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Oxide-trap-enhanced Coulomb energy in a metal-oxide-semiconductor system
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Coulomb energy is essential to the charging of a nanometer-scale trap in the oxide of a metal-oxide-
semiconductor system. Traditionally the Coulomb energy calculation was performed on the basis of an inter-
facelike trap. In this paper, we present experimental evidence from a 1.7-nm oxide: Substantial enhancements
in Coulomb energy due to the existence of a deeper trap in the oxide. Other corroborating evidence is achieved
on a multiphonon theory, which can adequately elucidate the measured capture and emission kinetics. The
corresponding configuration coordinate diagrams are established. We further elaborate on the clarification of
the Coulomb energy and differentiate it from that in memories containing nanocrystals or quantum dots in the

oxide. Some critical issues encountered in the work are addressed as well.
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I. INTRODUCTION

In a metal-oxide-semiconductor (MOS) system, a Cou-
lomb barrier arises during the charging of a nanometer-scale
trap in the oxide. Thus, a critical energy to overcome the
barrier, namely, Coulomb energy, plays a vital role in the
capture kinetics.!? Traditionally the Coulomb energy was
calculated on the basis of an interfacelike trap. This treat-
ment essentially remains valid if the oxide used is much
thicker. However, with the currently aggressive downscaling
of the oxide thickness, the oxide trap is likely situated deeper
into the oxide from the SiO,/Si interface and therefore, the
Coulomb energy is expected to be affected due to enhanced
image charge. However, little work has been done in this
direction since the introduction of the Coulomb energy
concept.’> On the other hand, it is noteworthy that the defi-
nition of the Coulomb energy in the case of the oxide trap'~
is significantly different from that in memories containing
nanocrystals or quantum dots in the oxide.>® However, such
a confusing issue has not yet been clarified.

In this paper, we exhibit experimental evidence for the
Coulomb energy enhancement in the presence of a deeper
oxide trap. The other corroborating evidence is achieved
based on a multiphonon theory with the configuration coor-
dinate diagrams taken into account. We further elaborate on
the clarification of the Coulomb energy in a MOS system
containing a nanometer-scale trap in the oxide and differen-
tiate it from that in a MOS memory containing a nanocrystal
or dot in the oxide, followed by a concrete discussion on the
critical issues encountered in the work.

II. EXPERIMENT

The n-channel metal-oxide-semiconductor field-effect
transistors (MOSFETs) with varying channel lengths and
widths (60 nm to 600 nm) were fabricated in a state-of-the-
art manufacturing process. The key process parameters as
obtained by capacitance-voltage (C—V) fitting were n* poly-
silicon doping concentration =1.3 X 10%° cm™, gate oxide
thickness=1.7 nm, and channel doping concentration
=8 X 10'7 cm™. To detect a potential oxide trap with fluctu-
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ating occupancy, the random telegraph signals (RTS) mea-
surement is a good means.">’" The RTS measurement-
equipment and method used were the same as that described
elsewhere.!® The operating conditions at room temperature
were Vp=10 mV and with Vg ranging from 0.2 to 0.4 V. The
purpose of the low voltage operation is twofold: (i) it can
ensure no extra trap created during the long-term RTS mea-
surement; and (ii) the devices under study can readily reduce
to a near-equilibrium one-dimensional(1D)MOS system. We
conducted extensive RTS measurement across the whole wa-
fer and found that as expected, the occurrence probability of
RTS events in underlying devices is extremely low. For those
devices identified with RTS, it was found that (i) the same
abrupt transitions between two distinct states in drain current
also simultaneously occur in source current; and (ii) no such
noticeable changes can be observed in gate or bulk current,
opposed to the recent literature!! with a smaller oxide thick-
ness (~1.3 nm). Therefore, the RTS events encountered in
our work are due to the transfer of a single electron between
a certain process-induced defect in the oxide and the under-
lying conductive channel layer. The capture time associated
with the upper level of RTS current and the emission time
associated with the lower current level both were exponen-
tially distributed. The mean of the capture time distribution,
designated 7., divided by the mean of the emission time dis-
tribution 7, is given in Fig. 1 against gate voltage for two
devices labeled Traps A and B. The inset of Fig. 1 shows the
corresponding time evolutions of RTS drain current at a cer-
tain gate voltage. Figure 1 reveals that while initially the
7./ T, ratio is comparable between Traps A and B, with gate
voltage increasing further, the Trap B’s 7./7, drops with a
faster rate than Trap A.

