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The energy distribution of the P, centers at the Si/SiO, interface has been determined using
isothermal laplace deep level transient spectroscopy. For the (111) and (110) interface orientations,
the distributions are similar and centered at 0.38 eV below the silicon conduction band. This is
consistent with only P states being present. For the (100) orientation, two types of the interface
states are observed: one similar to the (111) and (110) orientations while the other has a negative-U
character in which the emission rate versus surface potential dependence is qualitatively different
from that observed for P, and is presumed to be P,;. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2939001]

It is known that the quality of the Si/SiO, interface
plays a key role in the metal-oxide-silicon field effect tran-
sistor performance. Over 30 years ago, it was observed that
the thermal growth of an oxide on a silicon surface is accom-
panied by the appearance of interface defects, referred to as
P, centers, which are an inherent consequence of the lattice
mismatching between silicon and the oxide." electron-spin
resonance (ESR) measurements revealed the existence of
two types of centers, termed P, and P, only slightly dif-
fering in the structure.” The P, state has been identified as
related to a (111) oriented dangling bond (DB) of the inter-
facial silicon atom bonded to three other silicon atoms,’
while in the case of P, the DB orientation is (211), as a
result of the oxygen atom(s) bridging the second nearest
bond(s) to the silicon DB.>™ Only P, states were observed
at the (111) and (110) oriented Si/SiO, interfaces while both
types of P,’s were observed at (100) Si/ 8102.2

The DB represents one specific case among the various
point defects observed in bulk silicon® and these defects have
well-defined electronic levels in the band gap. At disordered
interfaces, the lattice mismatching results in DB forming a
rather broad distribution of energy states. The experimental
methods, which have adequate detectivity of the P,, states, do
not perform well in revealing the energy distribution of these
states.”® For example, deep level transient spectroscopic
(DLTS) measurements are performed during sample tem-
perature ramping and this fact makes the results fundamen-
tally ambiguous. The interface states, on which a DLTS mea-
surement is performed, contribute substantially to the
background samgple capacitance. This causes a data normal-
ization problem” and makes the energy distribution evalua-
tion unreliable.

In this study, we have determined precisely the energy
distributions of the P, centers at the Si/SiO, interfaces with
the crystallographic orientations (100), (110), and (111). This
is possible due to the experimental procedure which is based
on current transient measurements using isothermal Laplace
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DLTS.'"""" Our results contribute to the debate on the elec-
trical activities of the P, defect family, in general.12 MOS
capacitors used for this study have been made on the n-type
(100), (110), and (111) silicon materials with a carrier con-
centration of ~10" cm™. Full details of the sample prepa-
ration procedures and preliminary characterization were
given elsewhere."”

High-frequency 1 MHz capacitance-voltage (CV) mea-
surements [Fig. 1(a)] showed a shift of the plot toward
higher voltages as the measurement temperature decreases.
This is typical of a MOS device containing Si/SiO, interface
states.'* This is due to these states capturing and emitting
carriers sufficiently fast at higher temperatures to contribute
to the capacitance. However, when the temperature de-
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FIG. 1. (a) The low-voltage parts of the 1 MHz CV curves observed for the
Si(111)/Si0, MOS device (solid lines, the accumulation capacitance is
~180 pF) and the voltage-CB bending curve (dashed line) calculated ac-
cording to Ref. 14 for the CV curve measured at 150 K. (b) The total
amplitudes (triangles) and average emission rates (squares) measured for the
Si(111)/Si0, MOS sample at 150 K with the current Laplace DLTS.

