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ABSTRACT
High-temperature post-oxidation annealing of poly-Si/SiO2/Si structures such as metal-oxidesemiconductor capacitors and metal-oxide-semiconductor
field effect transistors is known to
result in enhanced radiation sensitivity, increased 1/f noise, and low field breakdown. We have
studied the origins of these effects from a spectroscopic standpoint using electron paramagnetic
resonance (EPR) and atomic force microscopy. One result of high temperature atmealing is the
generation of three types of paramagnetic defect centers, two of which are associated with the
oxide close to the Si/SiO2 interface (oxygen-vacancy centers) and the third with the bulk Si
substrate (oxygen-related donors). In all three cases the origin of the defects may be attributed to
out-diffusion of O from the SiO2 network into the Si substrate with associated reduction of the
oxide. We present a straightforward model for the interracial region which assumes the dt_ving
force for O out-diffusion is the chemical potential difference of the O in the two phases (SiO2 and
the Si substrate).
Experimental evidence is provided to show that enhanced hole trapping and
interface-trap and border-trap generation in irradiated high-temperature annealed Si/Si02/Si
systems are all related either directly, or indirectly, to the presence of oxygen vacancies.
INTRODUCTION
When the metal-oxide-semiconductor-field-effect-transistor
(MOSFET) was first
invented, the interface between the Si semiconductor and the SiO2 gate dielectric was so poor
that it was not possible to modulate the semiconductor channel by the gate bias [1]. This was due
to the large (1014/cm 2) interface trap densities between the Si and the SiO2 layer which made it
impossible to change the channel conductivity. Today, processing engineers are able to control
as-processed interface trap densities at the Si/SiO2 interface to levels as low as 108/cm 2. The
Si/SiO2 interface, therefore, represents one of the most pristine, technologically important, and
studied interfaces between two materials. Nonetheless, this initially pristine interface, and the
thermal SiO2 layer, can become significantly degraded if the MOSFET is subjected to ionizing
radiation or high-field stress environments. In addition, the reliability and performance of MOS
devices can be degraded by exposure to a high-temperature inert post-gate-oxidation
anneal
during device fabrication and before stress. This degradation includes enhanced hole trapping,
increased 1/f noise, low field breakdown, and radiation sensitivity [2-5]. Figure 1 illustrates how
a post-gate oxidation anneal at ll00°C in N2 affects the radiation-induced-hole
trapping
efficiency, fot, in MOS transistors. The samples indicated by the squares in Fig. 1 have received
the high temperature anneal. The samples which received the anneal are clearly more radiation
sensitive (lot = 0.49), as compared to the unannealed samples (lot = 0.06) [5].
In this investigation, we studied the atomistic origin of these deleterious effects using
electron paramagnetic resonance (EPR), infra-red (IR) spectroscopy, atomic force microscopy
(AFM), and capacitance-voltage (CV) measurements. It is shown that the primary result of the
high-temperature
inert anneal is the creation of oxygen vacancies or oxygen-vacancy related
complexes in the SiO2 layer. Furthermore, it appears that radiation-induced oxide-trap charge,
interface traps, and border traps (near-interracial oxide traps that exchange charge with the Si) are
all linked by the presence of oxygen vacancies induced by the anneal.
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Fig. 1' Radiation-induced hole
trapping efficiency as a function
of oxide thickness and processing.
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EXPERIMENTAL

