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Optical characterization method for extracting the energy level of both Si/SiO; interface (D,) and nitride trap
wa) I nitride-based Charge Trapped Flash memories is proposed. As the first method, the D, is successfully
om the optical response of a subthreshold current, without both an electrical stress and substrate current
iigfient. As the second method, the D, is successfully extracted from the optical response of a capacitance-voltage
, without both a temperature-dependence and time-dependence measurement. Proposed method is generally

610 the extraction of both shallow and deep traps in the nitride layer by controlling the wavelength of the optical

ction well known that a large number of P/E cycles are inevitably
sed Charge Trapped Flash (CTF) memories have forced the tunnel oxide to be degraded and the stress-induced
ated much attention as a promising next generation leakage current (SILC) results from increased interface traps
ubstituting  conventional floating  gate  Flash and oxide traps. It causes many reliability issues on the
endurance, long-term retention, and disturb. In addition, the
concerning the reliability, the degradation of both charge loss in nitride-based CTF memories is dominantly
¢ (P/E) efficiency and retention caused by a large influenced by the energy level of charge trap density in the
/E cycles is a challenging issue to improve. It is nitride composing O/N/O (oxide/nitride/oxide) layers.
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In this work, the optical method for extracting the energy
level distribution of both the interface trap density (0D,) and
nitride trap density (D,pu) in nitride-based CTF memories is

proposed.

2. Model for extracting the energy level distribution
of Si/Si0, Interface trap density (D;)

In as much as a subthreshold slope in the current-voliage
(1-1) characteristic of MOSFET contains the information on the
capacitance induced by the interface states, the difference
between the subthreshold slope under sub-bandgap (£, Ey 5/
optical illumination and that without optical illumination
indicates the capacitance induced only by the interface traps
corresponding the energy range of excited by the energy of £,
while suppressing the direct band-to-band carrier generation as
described in Fig. 1 (a). An equivalent capacitance model
including the photo-generated interface capacitance (Cy; ppo) 18

illustrated in Fig. 1 (b).
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Fig. I. (a) The energy band diagram of CTF memory under the
optical illumination, (b) its equivalent capacitive circuit model.
The Cousr Cpu Cons Crvdarks Cutphate 15 the equivalent capacitance
of O/N/O layer, the depletion capacitance, the inversion channel
capacitance, the trap-induced capacitance under dark condition,
and the capacitance induced by the charge trapped in interface
state excited by the optical illumination, respectively.

The subthreshold drain current (/p) of MOSFETs can be

written as [1]
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where « is ‘dark’ or ‘photo’ (without or with an optical
illumination). The ¥, is the thermal voltage (k77g), and the 5 is
the ideality factor, i.e., a coupling factor of the V; to the
modulation of the channel conductivity. The subthreshold

saturation current (/) can be obtained from

(W (i i Wy .
Iy, = *‘.-J.I(""[I}(C_J]l"hl = C [T]p'" . (2)

where the p.y is the effective channel carrier mobility. The W
and L are the channel width and length of CTF memory,

respectively. Then, both np.. and 7pp,, can be written as [1]
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The Hppao has a trap-generated additional capacitance C,, ppom

under a sub-bandgap photonic excitation. We note that all of €,
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C, and C, purs depend on the J; through the surface poteal
¢,. However, C, pup is only dependent upon the p
generated carriers in the photo-responsive cnergy, whi
modulated by the }7;, as shown in Fig. 1 (a).
We assumed that /() is a strong function of thell

through the surface potential, however, it is independen
optical excitation (/gdark = Ipopmora). Therefore, we use l
characteristics in an erased state rather than programmed
In a programmed state, the trapped charge in the nitride!
can be excited into the conduction band and tunneled out,
means that our assumption of [y ark = Ipo,phoro 15 nOL valid.
Consequently, the C,, yja can be obtained from the diffe
between two ideality factors as follows: :
Cyr photo = Coons Mona = Mt}

and eventually, the D, can be extracted from
A(":r,phmo = Cdfm(A ?],uimm -A ']dark)
q q

D, =

3. Model for extracting the energy level distrib
of nitride trap density (D nirride)
When the fully programmed CTF memory at the ﬂa&
condition is under an optical illumination (£, = 2.3
trapped charges over the energy range E,-1.28eV < E £
the nitride layer are excited to the conduction band:
tunneled out through the tunnel oxide, due to the condi
energy band discontinuity (AE. = 1.05 eV) between the '
and tunnel oxide. The band diagram is shown in Fig
However, the photon energy also can induce the band-to-
electron-hole generation, because the £, is larger tha
1.12 eV. Therefore, this secondary effect should be elimi
in order to extract an accurate level of the nitride trap dens
When the V/; is swept from Vi to more negative val
energy band bending is occurred, as shown in Fig. 2 (b)
way, charges trapped in deeper energy level as much
(1.28eV+E, ) < E, < E¢ can be excited. The E .y
available energy range by F-N tunneling at given ¥ and
larger with more negatively swept Vg, which consequen
allows the extraction of D, in deeper energy level.
From the series capacitance model as illustrated in Fig,
and (b). the capacitances in P/E state, and with and/or wi

optical illumination can be summarized as following equat
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where Cyggurs and Crgop (Cppuark and Cpp ) are med

capacitances of the erased (programmed) CTF memory wi



_wilh the optical illumination, respectively. Here. the

e €N be assumed to be same with Cyyige.re beCause
s no optical response of trapped charge at nitride layer in
rased state. From both the subtraction of Eq. (7) from (9)
hat of Eq. (8) from (10).
: to-band gencration, as shown in Eq.(11) and (12).
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The energy band diagram of fully programmed CTF
under optical illumination (£,,=2.33 eV). (a) Flat band
on, (b) band bending caused by more negative V.
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| Equivalent capacitance model of CTF memory (a)
and (b) with an optical illumination. The C,rue has
et value each other between programmed and crased

fnserting the calculated Coupge s (=Cotride tops). Which is
med from reasonable value in series capacitance model of
IO layer, the ACirde is obtained from the following:

