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Evidence of Si/SiGe heterojunction roughness scattering
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The separation distance between the electron channel at oxide/Si interface and the strained-
Si/relaxed-SiGe heterojunction can significantly affect the effective electron mobility of metal—
oxide—silicon field-effect transistors due to the roughness scattering of the underneath Si/SiGe
heterojunction. The mobility degradation due to the Si/SiGe heterojunction with the roughness of 7
nm becomes insignificant when the strained-Si thickness is larger #2hnm. A clear hole
confinement shoulder is observed in the accumulation region of the capacitance—voltage curves,
indicating that the abrupt transition from the SiGe buffer to strained Si is maintained at the rough
heterojunction. The heterojunction roughness scattering not only degrades the electron mobility, but
also degrades the device characteristics such as the transconductance and cut-off freqaéfdy. ©
American Institute of Physic$DOI: 10.1063/1.1828224

The large drain saturation curreritdsa) of metal- Therefore, it is interesting and technologically important to
oxide—silicon field-effect transistor®dOSFET) is obtained know the minimum thickness of strained-Si to reduce the
by scaling the thickness of gate insulatoxynitride) down  Si/SiGe heterojunction roughness scattering.
to the limit of quantum mechanical tunneling. To avoid the  Then-channel MOSFETs were fabricated on a 100 mm
gate current leakage, strained-Si is used to enhance electrarafer. The Sj_Ge, buffer layer was expitaxially grown on a
mobility and thus the ldsat without using the leaky ultrathin p-type Si substrate at 600 °C by ultrahigh-vacuum chemical
oxynitride 2 Alternatively, high dielectric-constant material vapor deposition. SilanéSiH,) and germandGeH,) were
can be potentially used to reduce the gate leakage and tmsed as the Si and Ge precursors, respectively. After the
increase the Idsat, but suffers the process temperature inst@graded Si_,Gg, buffer layer withx=0 to 20% over the thick-
bility, interfacial layer, and remote phonon scatter?ﬁ‘glon— ness of ~1 um was grown, a~1-um-thick relaxed
ventionally, the strained-Si is grown on the relaxed SiGe tSi, (Gg, , layer was then deposited on the top of the graded
obtain tensile strain in the Si and a strained-Si/relaxed-SiGeuffer layer. The strained-Si channel with the thickness from
heterojunction is inevitably formed underneath the carrierl2 to 24 nm was grown on the relaxed, §b&, , layer to
channel. Note that the strain of Si originates from the latticenvestigate the thickness effect on Si/SiGe heterojunction
misfit between the Si and relaxed SiGe grown on the Skcattering. The rms value of surface roughness of the MOS-
substrate. The relaxation of SiGe causes the roughness on tRETs measured by atomic force microscopy is around 5.3
SiGe surface on the order of several nanometers, and formram, and the strain in the Si channel measured by the micro-
the rough Si/SiGe heterojunction, which has the potentiaRaman spectroscopyis ~0.7% (Fig. 1). The interface
impact on the carrier scattering. It is well known that theroughness at the SiGe/Si heterojunction cannot be measured
roughness scattering from the oxide/Si interface is an imporeirectly, but it is believed that the interface roughness is
tant factor to affect the high field carrier mobility in the similar for all the devices, since all the devices have the same
conventional devicé where the oxide roughness is only sev- structure(the inset of Fig. 1 and the same thermal budget.
eral tenths of nanometer. The effect of the heterojunctiorThe bare SiGe buffer without Si cap has a roughregsnm,
scattering can be reduced by the chemical mechanical poknd the Si cap can smoothen the surface to yield a roughness
ishing of the SiGe bufféror by increasing thickness of of 5.3 nm. The heterojunction roughness is believed to be
strained-Si at the expense of the possible extra misfit ane-7 nm. The doping concentration of control Si is2
threading dislocations generated in Si. Even though the thick 10'® cm™3, All strained-Si devices have doping concentra-
strained-Si with few defects can be obtained at the lowtion of 1x 10" cm™, except the 20 nm strained-Si channel
growth temperaturé500—700 °GQ due to metastable growth, (~1x 10 cm™). Note that the mobility at high field per-
the high process temperature can make strained Si reach tpendicular to the channel is not dependent on doping con-
equilibrium state with possible dislocation generafich. centration due to the carrier screening. A 20 nm tetraethy-

lorthosilicate(TEOS) deposited at 700 °C was used as gate
author to whom correspondence should be addressed, electronic maifiielectrics to avoid Ge outdiffusion during the high tempera-
chee@cc.ee.ntu.edu.tw ture thermal oxidation process, since the injection of Si in-
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FIG. 1. The surface roughness on strained-Si of the MOSFET devices. NotelG. 3. The effective electron mobility of strained-Si. The thicker
that the roughness of relaxed SiGe surface-i& nm before deposition of
the strained-Si channel layer.
50X 50 um?. The inset is the strain of the Si channel measured by micro-
Raman spectroscopy.

strained-Si channel has a higher mobility.