DETAILS

MOS capacitors were fabricated at either the Centre National d'Etudes des Telecommunications
(CNET) or at Sandia National Laboratories (SNL). Poly-Si/SiO2/Si structures fabricated at
CNET had thermal oxides grown at 1050°C in dry 02 to a thickness of 410 nm. After poly-Si
deposition, some of the samples were annealed at 1320°C for 6 hrs in a 99%Ar/1%O2 ambient.
Unannealed reference samples underwent exactly the same production steps except for the
1320oc anneal. Further processing details can be found in Ref. [6]. A vacuum ultraviolet light
(VUV) source was used in conjunction with positive corona ions to selectively inject holes in the
oxides and apply a bias to the CNET samples. To determine the spatial location of the charge
centers sensed by CV, etchback experiments were performed on the SIO2. The etcham was a
buffered HF solution.
Poly-Si gate capacitors fabricated at Sandia had gate oxides grown to a thickness of 45
nm at 1000°C in dry 02 (SNL 1). These samples received 30 min. anneals in N2 at temperatures
ranging from 800 to 950°C following polycrystalline Si deposition and doping (for more details
please see Ref. [4]). Metal gate capacitors (SNL 2) had gate oxides grown to a thickness of 45
nm at 950°C in dry 02. Following gate oxidation these samples were either (a) not annealed, (b)
annealed at 1000°C in N2, (c) annealed at 950oc in forming gas (FG : 5%H2/95%N2), or (d)
annealed at 1000oc in N2 followed by a 950oc FG anneal. The A1 was sputtered to a thickness
of 1 _tm. All capacitor irradiations were performed at 300 K with 10-keV x rays in an ARACOR
Semiconductor X-ray lrradiator. A +10V bias on the gate was applied during the irradiations for
SNL 1 and +5V for SNL 2 samples.
Standard high-frequency
(1 MHz) capacitance-voltage
(CV) measurements
were
performed before and after all irradiations to estimate voltage shifts due to bulk-oxide-trap charge
(AVot), interface-trap charge (AVit), and border-trap charge (AVbt). Border traps are nearinterfacial oxide traps that can rapidly or slowly exchange charge with the Si substrate. Figure 2
provides an illustration of how these quantities are estimated via CV analysis. The curves shown
in Fig. 2 are for an n-type capacitor irradiated to 2 M,'ad(SiO2) with 10-keV x rays at a bias of
5V. The net voltage shifts due to oxide- and interface-trap charge were estimated by sweeping
the capacitors from accumulation to inversion and assuming that (1) AVot = AVmg between the
virgin and irradiated capacitors, and (2) AVit = A(Vfb - Vmg) stretchout, where AVmg (AVfb)
is the change in the voltage at the midgap (flatband) position on the CV curve [7]. AVbt was
estimated for these devices by measuring the midgap CV hysteresis voltage shift. For the
hysteresis measurements the capacitor was ramped from inversion to accumulation, held at +7V
for 2 min., and then ramped from accumulation to inversion. The ramp rate was approximately
0.01 V/sec. The association of oxide and slow border-trap charge with the midgap position was
taken since interface traps are approximately charge neutral at this position [8,9]. Recently,
Fleetwood et al. [10] extensively discussed the implications and differentiating features of
border,- interface-, and oxide-trap charge.
It

t'o

¢_o
_
_

.-,

,:
_,_..
\

,!

,w,

3

/

1o 1

_------_

0.0

-----4

.....

t--- -----4 ........

, .....

-4_

2 Mrad (S__

X

o

0.7

0
Fig. 2: High-frequency

0.5

CV

2 Mrad (SiO2) x-ray irradiation.
The ramp directions are indicated
curves(a)beforeand(bandc,
after
with arrows.

0.3

zav t
_

0.1

-8

_

........'

-5

-2

'

i

'
1

t
4

Voltage (V)
RESULTS AND DISCUSSION
EPR Evidence for Oxygen-Vacancies
Figure 3 shows midgap voltage shifts due to trapped-charge and EPR densi_es in the
unannealed CNET poly-Si/SiO2/Si
structures selectively injected with 1013/cm 2 holes. The
positive charge density is = 3.6 x 1012/cm 2 as determined by CV. E'8 and E'_, centers were
observed by EPR and AVmg was determined by CV analysis. The E'T center is a hole trapped at
an oxygen vacancy (O3=--Si+ oSi=O3) [6,8] and the E_i' center is a Si interstitial/oxygen vacancy
complex [6,11]. Figure 4 schematically illustrates the atomic structure inferred for both EPR
centers, they are positively charged when EPR-active [6,8,12]. It has been argued by many
investigators that these E' centers are partly responsible for the resulting space charge in radiation
effects and/or hole injection studies [6,8,13,14]. For these unannealed samples, the E'_, and E'_i
centers and the positive charge are all located near the bottom Si/SiO2 interface. (A linear
relationship between AVmg and the oxide thickness indicates that the net positive space charge is
located near the bottom Si/SiO2 interface.) However, we note that the EPR densities and space
charge densities are not equivalent within experimental error.
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Figure 5 shows midgap voltage shifts due to trapped charge and E'_5and E'3, center
densities in the CNET 1320°C annealed poly-Si/Si02/Si structures selectively injected with holes
(1013/cm2).
The trapped charge density is = 8.3 x 1012/cm 2 as determined by CV. The high
temperature anneal resulted in two dramatic effects: (1) it increased the density of trapped charge,