© 2008 American Institute of Physics
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creases, these capture and emission processes cannot follow
the 1 MHz test signal and the charge trapped at the interface
states becomes static within the time scale of the measure-
ment frequency. At lower temperatures, this static charge
trapped at the interface screens the external voltage and more
voltage must be applied to overcome the electric field pro-
duced by this charge in order to reach the charge accumula-
tion regime. The CV curves shown in Fig. 1(a) illustrate this
effect where a steep increase in capacitance measured at
300 K starts at around O V while at 150 K, it is around
3.5 V. The CV curve measured at 150 K has another charac-
teristic feature. Namely, while below 0.2 V, the capacitance
increases characteristically for a MOS capacitor in the deple-
tion regime, between 0.4 and 3.2 V, it changes only slightly.
This effect is well known.'>'® During the CV measurement,
when the Fermi level approaches the interface defect level,
the defects start to trap carriers charging the interface and
pinning the Fermi level at the crossing point. When all de-
fects are filled, then more carriers can reach the interface
forming the accumulation layer. The magnitude of the Fermi
level pinning effect seen as a plateau on the CV curve de-
pends on the carrier exchange rate between the defects and
the semiconductor conduction band (CB), i.e., on the sample
temperature. In the extreme case of very low temperatures,
the charge exchange between the defect level and the CB is
so slow that the trapped charge affects the MOS device simi-
larly as a fixed charge in the oxide. Conventional DLTS mea-
surements are realized with the sample temperature ramping
and assuming that the measured defects make only a small
contribution to the sample total capacitance. Although this
may be true in some situations, it is not the general case and
it is definitely not correct for these measurements realized for
interface defects in these unpassivated MOS capacitors.
Moreover, a proper interpretation of conventional DLTS data
also needs a good knowledge of the Fermi level position at
the interface during the measurements. The varying Fermi
level pinning effect with temperature makes conventional
DLTS data very difficult to interpret in a precise way.

Our approach is based on the analysis of the DLTS sig-
nals measured at a constant temperature. Instead of a capaci-
tance meter commonly used for the transient measurements,
we have observed current transients. This approach has two
main advantages: first, the problem of the capacitance tran-
sient normalization is avoided, second, in capacitance
meters, an ac test signal is superimposed on the dc bias,
which for the 100 mV rms test level typically used at 1 MHz
introduces an uncertainty of 22X 100 mV (283 mV) and,
consequently, limits the resolution of the observed energy
distributions. At a fixed voltage bias (V,), if the interface
states are in a thermodynamic equilibrium with the CB, the
states below the Fermi level crossing point energy at the
interface are occupied with carriers. In the experiments,
small filling pulses with a voltage of V,=V,+50 mV are
used to disturb this steady-state conditions in order to ob-
serve the thermal emission process as a current transient. The
emission rates of these transients are analyzed using the
same procedures as in the high-resolution Laplace DLTS
measurements.lo’11 For each current transient, an average
emission rate and a total amplitude from the Laplace spec-
trum have been calculated and used for further analysis.

Figure 1(b) shows the average emission rates and the
total amplitudes measured at 150 K and for the sample bi-
ases corresponding to the plateau observed on the CV curve
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FIG. 2. (a) The emission rates and (b) normalized DLTS signal amplitudes
observed for the P, states at the Si/SiO, interface with different orienta-
tions. The absolute values of the amplitudes are 12, 6.0, and 2.8
X 10" eV~ cm™, for the (111), (110), and (100) samples, respectively. The
energy on the horizontal axis is the difference between the bottom of the CB
and the Fermi level cross-point at the interface. The solid lines slope in (a)
is 1/(kgT) (T=150 K), while for the dashed line is 1/(2kgT).

taken at the same temperature. For biases between 0.8 and
2.8 V, the average emission rate increases by almost three
orders of magnitude while the amplitude passes through a
maximum. The emission rates change with temperature in a
way characteristic for a thermal emission process. The sig-
nals described here are not observed in reference samples
where the P, centers have been eliminated, for example, by a
forming gas ambient anneal. In the reference samples irre-
spective of orientation, no shift of the CV curve toward
higher voltages, and no plateau, at low temperatures have
been seen.

Based on the CV curve measured at 150 K [Fig. 1(a)] the
voltage scale has been converted to the surface potential (the
Fermi level cross point) at the Si/SiO, interface according to
the procedure described by Nicollian and Brews.'* This pro-
cedure enabled the Si CB bending depicted in Fig. 1(a) (the
dashed line) to be calculated. For the voltage scale recalcu-
lation, the CB bending values have to be shifted additionally
by the value of the Fermi level position in silicon at the
measurement temperature and for the carrier concentration.
Figure 2 shows the average emission rates [Fig. 2(a)] and the
normalized distributions of the P, centers [Fig. 2(b)] mea-
sured for three interface orientations.

