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Device Level Characterization for Energy Bandgap
of Strain-relaxed SiGe and Oxide/SiGe Barrier Height
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From the interface state density with energy plot measured by capacitance-voltage characteristics, we have derived the energy
bandgap of strain-relaxed ;SiGe, (x: 0.4 and 0.7)or the first time at the device level, because the allowed states increases
sharply near the conduction and valence bandedges. We find that the energy bandgap of SiGe is reduced from 0.90 to 0.83 eV as
the Ge composition increases from, &be, 4 to Sy :G&y 7. In contrast, similar oxide/$i,Ge, conduction-band barrier heights of

~3.1 eV have been obtained for both SiGe cases using Fowler-Nordheim tunneling. These results are in good agreement with
published theoretical and experimental data from material level characterization. The device level characterization is especially
important because the SiGe composition and material property may be altered after thermal cycles for device fabrication.
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The SiGe or strained Si on strain-relaxed SiGe has a high potenthe unstrained SiGe layer can be obtained from C-V measurements
tial to be integrated into metal oxide semiconductor field effect tran-of the interface trap density. The oxide/SiGe conduction-band bar-
sistors(MOSFETs)}® along with high-kgate dielectric€;*?result- rier height was determined from measurements of the FN tunneling
ing in improved mobility. The higher current drive capability of an currents in inversion conditions.

SiGe or strained Si MOSFET, compared with its Si counterpart, can
effectively improve the operation speed and circuit density, and this

is equivalent to scaling the device down. To achieve integration of

this technology into highe gate dielectric or current complementary 10"
metal oxide semiconductor processes requires device level rathe
than material level characterization and control. This is so because
Ge in SiGe may diffuse toward the ultrathin top strained Si or oxide
interface during subsequent high-temperature procéssdwis al- I
tering or degrading the desired device performance. In addition, the £
altered device parameters are also sensitive for equivalent circuit £ 12
modeling and integrated circuit design. In this paper, we have inves-'7> 1071
tigated, at the device level, the energy bandgap of strain-relaxed )

SiGe and oxide/SiGe barrier height, where large improved hole "«
mobility, 2> excellent gate oxide integrify low source-drain junc- @ 10"
tion leakagé€, and high-quality silicidg" have previously been re-

ported. In contrast with traditional energy bandgap measurements

using optical methods, performed at the materials |&ele deduce 10" T T - T T " T
the SiGe energy bandgap from capacitance-volt&¥) measure- -0.6 -04 -0.2 0.0 0.2 0.4
ments in metal oxide semiconduct@vlOS) devices for the first Energy (eV)

time. The conduction-band barrier height of strain-relaxed®&a, ;

and SjGe)4 has also been obtained from the MOS devices by @)

measuring the Fowler-NordheirfFN) tunneling current. We find
that the barrier height of-3.1 eV is almost the same as in Si3i
and the strained SiGe case.

Experimental

Four-in. p-type(100) Si wafers were used in this work on the
energy bandgap and barrier height study. After 300 nm field oxidet_ 10"
isolation and native oxide cleaning, @20 nm strain-relaxed
SiyGey7 Or SipGey4 Was formed on the active region by solid- Voltage (V) "J
phase epitaxy’ using 900°C rapid thermal annealing. The composi- 10" 4
tion of the SiGe was determined by X-ray diffractiOdRD), and
good crystalline quality was confirmed by cross-sectional transmis-

/em’)

D, (eV

sion electron microscopyTEM) and XRD measurements A 5.0 10" T T y T T T " T T

nm thick gate oxide was then grown in dry @ 850°C, for both the -0.6 -0.4 -0.2 0.0 0.2 0.4
Sip.sGe 7 and SjGey 4 samples. The gate electrode was formed Energy (eV)

after deposition of 300 nm poly-Si, phosphorus doping, and subse-

guent processing. More detailed SiGe material and MOSFET char- (b)

ot Bl 3,14
acterizations can be found elsewhé&fe:>“The energy bandgap of Figure 1. Interface trap density as a function of energy for 5.0 nm thermal

oxides grown ona) Siy 4Ge&, 7 and(b) Siy §G&, 4. The data was obtained from
the quasi-static and high-frequency C-V measurements of MOS devices,
2 E-mail: achin@cc.nctu.edu.tw shown in the insets.
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Figure 3. Comparison of tunneling current data obtained for MOSFETs with
(a) different Ge compositions, plotted dsE2 vs. 1/E.