4
E' , and E'_5 centers and (2) all of the aforementioned quantities are now spatially located
thrYoughout the bulk of the oxide layer, not just at the bottom Si/SiO2 interface. Since the EPR
results are detecting oxygen vacancies, it can be concluded that the high temperature anneal has
increased the number of oxygen vacancies in the oxide layer, and it appears that these oxygen
vacancies are partly responsible for the enhanced hole trapping. (It should be mentioned that
there are still hole trap precursors near the interface as observed in Fig. 3; however, during the
hole injection process for the annealed samples, the buildup of an internal electric field due to the
bulk hole trapping reduces the ability to further inject holes that can transport to the bottom
Si/SiO2 interface.)
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(a) E'Tand (b) E'_i centers [6,8,11,121
Fig. 4: Inferred atomic structure of
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Excess-O in the Si Substrate
Given that the anneal has increasedthe numberof oxygen vacancies in the SiO2 layer, it
is of interest to investigate where the O has gone• IR measurements [15] clearly show the
appearance of a peak associated with O interstitials in these substrates following the 1320oc
anneal. Hence, it appears that the O leaves the SiO2 layer and enters the Si substrate.
Once in the Si substrate, the O is not electrically inactive. O-related donors are created in
the Si substrate as confirmed by the low temperature EPR measurements illustrated in Fig. 6.
Although not shown here, the g-tensors and temperature dependencies of these signals are
consistent with our assignment of these centers as O-related donors [16,17]. These measurements
show that there is a substantial increase in at least one type of O-related donor in the annealed
poly-Si/SiO2/Si
structure. These results suggest that any observed discrepancies in the carrier
concentration in high-temperature, post-oxidation annealed MOS devices may result from the
creation of O-related donors in the Si substrates.

'

_

°'

5

unannealed

(a)
r_ --_"_
/

_j._._-

........

---v- .......

_-_

-_--_ ....

-_-_

.......

g = 1.99991

Fig. 6: Low temperature (15 K)
EPR traces for the (a) unannealed
and (b) annealed poly-Si/SiO2/Si
structures. O-related donors are
created by the high temperature
anneal.

-__-'_-_'_"

annexed
g = 1.99880
I

I

3364

3366

I

3368

I

I

3370
Magnetic

3372
Field

[G]

Roughening of the Si/SiO2 Interface
Figure 7 illustrates AFM measurements on CNET samples that have either (b) received a
high-temperature inert anneal or (a) not. The AFM measurements are probing the bottom Si/SiO2
interface. (The oxide was etched off using an HF acid dip.) As illustrated in Fig. 7 (b), the
anneal has roughened the interface to some extent. The roughness is not exceedingly dramatic,
but is clearly visible. The surface roughness may arise by O out-diffusion from the oxide layer
into the Si substrate, e.g., if the out-diffusion is not uniform along the surface of the wafer. Albeit
speculative, the surface roughness may be linked to the low field breakdown typically observed
following these sorts of high temperature anneals.

(a) unannealed

(b) annealed

Fig. 7: AFM measurements of the bottom Si/SiO2 interface for the (a) unannealed and (b) hightemperature annealed CNET poly-Si/SiO2/Si structures.
Modeling the Degradation
To explain all of the aforementioned results (enhanced oxygen vacancies in the oxide and
excess-O in the underlying Si substrate), we argue [6] that the oxygen vacancies are created by O
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out-diffusion from the oxide with accompanying diffusion into the Si substrate or poly-Si gate in
the form of oxygen interstitials.
The driving force for this process is the cl_emical potential
difference of the O in the SiO2 and Si substrate.
Devine et al. [6] have shown that the resulting O vacancy concentration in the oxide due
to the high-temperature anneal can be expressed by
Nox = [O]*si(Dsi/Dox)