The area of AFM measurement is

and the relaxed SiGe can also trap holes to form the similar
shoulders in theC-V curves, but theC—V measurement at
elevated temperature can de-trap the hole and the shoulder

terstitials by the thermal oxidation can enhance the Ge oulyanishes. The shoulder in our samples is maintained at the

diffusion and vyield high interface trap densﬁy The
interface trap density(D;) at midgap, extracted by
high—low frequency capacitance-voltad€-V), is ~1

X 10" cm? eV1, which is low enough not to degrade the
carrier mobility, according to our calculation. Note that due
to the roughness of our samplé nm) and thin strained Si
layers(12—24 nm), the secondary ion mass spectroscopy can

elevated temperature up to 150 °C, and this further confirms
that the shoulders in th€—V curves are due to the hole
confinement at heterojunction. The capacitance value at the
shoulder increases with the decreasing strained-Si thickness
(Fig. 2), because the thinner strained-Si defines a larger ca-
pacitance.

All MOSFET devices show the good linear and satura-

not give the reliable in-depth Ge profiles to measure the Géon regions of the output characteristics. The typical drain

diffusion at the Si/oxide interface.
The quasistatic€—V (Fig. 2) measurement was used to

probe the abruptness of the strained-Si/relaxed-SiGe heterg

current enhancements for strained¢30-nm-thick devices
with the gate width\W) of 25 um and the gate lengtfi) of
-um are found to be~35% at the saturation ang65% at

junction. The clear hole confinement shoulders are observeghe linear regions as compared to the control Si devices. The

at the accumulation region for all strained-Si devices with

20 nm strained-Si devices show a mobilifp.s) enhance-

different thickness, suggesting an abrupt transition fromnent of ~65% at 1 MV/cm compared to control devices.

Sip G, to Si at Si/SiGe heterojunction interfate? The
hole confinement at the heterojunction interféite inset of
Fig. 2 forms an extra capacitor in parallel with the oxide
capacitance, and leaves the shoulder onGh& curve as a

The threshold voltage shift is—0.14 V as compared to the
control Si devices due to the lower conduction band edge of
strained-Si as compared to ¥jThe effective mobility is
extracted from the spli€—V and the output characteristics of

signature. Numerical simulation shows that a graded junctiofhe MOSFET device¥® The mobility at the low field

at Si/Sj Gey, with a graded rate of 10% Ge/nm cannot

(=0.4 MV/cm) is dominated by impurity scatterin@gCou-

have such hole confinement. Note that the strained-Si hagmp scattering and the high field mobility~1 MV/cm) is

lower valence band edge in energy than the relaxed SiG

8etermined by the roughness scattering and the phonon

buffer, and an energy barrier is formed to prevent a fractionycattering' Note that the electric field in the horizontal axis
of the holes from reaching the oxide/strained-Si interface,t Fig. 3 is the field perpendicular to the electron channel

(the inset of Fig. 2 However, the defects in the strained Si
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FIG. 2. QuasistatiC—V measurement of the strained-Si devices. The gate
oxide is 20 nm TEOS. All the devices show the shoulders in the curves

and is controlled by the gate voltage. Conventionally, the
roughness scattering is originated from the oxide/Si inter-
face, which is the same in all the samples. The high field
mobility in our samples increases as the thickness of the
strained-Si increaseg-ig. 3). Since all the samples have

similar oxide/strained-Si interface, the only mechanism to
yield the difference in mobility is the scattering from the

strained-Si/ relaxed-SiGe heterojunction. The thicker
strained-Si can make the electrons in the oxide/strained-Si
channel further away from the heterojunction roughness and
yields the higher mobility at the high field. The shoulders on
the C-V curves clearly show that the potential at the hetero-
junction can affect the carrier kinetics and thus can poten-
tially scatter the remote electrons in the oxide/strained-Si
channel. The roughness at the heterojunction for all the
samples is estimated to be7 nm. For the strained Si thick-

ness larger than 20 nm, the effect of the heterojunction

indicating abrupt Si/SiGe interfaces. The hole confinement is shown in théoughness becomes weak, and the mobility remains almost

inset.
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FIG. 4. The transconductancég,) for different strained-Si channel
thickness.

width of 5um, and 48 fingers, the transconductagggealso
increases with increasing strained-Si thickn@sg. 4), since
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ing thickness of the strained-Si channel by the reduction of
the underneath Si/SiGe heterojunction roughness scattering.
With the Si/SiGe heterojunction roughness ¥ nm, the
minimum thickness of strained-Si to reduce the Si/SiGe het-
erojunction scattering is-20 nm. However, for the different
roughness at the heterojunction, this minimum thickness can
be different. The chemical mechanical polishing to remove
the roughness at heterojunction seems not to be the only way
to maintain the high mobility of the strained-Si channels.
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