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With the merits of a simple process and a short fabrication period, the capacitor structure provides a convenient
way to evaluate memory characteristics of charge trap memory devices. However, the slow minority carrier generation in a
capacitor often makes an underestimation of the program/erase speed. In this paper, illumination around a memory capacitor
is proposed to enhance the generation of minority carriers so that an accurate measurement of the program/erase speed can
be achieved. From the dependence of the inversion capacitance on frequency, a time constant is extracted to quantitatively
characterize the formation of the inversion layer. Experimental results show that under a high enough illumination, this
time constant is greatly reduced and the measured minority carrier-related program/erase speed is in agreement with the

reported value in a transistor structure.
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1. Introduction

Owing to the advantages of low power consump-
tion, multi-bit storage, and potential applications in three-
dimensional (3D) integration, the charge trap memory (CTM)
has attracted extensive attention in both the academic and the
industrial fields.">! Currently, a lot of effort has been made
to evaluate the CTM gate stacks with various materials and
architectures.!>* With the merits of a simple process and a
short fabrication period, the capacitor structure provides a con-
venient way to evaluate memory characteristics such as pro-
gram/erase (P/E) speed, data retention and endurance. Dif-
ferent from the transistor structures in which the source and
drain can provide minority carriers to the channel, the capac-
itor structures may have a very long formation time of the
inversion layer due to the very slow thermal generation pro-
cess for minority carriers.”! During a fast program for an n-
channel capacitor (or a fast erase for a p-channel one), the mi-
nority carrier generation may not be able to follow the gate
bias pulse, which results in an inaccurate measurement of mi-
nority carrier-related P/E speed in the memory capacitor struc-
ture.

In this paper, we propose a simple and accurate method
for measuring the P/E speed in the memory capacitor struc-
ture using light illumination. It includes the characterization
of light intensity dependent formation time of the inversion
layer and the comparison between the minority carrier-related
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P/E speed under high light illumination and literature reported
values in transistor structures.

2. Effect of slow minority carrier generation
time in memory capacitors

Following the conventional notation in this paper we re-
fer to capacitors on p- and n-type Si substrates as n- and p-
channel capacitors, respectively. In the inversion regime, the
P/E operation of the memory capacitor depends on both the
electric field in the tunneling layer and the density of minority
carriers.[®! Due to the slow generation rate of minority carriers,
the memory capacitor may enter into a non-equilibrium state.
In such a state the voltage drops across the gate stack and the
Si substrate are different from those in a thermal equilibrium
state. Thus the P/E transients are also different. As an ex-
ample, we calculate the voltage drop V,x across the gate stack
versus the substrate donor doping in a p-channel capacitor un-
der the thermal equilibrium and the deep depletion conditions.
In the calculation, it is assumed that there are no inversion
carriers so that the capacitor is in the deep depletion condi-
tion (the fully non-equilibrium case).!”l The equivalent oxide
thickness (EOT) of the capacitor is taken to be 15 nm, and the
work function of the Al gate electrode is adopted as 4.08 eV.
The gate bias is fixed at Vy, = —15 V. Figure 1 shows the re-
sults of such a model calculation. It can be seen that under the
deep depletion condition, most of the gate bias drops across

*Project supported by the National Basic Research Program of China (Grant Nos. 2010CB934200 and 201 1CBA00600), the National Natural Science Foundation
of China (Grant Nos. 7360825403, 61176080, and 61176073), and the National Science and Technology Major Project of China (Grant No. 2009ZX02023-

005).
fCorresponding author. E-mail: liuming@ime.ac.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

018501-1


http://dx.doi.org/10.1088/1674-1056/22/1/018501
mailto:liuming@ime.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 1 (2013) 018501

the depletion layer in the n-type Si substrate. Particularly, Vo«
is very small at the low substrate doping. If such a deep deple-
tion happens in a p-channel memory capacitor during an erase
operation, the device will not be erased. A high electric field
in the gate stack is necessary for the erase operation. The ab-
sence of minority carriers (holes) in the channel leads to only
a very small electric field in the charge trapping layer and the
tunneling oxide. In the real cases, whether the capacitor enters
into the fully non-equilibrium state depends on the generation
rate of minority carriers®! in the Si substrate and the dc gate
bias sweep rate. So, quickly forming enough minority carri-
ers in the channel in the inversion regime is indispensable to
correctly measure the minority carrier-related program/erase
speed in a memory capacitor structure.
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Fig. 1. Model calculated absolute values of oxide voltage Vyx versus the
substrate acceptor doping for a p-channel capacitor (EOT = 15 nm and
Vg = 15 V) under the thermal equilibrium and the deep depletion (fully
non-thermal equilibrium) conditions.