1/2erfc[-x/2(Doxt) 1/2],

(1)

where [O]*si is the O solubility limit in the Si at the temperature considered, DSi (Dox) is the
oxygen diffusivity in the Si (oxide), and t is the anneal time. The calculated Nox profiles
predicted by eqn. (1) are shown in Fig. 8 for various anneal temperatures. Note that the Nox
depth profiles in Fig. 8 are semi-quantitative; they should be considered as a qualitative predictor.
At the Si/SiO2 interface the activation energy for diffusion of O may be lowered because of
strain, sub-stoichiometry, etc., thereby allowing the Nox vacancy profiles to extend deeper into
the oxide.

7

................

[

_

........ +

._r._

Fig. 8: Predicted oxygen vacancy profiles
in the Sit2 via eqn. (1) as a function of
post-gate oxidation anneal temperature.
Depth = 0 corresponds to the Si/SiO2

_"
o-.

5 -_
4

_

"_

_

_,_-_

B°°°c _
o

t

___.,_q:-I-

,t

a
X

interface.

The anneal

time

was 30 rain.

z

o 2 t_
0.01

i'

$•

0.1

0

'_4
1

[][]

X
10

Depth (A)
We obtained Nox (cm "2) by integrating the profiles in Fig. 8 and converted it into a
voltage shift in Fig. 9 by assuming that all of the vacancies produced by the anneal become
positively charged following irradiation [18]. The maximum voltage shift due to oxygen
vacancies is given by: AVox = qNox/Cox, where Cox is the oxide capacitance (assuming all the
charge is trapped at, or near, the Si/SiO2 interface).
To show that the model captures the
essential features of the high temperature anneal, we compare in Fig. 9 the calculated voltage
shift, AVox, to that measured electrically, AVot, for irradiated SNL 1 capacitors annealed in N2
at differing temperatures following poly-Si deposition. Although the calculated and measured
numerical magnitudes differ, the qualitative similarity between AVox and AVot is striking. On
the numerical magnitude issue, we note that the measured AVot is for capacitors irradiated to
1Mrad (SIO2). It is unlikely that thi,{ dose is sufficient to reveal all of the annealing generated
charge traps. Furthermore, in the calculated AVox we have not distinguished those traps which
(because of their proximity to the Si/SiO2 interface) must function electrically as border traps;
this must be addressed further and requires more detailed calculations. These results all point to
the same conclusion: oxygen vacancies/or oxygen vacancy complexes in the oxide appear to be
the major source of enhanced hole trapping in high-temperature
annealed oxide structures.
However, we stress that in our studies on thermal oxide structures we [19,20] do not typically
observe total equality of the E' centers (E'y or E'_5) with the oxide-trapped charge as shown in
Figs. 3 and 5. We believe that our _results conclusively demonstrate that the dominant oxidetrapped charge arises from oxygen vacancies, but not necessarily those which form just E'y or E'_i
centers. There may be other oxygen vacancies that are not easily sensed by EPR (e.g. those with
very broad lineshapes, diamagnetic).
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Correlations Between Oxide-, Interface-, and Border-Trap Charge and Oxygen Vacancies
Having suggested that oxygen vacancies are the source of the oxide-trap charges in
irradiated MOS structures that have received a high-temperature post-gate oxidation anneal, it is
of interest to examine if the anneal has an effect on interface- and border-trap densities. Figure 10
compares the dependencies of AVot and AVit on total dose for Si/SiO2 capacitors from SNL 2
that have either received, or not received, a 1000°C post-gate oxidation anneal for 30 rain. The
annealed capacitors have larger oxide- and interface-trap charge than the unannealed capacitors
for all radiation doses explored. In fact, AVit and AVot track quite closely. Figure 11 goes a step
further and compares values of AVbt, AVot, and AVit for Si/SiO2 capacitors from SNL 2 that
have either received or not received various high-temperature post-oxidation thermal treatments.
As the oxide-trap charge component increases, or rather, as the oxygen vacancy density increases,
a concomitant increase is also observed in interface- and border-trap densities, This suggests that
the processes are highly correlated in these devices. It has been long known that hole trapping
and interface trap generation can be linked under some conditions [21-25]; however, it appears
that all three forms of degradation may share a common origin in devices which receive hightemperature post-oxidation anneals. The correlation may not be that all forms of degradation are