III. ANALYSIS AND PHYSICAL INTERPRETATIONS

The size of the trap under study must be significantly less
than the oxide thickness used (1.7 nm) since no noticeable
change in the gate current was observed. Hence, the trap
responsible for the measured RTS in drain current is a
nanometer-scale trap. To explore the measured 7./7,, it is
necessary to know in advance the amount of the image or

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.235417

M.-P. LU AND M.-J. CHEN

L3 L] T T L3 L3 L]
O Exp.Trap A
5 & Exp.TrapB 0.288
10°F E -E=83eV,z=0mm z 0.264 1
-=-E_-E=32eV,z=07nm 2 gog2
_o
_____ 0.280
1L 10 26 30
o 10 T 3
[ ime (s} 3
- p
(o]
IS 0.396 e
10°F o
. 0392 3
< 3
i 3
_o 0.388]
107 O % 3 o
Time (s) E
L L N 1 L L s 1 ~
015 020 025 030 035 040 045

Ve (V)

FIG. 1. Measured mean capture time to mean emission time
ratio versus gate voltage for two devices labeled Traps A and B. The
inset shows the time records of RTS drain current at a fixed gate
voltage of 0.3 V. The fitting lines from Eq. (2) are also shown.

induced charge on the gate as a single electron is inserted
into the oxide trap. First of all, it is well recognized that once
a single electron is inserted into the oxide, the Debye screen-
ing length of a single electron (~70 nm) (Refs. 4 and 6)
develops laterally around a negatively charged nanometer-
scale trap in the oxide. Here, the Debye screening length is
the effective size of the “cloud” of the induced charges on
the electrodes. Thus, only within the Debye screening length
can the plate capacitor approximation readily apply, leading
to a capacitive coupling equivalent circuit as shown in Fig. 2.
The capacitance model accounts for the effect of the trap
depth and the charge sharing between gate, inversion layer,
and silicon depletion region. Owing to the insertion of one
electron into a depth zy from the SiO,/Si interface, the gate
oxide capacitance per unit area C,, associated with the oxide
thickness #,, can be separated into two distinct components:
the trap to anode (near the gate) capacitance per unit area
Co=Coxtox/ (tox—2z1) and the trap to cathode (near the chan-
nel) capacitance per unit area C.=C,,Z./zr. The other ca-
pacitances such as the inversion-layer capacitance per unit
area C,,, and the silicon depletion capacitance per unit area
Caep can be quantified using a self-consistent Schrddinger-
Poisson equations solver with the process parameters men-
tioned above as input. Figure 3 shows the simulated results
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FIG. 2. Capacitive coupling equivalent circuit, accounting for
the effect of the trap depth and the charge sharing between gate,
inversion layer, and silicon depletion region.
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FIG. 3. Simulated results of the key capacitance components
versus gate voltage.

of the key capacitance components versus gate voltage. The
proposed capacitance model exactly reduces to that by
Schulz! for the case of zp=0. Indeed, the calculated results
on a 17-nm oxide are consistent with those in the literature.’

While a single electron is inserted into the trap, the po-
tential change AV in the trap reads as AV=g/(Apg X Ce)
where Appg is the effective Debye screening area and Cyg, the
equivalent capacitance per unit area seen from the trap to the
ground, can be derived from the model. Then the image
charge (positive) Qg developed on the gate electrode can be
expressed as Qg=AV X (Apg X C,). Combining both equa-
tions while eliminating the common factor (i.e., Debye
screening area), one achieves Qg(=gC,y/ Cef)

ir X (Cinv + Cdep) + Coxtox
toxcox + tox(Cinv + Cdep)