In order to enhance the minority carrier generation rate

in a memory capacitor, illumination®-!?!

is employed during
the P/E transient measurement. Figure 2 presents a scheme to
measure erase transient characteristics for a p-channel mem-
ory capacitor under illumination. During an erase opera-
tion, a negative pulse signal is applied to the capacitor with
a steady light illumination. The electron—hole pairs are gen-
erated around the capacitor. Some photo-generated holes may
diffuse into the channel area beneath the Al gate pattern from
the sidewall of the depletion region and respond quickly to the
gate voltage pulse.

The illumination has two effects. In the first one, photo-
generated minority carriers in the channel screen the electric
field generated by charge in the gate electrode and make the
depletion thickness in the Si substrate saturate so that most
of the gate voltage drops across the gate stack. Thus, in the
tunneling layer, there is a large electric field, which is very
helpful for electrons to de-trap during an erase or to inject dur-
ing a program. In the second one, the existence of a large
number of photo-generated minority carriers can give rise to
a high injection current, which is due to the fact that minority
carriers themselves may participate in both program and erase

processes.[®! Both effects increase the program/erase speed,
so controlling and measuring the minority carrier generation
rate are very important for accurate P/E speed measurement in
memory capacitors. In order to simplify the problem, we focus
on the minority carriers in the channel and assume that their
density is uniform with only a small deviation from equilib-
rium. In this way, we can ignore the specific processes of gen-
eration and diffusion of minority carriers, and describe their
effects using a relaxation time 7, which can be thought of as
the formation time of the inversion layer. In what follows, we
employ multifrequency capacitance—voltage (C—V) measure-

ment to extract 7 using a relaxation model.['!]
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Fig. 2. Electron—hole pair generation under light illumination around a
p-channel MANOS capacitor during an erase operation and subsequent
hole diffusion to the channel beneath the Al gate pattern.

3. Experiment

Memory capacitors with gate stack of Al-Al,O3—Si3Ny—
Si0,-Si (MANOS) structure were fabricated on n- and p-Si
substrates respectively. After a standard cleaning, a 4 nm tun-
nel oxide (SiO;) was thermally grown at 900 °C in dry O,.
A 7 nm Si3Ny film was formed on the tunneling oxide by a
low-pressure chemical vapor deposition. The Al,O3 blocking
layer was deposited on the Si3N4 film by atomic layer depo-
sition using trimethylaluminum and H,O as the precursor at
a substrate temperature of 250 °C. The nominal thicknesses
of Al,Oj3 for capacitors on n- and p-type Si substrates were
15 nm and 10 nm, respectively. Next, post-deposition an-
nealing was performed at 1050 °C/60 s in N, ambient. After
that, a 200 um x 200 um Al gate electrode with a thickness
of 200 nm was deposited on the blocking oxide using the elec-
tron beam evaporation and patterned through a lift-off process.
Then, a 200 nm Al film was deposited on the backside of the Si
wafer. Finally, annealing was performed at 400 °C for 10 min
in N, ambient to make the backside Ohmic contact.

The electrical characteristics were measured by using an
Agilent Semiconductor Device Analyzer (BIS00A) at room
temperature. A He—Ne laser was used as the illumination light
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source. A rotating attenuator was used to vary the illumina-
tion intensity. In order to make light perpendicularly incident
on the memory capacitor, a small 45°-tilted reflecting mirror
was used to change the light direction by 90°. The beam spot
area was about 4.7 mm?, which was much larger than the ca-
pacitor area (0.04 mm?). The position of the beam spot was
adjusted so that its center was on the Al gate electrode of the
measuring memory capacitor. The calculated reflection rates
of the gate stack were 31.5% for the n-channel capacitors and
30% for the p-channel ones. From these data, it is easy to ob-
tain the area power density P, of laser illumination absorbed
in the Si substrate. In the following, P, is used to characterize
the memory property of the capacitor.

