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a b s t r a c t

A sub-bandgap optical subthreshold current spectroscopy (OSCS) is proposed for extracting the energy
distribution of interface trap density (Dit) in nitride-based charge trap flash (CTF) memory devices. It is
based on the optical response of the subthreshold slope under sub-bandgap photonic excitation. By using
the OSCS technique, we comparatively investigated the dominant energy range of the program/erase (P/
E) cycling-induced Dit and observed that it is shallow in NROM-type operation and deep in NAND-type
operation. Because no electrical pulse is required during extraction and the current is measured not from
the substrate contact but from the drain contact, the OSCS technique is expected to be more useful for
emerging nano-scale devices in comparison with the conventional charge pumping technique.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nitride-based charge-trap flash (CTF) memories have been
recognized as one of promising next generation electrically eras-
able programmable read-only memories (EEPROMs). They have
many advantages of simple fabrication process, small bit size,
low voltage operation, multi-bit operation, suppressed drain-
induced turn-on, and compatibility with scaled complementary
metal–oxide-semiconductor (CMOS) technology [1,2]. However,
the retention characteristic of CTF memories after program/erase
(P/E) cycling is a crucial issue to improve through comprehensive
characterization and practical modeling of relevant physical mech-
anisms. A large number of P/E cycling is well known to inevitably
degrade the tunnel oxide, and the stress-induced leakage current
(SILC) is known to result from increased interface traps and oxide
traps. They cause critical reliability issues on the endurance,
long-term retention, and disturbance of memory cells [3]. Further-
more, the energy distribution of traps in the tunnel oxide/Si sub-
strate interface (Nit [cm�2]) and traps in the bulk tunnel oxide
(NOT [cm�3]) is closely related to the degradation mechanism in-
duced during the P/E cycling in CTF memories. Therefore, accurate
and efficient extraction of the distribution of energy-dependent
interface traps (Dit [cm�2 eV�1]) becomes significantly important
as the thickness of the tunnel oxide is scaled down. This is because

the charge loss is influenced by the trap-assisted tunneling as well
as by the thermal emission or the Poole–Frenkel emission [4] as
schematically shown in Fig. 1.

In conventional metal–oxide-semiconductor field-effect tran-
sistors (MOSFETs), the electrical charge pumping (CP) technique
is most known to be useful for extracting NOT, Nit, Dit, and the cap-
ture cross-section of interface traps [5–7]. However, it is hard to
single out the pure charge pumping current (ICP) in nano-scale
MOSFETs with an ultra-thin gate oxide due to the incorporation
of a large gate tunneling current into the pure ICP [8,9].

Moreover, in order to make the quantity of pure ICP component
in nano-scale MOSFETs measurable, a high frequency pulse has
been often applied by using an external pulse generator. Then, the
ICP under the measurement setup of a high frequency pulse can be
greatly distorted by parasitic capacitances and resistances of metal
pads, probe lines, and interconnect lines. Furthermore, an over-
shoot of the high frequency pulse caused by parasitic capacitances
may increase the gate tunneling current during the conventional CP
characterization. In addition, the conventional CP technique is hard
to apply to nano-scale devices implemented on silicon-on-insulator
(SOI) substrates [10,11], which is because the ICP is measured via the
substrate contact. It means that the electrical CP technique is not
appropriate for emerging nano-scale devices, such as CTF memo-
ries, in that they should be characterized and optimized under var-
ious P/E stress conditions and innovative structures.

In this work, the optical subthreshold current spectroscopy is
proposed as a simple and fast technique for extracting Dit in
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nitride-based CTF memory devices. It is based on the optical
response of the subthreshold current under photon excitation with
the photon energy (Eph) smaller than Si bandgap energy (Eg,-

Si = 1.1 eV). In addition, the proposed technique is applied to the
comparative characterization of P/E cycling-induced Dit in NAND-
type and NROM-type operated CTF memories. We expect that this
technique is applicable to emerging nano-scale devices because
there is no electrical pulse applied during the characterization
and the current is measured directly from the drain contact, not
from the substrate contact as is the case in the conventional CP
technique.