Og=q X (1)
The calculated gate image charge as depicted in Fig. 4 re-
mains constant until a 2DEG (2D electron gas) layer criti-
cally appears (at V;=0.1 V), and then due to increasing
screening by the inversion-layer charge, the gate image
charge decreases with increasing gate voltage. Specifically,
the figure reveals that an increase in the trap depth can sub-
stantially increase the gate image charge. In the presence of a
2DEG layer, the source and drain are electrically tied to-
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FIG. 4. Calculated gate image charge and Coulomb energy ver-
sus gate voltage for two trap depths in the oxide.
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FIG. 5. Comparison of the measured and calculated capture time
constants and emission time constants versus gate voltage.

gether and thereby the Coulomb energy can readily be writ-
ten as AE~ Q;V.!”? The calculated Coulomb energy is to-
gether plotted in Fig. 4, showing that the Coulomb energy
associated with the interface trap increases with gate voltage
until encountering a certain peak. However, such a peak
point disappears in the case of nonzero trap depth and the
Coulomb energy instead piles up over the conventional
value.

According to the principle of detailed balance with the
Coulomb energy included, the 7./, ratio can read as'

r
T _ J(Er-Ep+AEVkgT )
Te

In Eq. (2), the trap level E; relative to the quasi-Fermi
level Er is a function of gate voltage and can readily be
quantified using the Schrodinger-Poisson solver. The best
fitting results achieved using Eq. (2), with z;=0.7 nm
and Eqgx—Er=32¢eV for Trap A and zy=0nm and
Eox—Er=3.3 eV for Trap B, are shown in Fig. 1. Here Eqx
denotes the oxide conduction band edge. Evidently, the fit-
ting quality is fairly good. The extracted Eqx—Et values are
close to the SiO,/Si interface barrier height, as expected due
to the low voltage operation. It is hence argued that an inter-
face trap exists in the Trap B device while a 0.7-nm deep trap
in the oxide prevails in Trap A. In other words, the conven-
tional Coulomb energy appears to work well for the Trap B
device but leads to poor quality in fitting the Trap A data.
Such a remarkable difference in 7./ 7, between Traps A and B
can therefore serve as experimental evidence of the Coulomb
energy enhancement.

Other corroborating evidence can be obtained through the
fitting of the measured mean capture time versus gate voltage
as shown in Fig. 5. Since the capture kinetics involve the
thermal activation process at room temperature of operation,
a multiphonon emission theory was utilized to calculate the
capture time

— O,Vth_.e—AE/kBT (3)
Tc Zgm

where vy, is the carrier thermal velocity (=1.23X 10° m/s),
ng is the inversion-layer electron density per unit area, and
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FIG. 6. Schematic configuration coordinate diagrams used for a
phenomenological description of the capture and emission kinetics
encountered in Traps A and B. The corresponding energy band dia-
grams in flatband conditions are also given, schematically showing
the trap depth and its energetic level in the oxide.

Zqm 18 the average thickness of the inversion layer. o is the
multiphonon capture cross section and can be written as

o= a'oe_EB/ (kpxT), (4)

The prefactor oy involves the interaction between the trap
state and free electron wave function.Ep is the thermal acti-
vation barrier height and according to multiphonon emission
theory the thermal activation barrier height at high tempera-
ture (kgT>%w/2) can reduce to'>!3
2
Ey= (Ey— E;— Shw) , 5)
45hw

where E is the energy level of the lowest subband for
unprimed valley and S7iw is the lattice relaxation energy (S is
the Huang-Rhys factor). Fitting the 7, data in Fig. 5 to Eq.
(3) yielded the lattice relaxation energy Siw of 1.2 and 0.025
eV for Traps A and B, respectively; and o of 2.03X 10723
and 3.66X 10722 m? for Traps A and B, respectively. The
fitting quality is again good and the same parameters readily
reproduced the 7, data as depicted in Fig. 5. Specifically, the
extracted g values are physically reasonable from the view-
point of the penetration of the wave function into the oxide:
the capture cross section decreases with increasing trap depth
from the SiO,/Si interface. The extracted values of the lat-
tice relaxation energy also correctly reflect the status of the
trap: A deeper trap (i.e., Trap A in our work) is accompanied
with a higher lattice relaxation energy.'*!> Using the above
extracted results, we constructed a configuration coordinate
diagram of the underlying electron-lattice system as sche-
matically shown in Fig. 6 for both devices. Also plotted in
Fig. 6 are the MOS energy band diagrams (removing the
polysilicon part) in the flatband case, showing the spatial
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distance and energetic level of the trap. The calculation re-
sults show that the thermal activation barrier Ey of Trap A is
substantially smaller than Trap B, as is clearly indicated in
Fig. 6.