physically due to oxygen vacancies (however, we do not rule out this possibility), but rather that
hole trapping at the oxygen vacancy/vacancy complex is a key step in the ultimate formation of
interface traps and/or border traps in these devices.
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We schematically illustrate one example of how oxygen vacancy defects and interfacetrap precursors may be created by the high-temperature inert anneal in Fig. 12. During the high
temperature anneal, O in the SiO2 layer will out-diffuse into an interstitial site in the Si substrate.
As mentioned earlier, the driving force for this out-diffusion of O is primarily determined by the
solubility limit of the O in the Si substrate at the anneal temperature. If the O concentration in the
Si substrate is lower than the solubility limit at the anneal temperature, the O will out-diffuse
from the SiO2 into the Si. This out-diffusion leaves behind oxygen vacancies (Si-Si bonds) in
the SiO2 layer. Upon irradiation, we suggest that these Si-Si bonds in the SiO2 can be broken via
hole capturing, forming either oxide-, border-, or interface-trap charge depending on its spatial
location in the dielectric. For example, oxygen vacancies at tae Si/SiO2 interface can act as
interface traps which may appear at very short times after irradiation; whereas, those deeper into
the oxide (5 nm) serve as oxide-trap charge (E' centers). The broken Si-Si bond at the interface
will form a trivalent Si dangling bond (Pb center [oSi-Si3]) which is known to be the dominant
interface trap in the MOS system [8,26,27]• Most investigators argue that the Pb precursor is the
Si-H bond [27-29]. However, oltr results suggest that following the high temperature anneal, the
short-time interface-trap precursor could also be a strained Si-Si defect site.
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Si-H bonds. We argue that there are simply more of them as compared to the unannealed case to
explain the large increase observed following radiation. At first thought, it is somewhat puzzling
how a high-temperature anneal in an inert ambient can increase the number of Si-H bonds at the
interfacial region. However, we suggest that enhanced Si-H linkages may result via introduction
of H (either by further processing steps or by the irradiation environment) following the hightemperature anneal. Following the work of Devine et al. [301, we suggest that the H will tend to
disassociate
weak Si-Si bonds (-Si-Si-- + H2 -.---4-Si-H
+ H-Si-) created by the hightemperature anneal. Consistent with this argument, it is believed that H does indeed sensitize
weak Si-Si bonds in Si-rich SIMOX materials [30].
Impact on Ultra-Thin Dielectrics
The results of this study will have dramatic impact on MOS devices using ultra-thin (3-5
nm) SiO2 dielectrics. For example, Fig. 8 shows that an anneal at 1000°C in N2 for 30 min. will
create very large concentrations (> 5 x 1020/cm 3) of oxygen vacancies between the interface and
1 nm into the oxide. If the oxide is only 3 nm thick, and if a poly-Si gate is used, then two thirds
of the oxide will be grossly oxygen deficient. The oxide layer will be better described as SiOx (0
< x < 2) rather than SiO2. Needless to say, this may have serious reliability consequences.
CONCLUSIONS
In summary, we have combined EPR, CV, and diffusion modeling to show that inert
atmosphere high-temperature annealing results in the generation of oxygen-vacancy-related
defects in the Si/SiO2 structure which can serve as hole traps in the SiO2, and O interstitials and
O-related donors in the Si substrate. The model conclusion that these defects extend from the
interface into the bulk of the oxide suggests that they should influence not only the density of
bulk, fixed oxide traps, but also the border- and interface-trap densities. This is confirmed
experimentally by the observation of a correlated increase in all three types of defects after hightemperature inert annealing. The correlation with interface trap charge and oxygen vacancies
leads us to suggest that strained interracial Si-Si bonds may be interface trap precursors following
the high temperature anneal. Last, it appears that the deleterious effects of the high temperature
inert anneal will be significantly more dramatic in ultra-thin SiO2 dielectrics. For this case, most
of the oxide will be sub-stoichiometric following the anneal.
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