamic calculations that varied low-field mobility as @#on band edge. Since th&, valleys are raised in energy by
parameter [9], shows that although enhanced low-field mobility £, above theA, minimum,DOS A4 is simply2/3-DOS, st
does increase,, of deep submicron devices, the influencshifted by 140 meV in energy, whilBOS A2 = 1/3-DOSunstr.,
diminishes with decreasing channel lengths. More importantlyhereDOS ... is the density of states for the conduction band
the results indicate that the improvement in low-field mobilitgf unstrained Si. In the figure, we have used the unstrained Si
alone doesot explain the enhancement in the short-channdknsity of states reported for full-band Monte Carlo simulations
strained Si device performance. However, whgns increased [5]. For a more rigorous analysis, the two-dimensional (2-D)
by 2x in addition to the mobility enhancement [curve (b)]DOS of the MOSFET inversion layer should be calculated by
the calculated transconductance enhancement approachesdmsistently solving the Poisson and Schroedinger equations.
measured value. Improvements in high field transport amtbwever, analysis discussed below based upon the 3-D DOS
enhanced transient velocity overshoot in strained Si appémsufficient for the purpose of obtaining physical insight.
necessary to fully account for the measurgd; increase.  Fig. 12 shows that for electron energies up to roughly 0.3 eV,
Increasingusa: by ~10% [from curve (b) to (a)] for strained Si the density of states of strained Siis 1.5 to 3 times lower than that
improves the fit to the measureg, . of unstrained Si. At higher energy, the DOS ratio approaches
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one. The density of states comparison suggests that the cartigiated and confirmed experimentally. The presence of a thick
phonon scattering rate should be significantly lower in strainedlaxed Si_,. Ge, layer under the strained Si channel presents
Si than in unstrained Si for electrons with energies up to abquiactical challenges related to self-heating effects and process
0.3 eV, which we refer to here as “warm” carriers. Note thamtegration difficulties. Analytical thermal transfer calculations
this energy range is again consistent with the maximum averaf®w that at 1 mW/m power density, the $i.Ge, thickness
electron energy calculated in the HD simulations for@rde- must be less than 1004 to limit the temperature rise in the
vices. The suppressed scattering rate for these “warm” carriergnnel to 60 C or less in a 0..m device [30]. However, in a

is responsible for the improved electron transport in strainedtgpical CMOS logic circuit, where the device duty cycle is or-
even at high lateral fields, and accounts for the observed @®rs of magnitude shorter than the thermal time constants for
hanced device characteristics. For higher energy splitting (i.eelf-heating, the requirements for thermal conductance of the
larger strain), the scattering should be suppressed for a widaucture may not be as severe as it appears from the considera-
range of electron energies. tion of the dc characteristics.

Growth and integration of a thick relaxed,SiGe, graded
buffer layer present significant challenges for mass produc-
tion. The threading dislocation defect density in the relaxed

Experiments and modeling have been used to demonstrate®in- - G€. layer grown by the linear graded buffer technique is
hanced current drive and transconductance in deep submici@ughly 10> cm=2 [12]. Although this is comparable to typical
strained-Si n-MOSFET's. The results can be represented aglgfect densities in SIMOX SOI wafers, reducing the defect
improvement in the tradeoff [28], [29] between device spedtensity in the substrate is critical for applications requiring
and short channel effects in CMOS device design. This poipigh yields. Larger junction leakage due to the lower band
can be described with the universal MOSFET mobility curve i@ap energy of Si.Ge, may be especially undesirable for
Fig. 7. In general, reducing the channel doping level and vetertain circuit applications. Interactions of Sj Ge, with other
tical E.¢ increases MOSFET mobility, but also compromise@aterials in the process integration also needs further research
short channel effects. Conversely, increasing doping level ifi¢- identify solutions. Thermal oxidation of Si.Ge, layers
proves the control of short channel effects, but the channel nia-the device isolation schemes needs careful consideration.
bility is degraded in return. Strained-Si MOSFET's provide aAn alternative metal silicide, such as Ni, may fare better in
alternative to this tradeoff by improving the MOSFET mobilitya salicide process involving Si,Ge,. It is evident from the
independent of the doping and geometric design, and reco\/eﬁﬁghnobgicaﬂ challenges listed above that minimizing the thick-
some of the mobility degradation associated with high verticagss of the relaxed Si.Ge, layer in a strained-Si MOSFET
fields. The measured characteristics of the devices in this wdskbeneficial in several ways. First, a thinner relaxed 5Ge,
also demonstrate the improved tradeoff, i.e. the current drive dager improves the thermal conductance of the structure and
transconductance of the strained-Si devices were significantgduces self-heating effects. Second, it simplifies device isola-
enhanced, while the short channel effects were comparabldie, especially in a relaxed SiGeOl (Si.Ge,-on-insulator)
those of the unstrained control devices. structure. Third, the junction leakage (from the smaller band

The potential impact of strain-induced device performan@®p) and junction capacitance (from the larger dielectric
enhancements follows directly from the close relationship beonstant) can be reduced. Fig. 13 illustrates schematic cross
tween current drive/transconductance and both circuit speedgtions of (a) bulk and (b) SOI heterostructures for strained-Si
digital applications and cutoff frequency in analog circuits. ThIOSFET’s with thin relaxed $iL.Ge, layers. These struc-
is particularly true if similar enhancements can be achievedtiwes may be fabricated by a variety of processes. For example,
strained Si p-MOSFET's as well. In CMOS digital logic cir-2 combination of relaxed Si.Ge. and strained Si layers
cuits, the current drive enhancements can also be used to redigge be epitaxially grown, and bonded to a handle wafer using
power dissipation. The improved performance of strained-&i combination of SmartCit CMP, and selective chemical
n-MOSFET’s should allow scaling of the gate overdiiVgs — €tch processes. Ideally, the relaxed_SiGe, layer should be
Vr) while maintaining the same maximum current drive in 3000A thick or less to take advantage of reduced self-heating
given technology. As a result, the power supply voltage can pad simplicity in the isolation scheme. However, the thickness
scaled, and/or the threshold voltage can be increased withtfto of the relaxed $i ,Ge, and strained-Si layers should
compromising the current drive, reducing both static and dpe large enough to preserve the desired strained states of the
namic power dissipation. The demonstration of a full, CMO®arious layers during thermal processing.
integrated circuit is needed to verify the quantitative speed and
power enhancements that can be achieved in strained Si.

Several fundamental questions and technological challenges
need to be addressed before application of strained-Si CMO®eep submicron strained-Si n-MOSFET’s have been
devices to VLSI circuits. A more detailed understanding of cafabricated, characterized, and analyzed. Epitaxial layer struc-
rier transport in strained Si may be achieved by full-band Montares and processing were designed to yield MOSFET’s
Carlo calculation studies. Hot carrier degradation may be difith both strained and unstrained Si surface channels, with
ferent in strained-Si MOSFET's because of the enhanced celesely-matched doping profiles under the gate. This ap-
rier transport. The impact of strain on the characteristics of hgdeoach allows direct experimental comparison of measured
transport in deep submicron MOSFET's also needs to be invesaracteristics and carrier transport in devices with strained

V. IMPACT ON TECHNOLOGY

VI. SUMMARY
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