‘ AC, e = Cpulndu,l’ﬂup: = C e PR (13)
¢ AC,mize> alSO, can be calculated using the chain-rule in
), and the D can be extracted by using the

nship hetween ¢, and Vg, as shown in Eq. (15) [2].
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werimental Results and Discussion
ary of experimental setups is shown in Table |
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Dy Diutide
Size 0.22x0 24 [um?] 400x400 [um?)
OMN/0 40/40/40 A 23/60/50 A
Program F-N tunneling / CHEI F-N tunneling
Erase F-N tunneling F-N tunneling
o 0.95eV 2.33eV
Pan 11.22mW 14.45mW

Table 1. Summary of experimental setups

4.1 Optical Extraction of the D,

Fig. 4 shows the measured /p-Vg characteristics of Device
Under Test (DUT). As the number of P/E cycles increases, all of
the subthreshold slope, Ipphaw and ¥y are increased in both
F-N/CHEI programmed cases. This is due to the increase of the
interface trap with P/E cycles. Inset shows the measured
endurance characteristics of DUT. While the initial V7 window
is almost the same, the degradation of V; window with P/E
cycling is larger in F-N programming rather than CHEI

programming.
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Fig. 4 Measured [p-Vy characteristics of DUT. (a) F-N
program/erase, (b) CHEI program/ F-N erase.
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Fig. 5 Extracted D, from the optical response of DUT in the
case of (a) F-N program/erase, and (b) CHEI program / F-N
erase, respectively

Fig. 5 shows the final D, extracted from the optical response
of DUT. It shows a typical half U-shaped distribution in energy
level between E, and K- The energy range of the P/E
stress-induced interface trap is wider and the generation rate of
interface trap is larger in F-N program/F-N erase scheme
(NAND Flash) than CHEI program/F-N erase scheme (NOR
Flash). This means the degradation of retention characteristic

-227 .
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becomes more dominant in F-N program case rather than CHILI
program case, which agrees very well with the endurance
characteristics as shown in inset of Fig. 4. Therefore, our result
manifests the usefulness of the prediction of endurance
characteristics.

4.2 Optical Extraction of the D4,

Fig. 6 (a) shows the measured C-F curve of DUT. The
enhancement of gate capacitance in inversion region is clearly
observed, which is because that minority carrier is excited by
photon energy in Si substrate. After measuring each C-V curve
on P/E states with and/or without optical illumination, the ¢, is
normalized by the ¥y; (in other words, tuned by measured V)
as shown in Fig. 6 (b). The V.5 is determined by extracting
value from measured value itself [3,4].
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Fig. 6 (a) Fully programmed and erased C-}" curves of DUT
with and without optical illumination. (b) C-V curves after
tuning the surface potential by measured the flat band voltage.

In order to calculate equivalent energy level related to £ of
the nitride, the surface potential of tunnel oxide is obtained
from Silvaco TCAD simulation as shown in Fig. 7. In addition,
charge calculation by Poisson equation is also performed for the
purpose of accurate comparison. There is good agreement with
two results, which shows that tuning the potential of bottom
oxide is reasonable process. The energy level is extracted by
assuming the available F-N tunneling barrier as a constant value
(=10A) and the deeper energy level is extracted by the increase

of V; because the barrier is assumed to be linearly dependent

with Vy;.
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Fig. 7 The surface potential of bottom oxide calculated by
TCAD device simulator. In order to compare with the
simulation result, the result of charge calculation by Poisson
equation is plotted together.

Fig. 8 shows the finally extracted D, from normalized

C-V data in accumulation region of Fig, 6 (b\. Here. we

assumed that the spatially vertical distribution of the trap
- 228 -

density is uniform in the nitride layer. The value of energy '
is calculated by considering both the potential of tunnel
and energy band bending as a function of Vy in accum
region. y

In terms of the previous work, Kim ef al. have imp
Yang and White model by considering the dependenct]
thickness of bottom oxide [6]. In the viewpoint of the
D,rive distribution, our result is in a good agreement
Kim’s model. However, the energy level at the peak posity
Dyimse 15 not exactly matched with Kim's model, because
assumption of the available tunneling barrier causes the

of corresponding value of energy level.

DT —IO—T;IIIWFK
p ={ = White et al [5]
" 181 )~ Kim et al (8]
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Fig. 8 Extracted Dnitride from the optical response of
characteristic in CTF memory capacitor.

Trap density [x1

In our method. corresponding energy level of the ext
Dyiae 15 controlled by both the wavelength of an optical s
and the range of Vg swept in a C-F measurement. F
studies on the internal field effect by the trapped char

nitride are strongly required.

5. Conclusion

The extraction method of the energy distribution of bol
and 0,4 in nitride-based CTF memories by using an g
response is proposed. Our method for extracting D, is asi
fast, and electrical stress-free compared with the electri
method. Moreover, it is applicable to the SOl-based eme
technology because the substrate current measureme
unnecessary. In addition, the method for extracting Dy,
generally applicable to the extraction of both a shallow
density and deep trap density by contrelling the wavelenglh!
an optical source. Furthermore, it is relatively simple and f
method for extracting D,,4., because both the high temperal
and time-dependent measurement are unnecessary.
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