2. Model of the sub-bandgap optical subthreshold current
spectroscopy

In the proposed optical subthreshold current spectroscopy
(OSCS) for extracting Dit, an optical source with a sub-bandgap
photon energy (Eph = 0.95 eV < Eg,Si = 1.1 eV) is employed in order
to optically pump trapped electrons only from Nits to the Si con-
duction band (E P EC) [12,13] while excluding the band-to-band
electron–hole pair (EHP) generation in the Si substrate. Optical
source can be changed to be smaller than the energy bandgap of
the interfacial layers to be probed. An equivalent capacitance mod-
el under optical illumination is shown in Fig. 2 with Cono as the
equivalent capacitance of the top oxide/nitride/tunnel oxide (O/
N/O) layers. Cd and Cinv as the depletion capacitance and the inver-
sion layer capacitance, respectively. The Cit,dark and Cit,photo are the
capacitance due to the interface charge modulation under dark
and under optical illumination, respectively. Therefore, the Cit,photo

is originated from the photo-excited carriers in the photo-respon-
sive energy range of Dit and activated only under optical
illumination.

Schematic energy band diagrams of the CTF memory cell tran-
sistor under a sub-bandgap optical illumination are shown in
Fig. 3. The photo-responsive energy range of the interface traps
(DE) is modulated by both the surface potential (ws) through the
gate–source voltage (VGS = VFB + wONO + ws) and the photon energy
(Eph). As shown in Figs. 3a and b, the photo-responsive range of
Eit (interface trap energy level) is distributed as follows: (EC � Eph) <
Eit < EFi at a midgap condition (VGS = Vmidgap) and (EC � Eph) < Eit <
(EFi + q/f ) at a threshold condition (VGS = VT). Here, EFi and /f are
the intrinsic Fermi-energy level (midgap) and the substrate doping
(NA)-dependent Fermi potential (=kT/q � ln(NA/ni)), respectively.

The subthreshold drain current (ID) biased at VGS < VT and the
drain–source voltage (VDS) can be written as [14,15]

ID ¼ IDo exp
VGS � VT

gVth

� �
1� exp �VDS

Vth

� �� �
; ð1Þ

where the Vth(=kT/q) is the thermal voltage and the g is the ideality
factor. Then, IDo can be described by

IDo ¼ leff Cono
W
L

� �
g� 1ð ÞV2

th ¼ leff Cono
W
L

� �
Cd þ Cit

Cono

� �
V2

th

ffi leff Cd
W
L

� �
V2

th; ð2Þ

g ¼ 1þ Cd

Cono
þ Cit

Cono
; ð3Þ

where the leff is the effective channel carrier mobility and the W/L
is the channel width-to-length ratio of the nitride-based CTF
memory cell transistor. We also note that the depletion capacitance
per unit area Cd (=esi/Xd with a depletion layer thickness; Xd ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2eSiwS=qNA

p
) depends on VGS through the surface potential ws at

the Si/SiO2 interface. The drain current without optical illumination
(ID,dark) can be re-described as

ID;dark ¼ IDo;dark � exp
VGS � VT;dark

gdarkVth

� �
for VDS > 3Vth; ð4Þ

where gdark is the ideality factor under dark condition. As a coupling
factor of VGS to the modulation of the channel conductivity, the
ideality factor is written as

gdarkðVGSÞ ¼ 1þ CdðVGSÞ
Cono

þ Cit;darkðVGSÞ
Cono

: ð5Þ

Due to excess carriers generated by sub-bandgap photons
through traps and interface states over the bandgap, the drain
current (ID,photo) under sub-bandgap photonic excitation can be
modified into

ID;photoðVGSÞ ¼ IDo;photo � exp
VGS � VT;photoðVGSÞ
gphotoðVGSÞ � Vth

" #
for VDS > 3Vth;

ð6Þ
with the modified ideality factor (gphoto)

gphotoðVGSÞ ¼ 1þ CdðVGSÞ
Cono

þ Cit;darkðVGSÞ
Cono

þ Cit;photoðVGSÞ
Cono

; ð7Þ

where VT,photo = VT � DVT and DVT is the change of VT due to the
photovoltaic effect.

The VGS-dependent (i.e., ws-dependent) ideality factors (gphoto

and gdark) can be obtained from the subthreshold slope in the lo-
g(ID) � VGS curve in the subthreshold region and the gphoto has the
information on the trap generated additional capacitance Cit,photo

under sub-bandgap photonic excitation. Here, all of Cd, Cit,dark and
Cit,photo depend on VGS through ws. Because there is no band-to-
band EHP generation in the substrate under sub-bandgap photonic
excitation, it can be assumed that there is no change in Cd due to
sub-bandgap photon. However, only Cit,photo depends on the

Fig. 2. Equivalent capacitive circuit model for CTF memory devices. The Cit,photo is
the capacitance component originated from the photo-excited carriers in the photo-
responsive energy range of Dit only under optical illumination.

Fig. 1. Charge loss mechanisms in nitride-based CTF memories.
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