4. Results and discussion
4.1. Extracting the formation time of the inversion layer

Figures 3(a) and 3(b) show the multi-frequency C-V
curves of p-channel and n-channel MANOS capacitors in the
dark and under illumination with P, = 6 mW/cm?. For the
p-channel capacitor in the dark, the C-V curves overlap to-
gether from 1 kHz to 1 MHz showing little inversion carrier
generation, so the p-channel device may enter into deep deple-
tion. For the n-channel MANOS capacitor in the dark, a clear
change of inversion capacitance with frequency is seen. Un-
der the illumination of P, = 6 mW/cm?, for a given frequency
the inversion capacitance increases a lot for the two MANOS
capacitors. It means that more minority carriers are generated
under illumination. As discussed above, the formation time of
the inversion layer is an important quantity for accurate P/E
speed measurement, so this time is extracted for the MANOS
capacitors in the dark and under varying illumination. Based
on the relaxation time model, the evolution of inversion charge

gi can be written ast!?!

dgi/dt = —(qi —qi0)/7, (1)

where 7 is the relaxation time, and gjo denotes the quasiequi-
librium value of g;. As shown in the Schroder’s theory of tran-
sient capacitance (C—t) test,!>!4] there are a few mechanisms
for the thermal generation of the minority carriers: Si/SiO;
interface generation, thermal generation inside the depletion
region and from its sidewall, and thermal generation from the
bottom bulk neutral region in one diffusion length of the mi-
nority carriers. In Eq. (1), the effects of all these generation
mechanisms are lumped into the relaxation time 7. Using this
equation and the theory of small signals, Zhul'! has derived
the following equation for the dependence of capacitance on
frequency in the inversion regime:

Ciny (@) = Gt + (Cge — Cir) /[1 + (07)]. 2

Here @ is the angular frequency; Cqe and Cyr are quasi-static
and high-frequency capacitances, respectively. The validity of

Egs. (1) and (2) requires that the inversion charge density can
follow the dc component of the gate voltage. The lowest fre-
quency of our B1500A is 1 kHz. Thus if the measured Cj,y
(1 kHz) is near Cye in our experiment, Egs. (1) and (2) can be
thought to be valid. Theoretically, Cye should be almost the
same as the capacitance in the strong accumulation regime.
Although Eq. (1) is originally proposed for the thermal gener-
ation of minority carriers, it is still a good approximation when
light is illuminated around a capacitor. In this case, the minor-
ity carriers can be thought to be generated from the sidewall
of the depletion region.
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Fig. 3. Multi-frequency C-V curves for (a) p-channel and (b) n-channel
MANOS capacitors in the dark and under light illumination.

Figure 4 shows the fittings of the inversion capacitance
(in Fig. 3) to Eq. (2) in the dark and under illumination. For
the p-channel MANOS capacitor, the 7 value is estimated to be
larger than 1 ms in the dark, as Cj,y is very small even at 1 kHz.
Under the illumination with P, = 6 mW/cm?, the T value de-
creases to 6.58 us. For the n-channel MANOS capacitor, the
T value is 0.76 ps under illumination, which is much smaller
than 6.5 us in the dark. Figure 5 shows the T values for p- and
n-channel devices versus the absorbed light intensity P,. For
both MANOS capacitors, 7 first decreases and then becomes
saturated with P, increasing. The saturated 7 value is about
0.3 ps, which is limited by the minority carrier recombination
lifetime and the diffusion constant. In order to achieve an ac-
curate P/E measurement, P, should be large enough to make 7
reach the saturation value.
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Fig. 4. Measured inversion capacitance values (symbols) versus fre-
quency and the corresponding fittings (lines) to Eq. (2) for (a) p-channel
and (b) n-channel MANOS capacitors.
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Fig. 5. Dependences of T on the absorbed light intensity P, for p- and
n-channel MANOS capacitors.