A fundamental question arises regarding the physical
character of the emission process observed in the Laplace
DLTS experiments performed on the interface states. The
solid lines in Fig. 2(a) are A exp[—(E.—E)/kgT] (T=150 K)
functions drawn for some values of the A constant to fit the
data sets. For the (111) sample, the emission rates almost
perfectly follow this function, which clearly indicates that
the carriers thermally emitted from the interface come di-
rectly from the Fermi level at the interface. Shifting the
Fermi level results in exactly the same change of energy
which activates the emission process. It means that in order
to leave the interface, the carriers need to overcome an en-
ergy equal to the difference between the bottom of the silicon
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CB and the Fermi level. For the (100) sample, the emission
rate changes with energy in a different way. For larger ener-
gies, the emission rates have the same slope as the one for
the (111) sample; however, for energies less than around
0.42 eV, the slope is exactly half of the one for energies
above this value [the dashed line in Fig. 2(a)]. Thus, in this
energy range, the emission process leading to the equilibrium
recovery is activated by half of the energy distance between
the Fermi level crossing point and the bottom of the CB and,
consequently, in a single emission process, two carriers are
released. This is a characteristic of a defect having a
negative-U character.'” For the (110) sample the data slope is
predominately similar to the one observed for the (111)
sample with some deviation towards a half of its value at
lower energies.

The normalized amplitude distributions [Fig. 2(b)] for
the (111) and (110) samples are almost identical and are cen-
tered at 0.38 eV with tails toward smaller energies (closer to
the CB). The distribution for the (100) sample is shifted to-
ward larger energies by 0.05 eV maintaining a similar shape.
The P, center peak densities are 12.0, 6.0, and 2.8
X 10'2 eV~! cm™2, for the (111), (110), and (100) samples,
respectively. The ratios between the peak densities for differ-
ent interface orientations are almost identical to the ones de-
rived from the ESR measurements [3:2:1 (Ref. 18)].

For comparison, a series of conventional capacitance
DLTS measurements (I MHz 100 mV test signal) have been
performed on the same samples using biases between 0 and
1 V and a small filling pulse of a 0.05 V amplitude. For each
sample bias, the Arrhenius plot gave an emission activation
energy of 0.3 eV with the pre-exponential parameter increas-
ing with the sample bias. This value of 0.3 eV is quoted in a
large number of papers where conventional DLTS measure-
ments on the P, centers are reported. The difference between
the results of the isothermal Laplace DLTS and the conven-
tional DLTS with the temperature ramp is a systematic error
committed in a latter case where the capacitance base line
shift and the Fermi level pinning effect are not taken into
account.

The energy state distributions observed for the P, cen-
ters formed on the Si/SiO, interfaces with different interface
configurations do not enable the contributions coming from
the P, and P, states to be distinguished directly; however,
some conclusions can be drawn indirectly. For the (111) in-
terface orientation, the ESR data show that only P, states
are observed, thus, almost identical energy distributions ob-
served in the Laplace DLTS measurements for the (111) and
(110) samples would also mean that in the (110) sample,
there is no P,;. On the other hand, a clear double slope
observed on the emission versus energy graph indicates that
on the (110) interface, there could be some P;,; present but
with a concentration so low that it is not seen on the density
of state distribution shape and position. For the (100) inter-
face orientation, the energy state distribution is shifted and
the emission rate versus energy dependence slope has clearly
two regions, however, the relative participation of both of
them in the amplitude distribution cannot be evaluated. The
states contributing to the energy state distribution observed
for the (100) sample orientation have different identities. The
one seen at higher energies seems to be a single-electron
state similar to the one observed in the (111) sample, the
other one contributing to the energy distribution at lower
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energies is a state which emits two electrons in the process of
reaching the thermal equilibrium.

The energy states of the P, centers observed in this study
charge negatively demonstrating an acceptor two electron,
presumably diamagnetic character, and as such cannot be the
ones so widely reported in the ESR studies but are seen in
the CV and DLTS measurements. When the P,, state ob-
served in the (111) sample changes charge state, it releases a
single electron thus, in the lower part of the Si band gap, a
donor state should exist. This state is seen in the lower half
of the band gap for the p-type silicon samples. The P, state
observed in the (100) sample in a single emission act releases
two electrons and, thus, according to the negative-U charac-
ter, should have no single-electron donor state in thermal
equilibrium. This could explain why the distribution of the
interface density of state across the energy gap for the
(100)Si/SiO, system is asymmetric in the lower half of the
band gap while it is symmetric in the upper half."*"” It could
also explain why for the (111) and (110) silicon, the density
of states peaks in the lower and upper gaps have almost the
same magnitudes while for (100), they do not."* On the other
hand, it is known that under nonequilibrium conditions,
some occupancies of the single-electron state of the
negative-U defect can be observed.”’ As a result, depending
on the experimental conditions, some disturbances of equi-
librium could explain the controversy as to whether the P,
center has an energy level in the Si band gap.12

The authors would like to thank A. Stesmans for valu-
able discussions and comments. This work has been finan-
cially supported in the UK by the Engineering and Physical
Sciences Research Council (EPSRC) and in Ireland by the
Science Foundation (05/IN/1751).

