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Abstract: A novel MBE—grown method using low temperature ( LT) Si technology is introduced into the fabrication

of strained Si channel heterojunction pM OSFETs. By sandwiching a low temperature Si layer between Si buffer and

SiGe layer, the strain relaxation degree of the SiGe layer is increased. At the same time, the threading dislocations

(TDs) are hold back from propagating to the surface. As a result. the thickness of relaxed Sii- . Ge: epitaxy layer on

bulk silicon is reduced from several micrometers using UHVCVD to less than 400nm(x= 0.2),which will improve

the heat dissipation of devices. AFM tests of strained Si surface show RMS is less than 1. 02nm. The DC characters

measured by HP 4155B indicate that hole mobility g, has 25% of maximum enhancement compared to that of bulk

Si pMOSFET processed similarly.
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1 Introduction

With years of inspiring developments, Si-
CMOS devices have been progressed into sub
0. lum regime by aggressive scaling. However, as
dimensions continue to shrink, device scaling is be-
coming increasingly difficult due to various physi-
cal and technological limitations'".

In searching propellants for the next genera—
tion of microelectronic devices and integrated cir—
cuits, channel engineering has been attracting more
and more attention, which enhances carrier trans—

port in the MOSFET channel by its material prop—

erties changed. Today silicon germanium ( SiGe)
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used as either channel material or relaxed virtual
substrate is the most promising choice. Grown by
ultra high chemical deposition
(UHVCVD), several

grading SiGe layer can achieve nearly fully relaxed

vacuum vapor

micrometers composition
SiGe with threading dislocation density less than
10°cm™*?. When Si is grown on relaxed Sii-.Gex,
it will be strained with type Il band alignment,
which will increase both the electron and hole mo-
bility. Based on this technology, both hetero-
nMOSFETs and pMOSFETs show better perfor—
mances than that of similarly processed bulk-Si n/
p MOSFETs™".

However, this composition grading technology

has several draw backs.
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(1) Due to strain relaxation of SiGe alloy,
threading dislocation density are dramatically influ-
enced by the composition—grading rate. Higher Ge
fraction requires thicker layer, which is unfavorable
for heat dissipation of devices and mass fabrication
in industry due to its high cost.

(2) The SiGe epitaxy layers, grown by
UHVCVD, usually suffer from surface fluctuation
with amplitude in a range of 15~ 20nm. which adds
difficulties in the growth of upper layers.

To overcome these drawbacks, several tech—
nologies for ultra-thin virtual SiGe substrates are
developed, such as low-temperature ( LT ) Si or
SiGe technology'”, LEPECVD technology'®, hy-
drogen or helium ion implantation technology'”. In
this paper. 400C LT -8i technology is employed in
fabricating strain-Si pM OSFET.

2 Device structure

The cross section of strained Si heterojunction
pMOSFET is shown in Fig. 1.
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Fig. 1
channel pM OSFET with gate length L= 4. Sum

Designed cross section of the strained Si

All layers beyond the n-Si substrate are grown
by MBE. which will be discussed in details later.
After low temperature oxidation of surface strained
Si layer, Ilnm gate oxide is formed. T he thickness
of N* doped polysilicon gate is 480nm. Shown in
Fig. 2 and measured precisely by scanning electron-
ic microscope( SEM ). the width and the length of

the device are 52um and 4. Spm, respectively.

Fig. 2
pMOSFET with W/L= 52um/4. 5um

SEM photo of the strained Si channel

3 Experiment

The whole layers are grown on 400mm 100)
n-type Si substrate by solid source MBE, shown in
Fig. 3. The Si buffer layer grown directly on Si
substrate can separate overgrown layer from sur-
face damages on Si substrate, introduced by CMP
etc. In our experiment 10nm Si buffer grown at
7007C is used. With LT -Si technology employed. a
100nm LT -Si layer grown at 400°C is sandwiched
between 300nm SiGe layer and 10nm Si buffer lay-
er. The point defects introduced by this layer can
enhance the relaxation degree of upper layers and
hold back threading dislocations from propagating
to the surface. Still there may be remaining strain
in the early grown SiGe layer. However, as the lay-
er thickness is approaching to 300nm, the strain
caused by crystal lattice mismatch of Sii-«Ge./Si
hetero structure can be relieved. In the end, the
Sii- +Ger layer is fully relaxed. When 12nm n-Si and
5.3nm i-Si are grown, they are strained. The top
5.3nm i-Si is sacrificial layer for gate oxidation.
Results from oxidation experients show that due to
stretching strain in surface layers, the oxidation
rate is much lager than that of bulk silicon. This
adds difficulties to control precisely the oxidation

thickness and to maintain the process stability.
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Fig. 3
strained Si channel pM OSFET

Total structure of epitaxy layers of

After growth of strained Si/relaxed SiGe lay—
ers, the heterojunction MOSFETs are fabricated
with standard CMOS fabrication process, except
for the gate oxidation and annealing.