4.2. Comparison of P/E transients in the dark and under
illumination

As discussed above, T becomes saturated at high incident
intensity illumination. If this saturated 7 value is much smaller
than the width of the gate voltage pulse, then the measured P/E
speed is considered to be accurate. In order to prove this point,
the minority carrier-related P/E speeds of the two MANOS ca-
pacitors are measured in the dark and under the illumination
with P, = 70 mW/cm?. The results are presented in Fig. 6. For
the p-channel capacitor in the dark, it enters into the deep de-
pletion in the inversion regime, so both the voltage drop across
the gate stack and the minority carrier density in the channel
are small. Due to these two facts, the p-channel MANOS ca-

pacitor cannot be erased at all.l'>!®) However, under illumina-
tion, the p-channel capacitor can be easily erased. A TANOS
device has the same gate dielectric stack as our MANOS struc-
ture, but it has a high work function TaN instead of the Al
gate electrode.®! Padovani e al.1°! have demonstrated that both
electron detrapping and hole injection may happen in an erase
operation in a TANOS device. In our two-terminal capaci-
tor structure, we cannot separate the two processes from each
other. However, under the light illumination, a high voltage
drop across the gate stack and the existence of a large num-
ber of holes in the channel make these two processes possible.
In the n-channel MANOS capacitor, a clear program is possi-
ble only for the voltage pulse longer than 0.1 ms in the dark.
Under the light illumination, the program even starts for a pro-
gram voltage pulse as short as 1 us. It is due to the small
saturated T value (~0.3 ps) under high light illumination.
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Fig. 6. (a) Erase transients for p-channel MANOS capacitor and (b) pro-
gram transients for n-channel MANOS capacitor in the dark and under
light illumination.

In order to examine the accuracy of the P/E speed mea-
surement in our two-terminal MANOS capacitor (2T-CAP)
under light illumination, we compare our P/E speed data un-
der the Fowler—-Nordheim (FN) injection with the literature-
reported data measured from n-channel TANOS transistors (n-
TANOS TR)!'7! and a three-terminal (3T) p-channel TANOS
capacitor (3T p-TANOS CAP).®! In the 3T p-TANOS CAP, an
n-type source contact was fabricated to provide minority carri-
ers in the inversion regime. In Fig. 7, we plot the change of the
threshold voltage for transistors or the flat-band voltage for ca-
pacitors in a certain time versus Ees; = V,/EOT to quantify the
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P/E speed. It can be seen that our P/E speed data under illu-
mination are comparable to the literature data measured in the
transistor structure. Therefore, our illuminated P/E speed data
are very accurate. Some further remarks can be made on our
illuminated P/E speed data. As a memory capacitor has only
two terminals, only the FN injection is possible. For a memory
transistor with four terminals, besides the FN injection, the in-
jection of channel hot carriers or the band-to-band-tunneling
induced hot carriers are also possible. As far as the FN injec-
tion is concerned, the carrier injection rates in a two-terminal
memory capacitor and a four-terminal transistor should be al-
most the same provided that enough minority carriers can be
formed quickly in the channel in the FN P/E processes.
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Fig. 7. Comparisons between P/E speed data in our p- and n-channel
two-terminal MANOS capacitors (MANOS 2T-CAP) under illumi-
nation and those in the p-channel three-terminal TANOS capacitor
(p-TANOS 3T-CAP)! and n-channel TANOS transistors (n-TANOS
TR).'7! Here n-TANOS TR (A), n-TANOS TR (B), and n-TANOS TR
(C) are the respective P/E speed data of devices A, B, and C in the refer-
ence. The program and erase times are 10~ s and 1072 s, respectively.

5. Conclusion

In this paper, a simple and accurate method is proposed
to measure the minority carrier-related program/erase speed
in a memory capacitor structure by using light illumination.

The formation time of the inversion layer is extracted from the
multi-frequency C-V measurement. It first decreases and then
becomes saturated at high illumination intensity. The results
show that under high enough light illumination, the minority
carrier-related P/E speed in the memory capacitor increases a
lot and is comparable to the literature-reported values mea-
sured in transistor structures.
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