Results and Discussion

Figures 1la and b show the interface trap density with energy for
SigsGey7and S Ge& 4, respectively. The interface trap density was
derived from the low- and high-frequency C-V measureméses
insets). The low minimum interface trap density-e6 X 10°eVv~!
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Figure 2. (a) The energy bandgap as a function of Ge mole fractib, Voltage (V)

cross-sectional TEM of solid-phase epitaxy formed SiGe/Si,(ehnthe elec-

tron diffraction pattern. The error bar in the Ge composition is due to the

slightly higher Ge composition at the oxide/SiGe interface of the MOSFETs (b)

and was obtained from secondary-ion mass spectrometry anéRedis15).

The bulk Ge composition was determined by XRD. Good uniformity and Figure 4. The voltage dependence of the absolute value of the measured and
homogeneity are evidenced from the cross-sectional TEM image and th&imulated FN tunneling gate current density for MOSFETSs with different Ge
electron diffraction pattern. compositionsia) Si 5G&, 7 and (b) Siy G&y 4-
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cm~2 and small oxide charge densifiess than—1 x 10 cm™?),

Table I. The energy bandgap, conduction-band barrier height,

obtained for both SiGe samples, indicate good interface and oxide and effective mass of strain-relaxed SiGe layers.

properties. The interface state density increases rapidly with energy
near the conduction and valence bandedges, because of the large

number of allowed states there. This permits direct determination of

the bandgap from the energy difference between the conduction and Sh.C&/oxide

valence bandedges. We obtained bandgaps of 0.83 e\\Q&i,)

and 0.90 eV (Si¢Ge ), from the interface trap density data. To our
knowledge, this is the first report of energy bandgap obtained di-
rectly from MOS devices using an electrical method.

In Fig. 2a we show the Ge composition dependence of the band-
gap energy. We have also added the cross-sectional TEM image and
electron diffraction pattern of solid-phase epitaxy formed SiGe/Si in
Fig. 2b and c, respectively. The uniform thickness of the SiGe layer

E, (eV) by (eV) ma/mg
0.83 3.08 0.50
Siy Gy Joxide 0.90 3.10 0.50
Siloxide 1.12 3.10 0.50
Conclusion

We have studied the SiGe energy bandgaps and oxide barrier

from TEM (Fig. 2b)and the good homogeneity from clearly sepa- heights of unstrained $iGe,; and Sj (G&, 4 using C-V measure-

rated Si and SiGe lattice points from electron diffractiiig. 2c)

ments and FN tunneling currents, respectively. The energy bandgap

are important for device fabrication and parameter extraction. Theof SiGe is reduced from 0.90 to 0.83 eV as the Ge composition
measured bandgap data is close to the theoretical values for straifncreases from $iGe, 4 to Sh sG& 7. The conduction-band barrier

relaxed SiGe® An advantage of our approach is that it is performed height for both SiGeloxide cases remains the same as that for
at the device level, so that any strain and composition changes in thejo, /s;.

SiGe during processing are automatically included.

The magnitude of the oxide/SiGe barrier height is important for
SiGe MOS devices. The barrier height energy can be obtained from
the FN tunneling current density given by

Jen = AES exd —B/E] (1]
whereE,, is the electric field in the oxide, and andB are directly
related to the barrier height and the effective mass in the oxide. |
Fig. 3 we compare the inversion FN tunneling current for,Si, 3,
Sip.Gey e, and Si, as aJ/Eﬁx vs. 1/E,, plot. The nearly identical
results for the three cases suggest that the barrier heights and effec-
tive masses are almost the same. 2.
In Fig. 4a and b, we compare simulated and measured FN tun-3-
neling data for $i;Ge 7 and S ¢Ge, 4, respectively. The measured ¢
and simulated data match well using the values for the effective 6.
mass and barrier height in Table I. It is significant that the barrier
height between strain-relaxed SiGe and the oxide conduction-band”
is almost the same as that between Si and its oxide. 8
Note that good accuracy is required for both energy bandgap and
barrier height extraction. The voltage accuracies of HP4284 for C-V o.
measurements and HP4155B for |-V measurements are 5 mV and
mV with typical errors of+=3%, respectively. Therefore, the typical
error for energy bandgap extraction from C-V is 5 meV. The error 11.
for conduction-band barrier height is less than 1 meV because the
barrier height is in the exponential term of Eq. 1, and the calculated'?
current must fit the measured data in a wide range of voltage pointgy
shown in Fig. 4. This result is consistent with the value obtained4.
from unstrained poly-$kGe,; and oxide!’” The valence-band bar-
rier height increase with increasing Ge composition reduces holef_"
injection into the oxide and oxide traps, which can improve the ;7.
device reliability.
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