If the oxidation temperature is too high, Ge
diffuses into channel, which will change the
strained Si to strained Sii-, Ge, (0< y < 1), thus
change the strain in the MOS channel. T his will ul-
timately degrade the device performance and must
be avoided. So, instead of thermal oxidation at ap-
proximate 1100°C as usual, low temperature oxida—
tion is used in temperature range of 800~ 850°C. In
our experiments the gate oxide thickness is 11lnm,
confirmed by C~ V measurements, which needs on-
ly very short oxidation time.

After gate polysilicon and source/drain im-
plantation, the wafers are annealed for 15s at 960C

in N2 atmosphere.

4 Results and discussion

After MBE-grown structures are completed,
the sample is tested by atomic force microscope
(AFM ) and double crystal X-ray diffraction
(DCXRD). Results shown in Fig. 4 indicate the
RMS is 1.02nm in a scanning rang of 25um X
25um. Figure 4(b) is the enlarged picture of Fig. 4
(a) with scanning range of Sum X35um. DCXRD re-
sult is shown in Fig. 5. The position of SiGe peak
and the extended width of half maximum
(FWHM) of X-ray diffraction peaks indicate that
relaxed SiGe layer is attained.

Figure 6 shows the /i current of strained Si
heterojunction PMOSFET at Ve= OV. The leakage
current density is 135pA/um (@ V= — 5V), mea-—
sured by HP Agilent 4155B.

Intensity/a.u.
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Fig.5 X-ray (004) rocking curves of samples

N )
ValV
Fig. 6 [liatage versus Vaat V= 0V

Figure 7 to Figure 10 show the output I~ V

characteristics of strained Si heterojunction pMOS-
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FETs and that of bulk-8i pMOSFETs processed
similarly, which prove obvious improvements of de-
vice performance using low-temperature (LT ) Si

technology. The sweep voliage applied on both

Fig. 7 Output /¥ characteristics of strained Si
pMOSFET ( x-coordinate:
ImA /div)

IV/div: y-coordinate:

Fig. 8 OQOutput /- characteristics of bulk Si pMOS-
FET ( x —coordinate: ZV/(iiv;y-coordinate: ImA /div)

gate electrodes is 0~ 10V. From the experimental
results, it is found that /4 curve in strained Si
pMOSFET is flatter than that in bulk-Si pMOS-
FET . which means the output impedance rois larg—
er. This conclusion is now under investigation,
which is likely due to the different layer structures
of strain-Si pM OSFET and channel doping. This is
advantageous for analog IC design such as analog
amplifiers due to higher intrinsic gain (gwro). For
low channel doping concentration (1X10"°cm™?),
Vr of strain-Si pM OSFET extracted from Fig. 8 is
— 0.4V, while that of Si pMOSFET extracted from

Fig. 9 is = 1.2V due to the absence of channel dop-

ing adjustment.

Fig. 9  [a versus V. characteristics of strain Si
pMOSFET ( x-coordinate: 0. 1V/div: y-coordinate:
10uA /div)

Fig. 10 [a. versus Vg characteristics of bulk-Si
pMOSFET ( x-coordinate: 0.2V /div: y-coordinate:
10pA /div)

Using the following formulations,

) — %(W/L)p,.cu(vg,- Va)?
Al
Gn= Ay,

L Ili?‘ f-li( Vgs‘si - Vl]l ﬁi) 2
Hp.si - ]liﬁ, ni( Vgﬁ, 88 Vl]l.ss) g

where pp.« and pyp.si refer to the hole mobility of
strained Si and bulk Si, respectively, the induced
saturate transconductance Gw and mobility en-
hancement pp.«/ptp.si vs Ve are shown in Fig. 11 and
Fig. 12.

In Fig. 11, Gu.«s and Gu.i refer to the transcon—
ductance of strained Si and bulk Si pM OSFET, re—
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Fig. 12 Enhancement of the hole saturation mobili-
ty at 300K

spectively. In a wide range of Vi, Gu. maintains
constant, with maximum amplitude twice times
higher than that of Gu..at V.= 3V.From Fig. 12,
when Vg is close to 3. 5~ 4V, 25% of the maximum
mobility enhancement can be achieved. Unfortu-
nately, it is also found when V.. is below 2V, the
hole mobility is degraded. For lower V., the holes
in strain-Si pMOSFET are confined near Si/SiGe
hetero interface. Due to alloy scattering brought by
Ge component and still higher threading disloca-
tions (TD) density compared to that of Si pMOS-
FET, hole mobility is decreased relatively. Details

of the reasons are still under investigation.

5 Conclusion

In this paper, fabrication of strained Si channel
heterojunction pMOSFETs with LT -Si technology

is introduced, with standard Si processes except for
gate oxidation and annealing due to temperature
limitations.

The thickness of relaxed Sio.sGeo.2 epitaxy lay—
er is reduced to less than 400nm with RMS of the
strained Si surface less than 1. 02nm. Device mea-
surements indicate that hole mobility has been en-
hanced by a maximum factor of 1.25.

Refer to the experimental results achieved by
Fitzgerald et al. from MIT'", higher Ge fraction in
relaxed SiGe layer results in higher hole mobility
enhancement compared to that of the bulk Si MOS-

FETs processed similarly.
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