IV. FURTHER CONSIDERATIONS
A. On the definition of Coulomb energy in trap case

Good reproduction of the measured time constants over
gate voltage range, such as those in Figs. 1 and 5, is essential
and crucial in the areas of MOSFET RTS. This means that
the Coulomb energy involved must quantitatively follow that
in Fig. 4. The corresponding Coulomb energy lies between
120 and 280 meV, comparable with that (250 meV) in the
similar RTS measurements by Schulz.!

As a single electron is inserted into the oxide trap, the
total energy of the MOS system will change. The change in
energy of the system can be divided into two parts: one is the
storage energy and the other is the work done by the voltage
source. The change in the storage energy term is

q2

AEg=— 1 ———
2 X Apg X Ceupp

(6)
AEg was calculated to have a value of around 1 meV for the
Debye screening length of 70 nm, which is negligibly small
in magnitude. This means that the Coulomb energy in terms
of the work (=QgV;) done by an external voltage source
dominates. Therefore, the definition of AE~=~QgVg as
adopted in the areas of MOSFET RTS'? is valid.

B. On the nanocrystals case

There are several fundamental differences between a
MOS system with a nanometer-scale trap in the oxide and a
MOS system with a nanocrystal or dot in the oxide. First, the
self-capacitance of a nanocrystal dot in the oxide can be well
linked to the actual dot diameter (this promises applications
as a nanoscale floating gate) whereas from the MOS electro-
statics point of view, it is the Debye screening length pre-
vailing in the trap case. Second, in our RTS measurement the
gate voltage was fixed such as to ensure a quasiequilibrium
MOS system; and different gate voltages under such quasi-
equilibrium conditions produced different RTS data. How-
ever, during typical Coulomb blockade experiments on nano-
crystalline memories, the gate voltage must continuously
change in order to produce a series of Coulomb blockade
events. Third, once captured, the electrons essentially remain
in the dots (unless a potential leakage is present or the reten-
tion time is exceeded); however, this is not the case for the
oxide trap, as evidenced by the fluctuating occupancy.

The experimentally determined Coulomb energy in the
nanocrystalline dots memories®*® ranged from 46 to 168
meV. However, the definition of the Coulomb energy is sig-
nificantly different from that in Refs. 1 and 2. Instead, an
alternative treatment on the basis of the Coulomb blockade
theory was widely adopted in the areas of nanocrystalline
dots memories. For example, the product of the gate voltage
shift between two subsequent Coulomb blockade events and
the gate-to-dot coupling coefficient can be directly connected
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to the critical energy required to overcome the barrier due to
the single electron storage energy and the quantum confine-
ment induced energy separation. The single electron storage
energy is defined as the Coulomb energy AE=~g?/2C,,
where Cy,, is the self-capacitance of the dot. Obviously, dif-
ferent situations encountered can lead to different definitions
on the Coulomb energy.

V. CRITICAL ISSUES
A. Screening length

Due to the usage of a heavily doped n* polysilicon gate,
one may consider the Thomas-Fermi screening length in-
stead as employed in the metal case. However, a self-
consistent Schrodinger-Poisson solving over the range of
gate voltage under study reveals a band bending across a
polydepletion region near the oxide. The corresponding elec-
tron density at the interface is found to be about one order of
magnitude less than the immobile positively charged impu-
rity concentration. Hence, in the presence of the poly-
depletion in our work, the Debye-Hueckel screening length
considerably applies, which should be much larger than the
Thomas-Fermi screening length (of the order of 1 nm) in the
metal gate case. To further support this argument, from the
measured RTS relative amplitude at Vg=0.2 V, we estimate
the amount of the affected area to be at least 28 and 35 nm
across the charged trap for zy=0.7 nm and zy=0 nm, respec-
tively. Thus, the cited 70 nm for the Debye screening length
remains reasonable. Even the replacement with a lower value
of 28 or 35 nm causes little error.

