5523 &5 7 M
2002 7 H

S S O ¢

CHINESE JOURNAL OF SEMICONDUCTORS

Vol. 23, No. 7
July, 2002

Strained Si- Channel Heterojunction - MOSFET"

Shi Jin, Huang Wentao and Chen Peiyi

( Institute o Microelectronics, Tsinghua University, Bejjing 100084,  China )

Abstract: The process parameters are adjusted and the process procedure is simplified on the basis of precursor’ s work and the

strained St channel SiGe mMOSFET is fabricated successfully. This wMOSFET takes the strained Si layer( which is deposited on

the relaxed SiGe buffer layer) as current channel and can provide a 48. 5% improvement in electron mobility while keeping the

zate voltage as 1V.
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1 Introduction

As the silicon-based technology has developed to its
limit, it brings an urgent to search for a procedure that can
maintain the development of the nowadays technology.
SiGe material can be a candidate. It can not only tailor the
carrier distribution with the quantum well formed by band
mismatch, but also improve the carrier mobility by the
strain effect in its band structure.

The mMOSFET, which has a strained surface Sr
channel, belongs to the II type band structure. Though
suffering from the surface scattering, the strain effects in
the surface silicon layer can lead to the enhancement of
electron mobility and hence result in a higher transcon-

ductance.

2 Material and device fabrication

Article ID: 0253-4177(2002) 07 0685 05

As a foundation, we should first confirm that the ma
terial to construct a device is “ perfect” . The word “ per-
fect” reflects two standards: satisfied alloy quality and de
fect density as less as possible. Alloy quality is the basis
of strain effect and also the guarantee of realization of
SiGe device while defect density will dramatically affects
the device performance.

The DCXRD result of SiGe material (sample 1120)
is shown in Fig. | which indicates good alloy quality.
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Fig. 1 DC XRD result of SiGe material
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Figure 2 is the TEM result of the device profile, from
which we can see that there are many defects and thread
dislocations in the SiGe grading layer, but few defects or
thread dislocations in the SiGe buffer layer. It seems that
the SiGe grading layer constrains all the defects and
thread dislocations inside while keep the SiGe buffer layer
and strained silicon layer “ perfect”. Figure 3 is the SIMS
result of Ge grading.

Fig. 2 TEM result of SiGe layer
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Fig.3 SIMS result of Ge grading

We grew the SiGe layer in four kinds of conditions
which should provide 5%, 10%, 15% and 20% SiGe
buffer layers that corresponded to sample 1116, 1120,
1121, 1212 respectively. As shown in Fig. 3, the SIMS re-
sult was lower than that expected. The Ge composition de-
creased in the SiGe grading layer from its top value down
to zero. The result of roughness test shown in Fig. 4 and
Fig. 5 is 8. 67nm.

For the simplicity of process, we took a simple device
structure (Fig. 6) for the fabrication of strained Sr chan-
nel mMOSFET. All the following layers were grown in the
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Fig.4 Roughness diagram of sample 1120
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Fig. 5 AFM result of sample 1120 ( 0. 10)
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Fig. 6 Structure of SiGe ~MOSFET

home-made HV/ CVD equipment. The - MOSFET fabrica-
tion started with ©100mm {100} p-type Si substrates. We
used a 3HnrSiGe grading layer to eliminate the defects
and thread dislocations. Upon the SiGe grading layer was
the 1HnrSiGe buffer layer with different Ge contents.

Then there was the strained Si layer with a thickness of
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20nm. The gate oxide thickness was 12. 7nm. During the
whole process, high temperature was avoided as to prevent
the strained layer from being relaxed. So, instead of the
thermal oxidation, we took LTO as insulator spacer, which
lasts for 60min, 850 C. lon implantation and self aligned
technology were applied in the formation of source, drain
and gate. The annealing condition was 850 'C, 20min.
Following these steps, we got a family of SiGe de-
vices, which indicated an increase in the electron mobility

when the Ge fraction increased.

3 DC characteristics

After the test of the transition characteristics and the
output characteristics of each device, we can get the corre-
sponding threshold voltage and electron mobility by the
formulas (1) and (2).