'Y. Nishi, Jpn. J. Appl. Phys., Part 1 10, 52 (1971).

B H. Poindexter, P. J. Caplan, B. E. Deal, and R. R. Razouk, J. Appl.
Phys. 52, 879 (1981).

*A. Stesmans and V. V. Afanas’ev, Microelectron. Eng. 48, 113 (1999).

4A. Stirling, A. Pasquarello, J. C. Charlier, and R. Car, Phys. Rev. Lett. 85,
2773 (2000).

K. Kato, T. Yamasaki, and T. Uda, Phys. Rev. B 73, 073302 (2006).
®0One of the examples is the donor-vacancy pair. See, e.g., the following
article and references therein: A. Nylandsted Larsen, A. Mesli, K. Bonde
Nielsen, H. Kortegaard Nielsen, L. Dobaczewski, J. Adey, D. W. Palmer,
R. Jones, P. R. Briddon, and S. Oberg, Phys. Rev. Lett. 97, 106402 (2006).

’G. J. Gerardi, E. H. Poindexter, P. J. Caplan, and N. M. Johnson, Appl.
Phys. Lett. 49, 348 (1986).

1. P, Campbell and P. M. Lenahan, Appl. Phys. Lett. 80, 1945 (2002).
°A. C. Wang and C. T. Sah, J. Appl. Phys. 55, 565 (1983).

10, Dobaczewski, A. R. Peaker, and K. Bonde Nielsen, J. Appl. Phys. 96,
4689 (2004).

"See: http://www.laplacedlts.eu

2See the discussion and references given in A. Stesmans and V. V.
Afanas’ev, Appl. Phys. Lett. 78, 1451 (2001); T. D. Mishima, P. M. Lena-
han, and W. Weber, Appl. Phys. Lett. 78, 1453 (2001).

Bp K. Hurley, B. J. O’Sullivan, F. N. Cubaynes, P. A. Stolk, F. P. Widder-
shoven, and J. H. Das, J. Electrochem. Soc. 149, G194 (2002).

“E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) Phys-
ics and Technology (Wiley, New York, 1982).

15J. G. Simmons and L. S. Wei, Solid-State Electron. 16, 43 (1973).

1L, S. Wei and J. G. Simmons, Solid-State Electron. 17, 1021 (1974).

D. C. Look, Phys. Rev. B 24, 5852 (1981).

'8E. H. Poindexter and P. J. Caplan, Prog. Surf. Sci. 14, 201 (1983).

M. Schmidt, M. C. Lemme, H. Kurz, T. Witters, T. Schram, K. Cherkaoui,
A. Negara, and P. K. Hurley, Microelectron. Eng. 80, 70 (2005); B. J.
O’Sullivan, P. K. Hurley, C. Leveugle, and J. H. Das, J. Appl. Phys. 89,
3811 (2001).

L. Dobaczewski and P. Kaczor, Semicond. Sci. Technol. 6, B51 (1991).


http://dx.doi.org/10.1143/JJAP.10.52
http://dx.doi.org/10.1063/1.328771
http://dx.doi.org/10.1063/1.328771
http://dx.doi.org/10.1016/S0167-9317(99)00350-0
http://dx.doi.org/10.1103/PhysRevLett.85.2773
http://dx.doi.org/10.1103/PhysRevB.73.073302
http://dx.doi.org/10.1103/PhysRevLett.97.106402
http://dx.doi.org/10.1063/1.97611
http://dx.doi.org/10.1063/1.97611
http://dx.doi.org/10.1063/1.1461053
http://dx.doi.org/10.1063/1.333064
http://dx.doi.org/10.1063/1.1794897
http://dx.doi.org/10.1063/1.1352690
http://dx.doi.org/10.1063/1.1352691
http://dx.doi.org/10.1149/1.1447946
http://dx.doi.org/10.1016/0038-1101(73)90124-X
http://dx.doi.org/10.1016/0038-1101(74)90141-5
http://dx.doi.org/10.1103/PhysRevB.24.5852
http://dx.doi.org/10.1016/0079-6816(83)90006-0
http://dx.doi.org/10.1016/j.mee.2005.04.023
http://dx.doi.org/10.1063/1.1343897
http://dx.doi.org/10.1088/0268-1242/6/10B/010