B. Silicon depletion charge

The Coulomb energy also includes the contribution by the
charge induced at the edge of the semiconductor depletion
region. The corresponding amount of energy is the product
of the induced charge at the edge of the semiconductor
depletion region times the difference (~0.07 eV) between
Fermi level and valence band edge at the bulk part of the
substrate. The depletion image charge at Vg=0.2 V is found
to be 0.1e and 0.07¢, respectively, for zy=0 and 0.7 nm, and
each decreases with increasing gate voltage. As a result, the
Coulomb energy due to the depletion image charge becomes
of the order of a few milli-electron-volts and drops with in-
creasing gate voltage. Obviously, the role of the charge in-
duced at the edge of the semiconductor depletion region is so
insignificant that the depletion image charge can be ne-
glected in the present work.

C. Electron tunneling

First of all, a deeper oxide trap may not always dictate a
longer time. According to the configuration coordinate dia-
grams that describe the electron-lattice coupling, our data
point to the opposite case: A deeper oxide trap produces a
smaller time constant. This is reasonable since all the ex-
tracted parameters can find their physical origins as detailed
above. If the electron tunneling were involved only, then the
capture time would be the sum of the tunneling time from the
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channel conduction band edge to certain oxide depth zy plus
the subsequent multiphonon emission time such as to lower
the energy of the tunneling electrons to the same level as the
trap. One can estimate the tunneling time of around 10~ sec
across zp of 0.7 nm (Ref. 16) and can reasonably hypothesize
that the multiphonon emission time is a spontaneous event
(as can be easily understood from the configuration coordi-
nate diagrams in Fig. 6; the hypothesis also works well for
the areas of the trap assisted tunneling), leading to a capture
time of the order of 10~ sec. Obviously, the possibility of
the electron tunneling must in principle be removed since the
measured capture times fall within 0.5 to 6 sec. On the other
hand, once trapped the electrons may instantly tunnel to the
gate electrode, contributing to the gate current. In other
words, under such situations, no RTS in drain or gate current
can be detected due to the extremely slow detection process
in measurement setup. Moreover, in our work the gate cur-
rent was found to be several orders of magnitude less than
the drain current, indicating the absence of the electron tun-
neling in determining the experimental RTS drain current.
Note that the high and low levels of RTS current represent
the different stable states as denoted the free and bound state
in the configuration coordinate diagrams in Fig. 6. The de-
tailed balance essentially applies only to two such states,
rather than the abrupt transitions between the two. The cap-
ture and emission time constants represent the critical times
required to overcome the barrier height and reach the cross-
ing point, then instantly entering into the other stable state.
Eventually, the measured discrete switching RTS drain
current indicates that the transit time between the high and
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low levels is substantially less than the integration time in
measurement setup.'? In other words, the abrupt transition
between two stable states represents a spontaneous event
with respect to the measurement setup. Hence, the corre-
sponding transient displacement current through the gate
electrode may escape detection. This explains why we saw
only a flat gate current level (with typical thermal or shot
fluctuations around it) over the whole observation time.

VI. CONCLUSION

We have presented experimental evidence concerning the
Coulomb energy enhancement in a MOS system with a
nanometer-scale oxide trap. Other corroborating evidence
based on a multiphonon theory has elucidated the measured
capture and emission kinetics. The corresponding configura-
tion coordinate diagrams have been established. We have fur-
ther elaborated on the clarification of the Coulomb energy
and have differentiated it from that in memories containing
nanocrystals as a floating gate. Some critical issues encoun-
tered in the work have been addressed as well.
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