Vr = xint ercept(max slope( curve( Vs, Ins))
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— abs(ave( Vps) )/2 (1)
2L Ipsi— Ipso
l-ln = W x 2 2

Cox[ (Vesi— Vi)"= (Vesa— V)7

(2)
. Insi— Ips

(’m= = k(ZVCS"' 1- 2V|) (3)

AVgs

We can directly get the transconductance G,, from

the output characteristics. Here we present the formula

(3) just to explain the phenomenon we will discover lat-

er. From this formula, we can see that the transconduc

tance is also affected by the threshold voltage. So the larg

er Vrof Si sample will lead to relatively larger transcon-
ductance.

Tables 1 and 2 show the extracted G,, and electron

mobility under different gate voltage. Figures 7 and 8 show

the characteristics of G, Vigs and W-Vis. The G-

™ extracted here is only an average

Table 1  Extracted G, under different Vg

G ( mS*mm™ 1} Gof { mS*mm™ I) Gol (mS*mm™ I} Gl (mS*mm”™ I}
Device sample
Vis= 1V Ves= 2V Vis= 3V Vis= 4V
1121 0. 13) 14.3 35.7 45.7 53.6
1120 0. 10) 7. 14 28.6 42,9 46. 4
1116( 0. 06) 14.3 25.7 31.4 41.4
Si 24.3 34.3 40.0 48. 6

Table 2 Extracted electron mobility under different Vg

. Bl ( e’V e ') Bl ( em’e VT e ') Mgl { an’ Vo s I} ol v sl
Device sample Vil V
Vis= 1V Ves= 2V Vis= 3V Vis= 4V
1121( 0. 13) - 0.6 303 239 197 141
1120( 0. 10) - 0.4 284 230 174 142
1116( 0. 06) - 0.4 251 201 163 130
Si - 1.0 204 182 160 142
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value of saturate transconductance which equals to the dif-
ference between two output drain current under different
gate voltage. The tab 1116, 1120, 1121 and 1212 each
corresponds to sample whose Ge percentage is 5%, 10% ,
15% and 20% respectively.

As we can see, the transconductance G, does not in-
crease with the Ge fraction because the G,, is also a func
tion of the threshold voltage. But the extracted electron
mobility increases visibly when the Ge fraction increases.
Comparing to the silicon sample, there will be a 48. 5%
improvement at most in electron mobility.

Figures 9, 10, 11 and 12 present us with the output

)

Fig. 11

1120 sample( 0. 10)

The extracted Vrp is only an approximate value here.
We can estimate the error caused by this approximation.
We can see in formula (2) that Vy is functioning with the
aid of Vis. So when a sample device achieves the saturate
transconductance ( traditionally at 4~ 5V gate voltage),
the Vi induced error in My calculation is quite trivial.

Theoretically, we can rewrite formula (2) in this form:

characteristics of SiGe HMOSFET with different Ge frac-
tion. We apply a O~ 5V sweep voltage on the drain elec
trode and a 0~ 4V step voltage on the Gate electrode
(The x-coordinate is 0. 2mA/ div and the y-coordinate is
0. 5V/ div: the voltage step is 1V) . For improper implanta-
tion dose, the threshold voltage of these m-MOSFET is
negative while the normal threshold voltage should be pos-
itive. So we can see the first output line which indicates
Vis= OV does not overlap with x-axis, which means there

has been leakage current between source and drain when

Ves= OV,

Fig. 10 1116 sample( 0. 06)

Fig. 12 1121 sample( 0. 13)
Ho= 2L Ipsi— Ipsz
W Cox( Vesiv Veso— Vi) ( Vesi— Vesa)

(4)
which indicates that the Vy influence is trailed off by the
sum of Vs and Visp. For example, even in case of the
smallest sum of Visp and Vi, a 0.2V error to Vi can
cause only 6. 7% error in the final Fy value. If we take
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0.2V as the error bar of Vy extraction which is a reason-
able assumption to our test (we took 0.2V as the gate
voltage increase step) , the max error of Hywill not exceed

7% .

4 Conclusions

After the construction and test of SiGe m=MOSFET,
we can see that these devices have high mobility in the
channel. As stated in some materials, the low field electron
mobility in the strained Si channel can even reach
2500cm?/ (V+s) , which can lead to a better performance.
As an improvement, we suggest that the SiGe layer should
be deposited after the buffer layer has been polished and
then grow the strained Si layer on it so as to minimize the

surface roughness.
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