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Abstract—Nonvolatile storage of analog values with floating-
gate transistors has been useful for many applications. While
most proposed analog nonvolatile memory devices employ electron
tunneling to modify floating-gate charges, this brief presents an
embedded analog nonvolatile memory device that employs only
hot-carrier injections to achieve bidirectional programmability.
Without using electron tunneling, the proposed circuit not only
avoids multiplexing high-voltage signals but also facilitates direct
storage of new data. In addition, each memory cell incorporates a
simple inverter to make the programming process nearly linear,
facilitating bidirectional and linear adaptability for neuromor-
phic systems. A prototype array of the analog memory has been
fabricated with the standard CMOS 0.35-µm technology. The
chip includes a simple on-chip comparator to program the analog
memory accurately and automatically by negative feedback. The
effective resolution is more than 8 bits over a dynamic range of
1.4 V. The intercell disturbance during programming and the data
retention ability are also examined.

Index Terms—Analog nonvolatile memory, bidirectional
programmability, floating-gate transistors, neuromorphic
engineering.

I. INTRODUCTION

F LOATING-GATE transistors are first employed to achieve
nonvolatile storage of analog values in [1], facilitating

parallel and large-scale analog computation in a neuromor-
phic system. The storage of audio data is also demonstrated
in [2]. Following the development of the CMOS-compatible
(embedded) floating-gate transistor [3], its application is further
extended to a wide variety of analog circuits, including on-chip
biasing [4], offset correction [5], and the autozeroing amplifier
[6]. Moreover, by exploiting the continuous and bidirectional
programmability, floating-gate transistors function as adaptive
computing elements in neuromorphic systems [7]–[11].

The charges on a floating gate can be modified by the
exposure to the ultraviolet light or the electron tunneling
through silicon dioxide or the hot-carrier injection. The later
two mechanisms become more favorable as the transistor size
continues to shrink. However, both mechanisms are inherently
nonlinear, making it challenging to store analog values pre-
cisely. Although the nonlinearity can be exploited to realize
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nonlinear synapse plasticity [12], many neuromorphic learning
algorithms demand linear bidirectional adaptation [13].

For storing analog data accurately, one method is using
pulsewidth modulation to control the programming process,
but the programming speed is traded for accuracy [14].
Serrano et al. developed a predictive algorithm that is able
to program analog memory accurately within eight iterations
[15], [16]. However, the algorithm relies on precise sensing
of the channel current and requires digital implementation
with analog-to-digital overheads. Using a comparator to control
the programming process automatically by negative feedback
is thus a simpler solution [17]. However, all the designs in
[14]–[18] remove floating-gate charges by Fowler–Nordheim
tunneling, which normally requires a tunneling voltage higher
than 8 V to achieve an acceptable erasing speed. To avoid the
need for high-voltage logic gates, all the designs simply erase
the memory content globally before new values can be stored.
Therefore, none of the designs supports bidirectional linear
adaptation for neuromorphic applications.

The analog memory in [19] realizes neuromorphic adaptation
by confining electron tunneling to a tiny injection gate. The
injected changes are then transferred to a large storage gate
via a teraohm resistor. As a result, the voltage change can be
small and approximately linear, but the large time constant of
the charge transfer limits the programming speed significantly.
A better alternative is fixing the tunneling voltage to keep the
tunneling current constant [20]. The analog memory in [21]
further exploits the virtual-short property of an amplifier to fix
the floating-gate voltage, such that both electron tunneling and
electron injection can remain constant to achieve linear adap-
tation. However, all these designs employ electron tunneling to
program analog memory at least in one direction. High-voltage
logic gates are thus needed.

This brief presents an embedded analog nonvolatile memory
device employing both hot-hole and hot-electron injections to
achieve bidirectional programmability. The proposed memory
not only avoids high-voltage circuits but also has the fol-
lowing advantages. For data storage, the proposed memory
is able to store a new value directly without the need for a
global erase in advance. This helps reduce the programming
time remarkably, particularly when the new value is close
to the original one. Moreover, the programming process is
controlled by a simple on-chip comparator in a feedback loop.
The negative-feedback loop enables the memory cell to store
analog data automatically and accurately, regardless of the
programming nonlinearity. For neuromorphic applications, the
memory cell further incorporates a simple inverter to facilitate
linear and bidirectional adaptability. A prototype array of the
proposed memory is designed and fabricated with the CMOS
0.35-μm technology provided by the Taiwan Semiconductor
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Fig. 1. Measured and modeled hot-carrier injection currents for the (a) n-type
and (b) p-type transistors.

Manufacturing Co. (TSMC). Following the introduction, the
models of the programming mechanisms are derived in
Section II. The design of the proposed analog memory is then
described in Section III, and the experimental results are pre-
sented and discussed in Section IV. Finally, Section V con-
cludes the findings and potential applications.

II. MODELS OF PROGRAMMING MECHANISMS

The proposed analog memory uses one nMOS and one
pMOS to inject hot holes and hot electrons, respectively, to the
floating gate. To model the injection currents, both nMOS and
pMOS testkeys with a size of 5 μm/1 μm are first fabricated.
With the drain-to-source voltage fixed at 6 V, injection currents
Iinj versus gate voltages Vg are measured.

The square markers in Fig. 1(a) and (b) show the absolute
value of Iinj averaged over five identical nMOS and pMOS
transistors, respectively. For the nMOS with Vg < 2V , Iinj is
negative and is mainly attributed to impact-ionized hot-hole
injection (IHHI) into the gate [22]. This is verified by the fact
that the gate current vanishes as the source terminal becomes
floating. As Vg increases beyond 2 V, Iinj becomes positive
because the relatively high Vg encourages both channel hot-
electron injection (CHEI) and impact-ionized hot-electron in-
jection (IHEI). Therefore, |Iinj| converges to zero when the hole
injection is equal to the electron injection. For the pMOS with
channel holes, the convergent point occurs at Vg = 2.8 V. |Iinj|
preceding the self-convergent point involves both channel hot-
hole injection (CHHI) and IHHI, whereas beyond this point,
only IHEI is involved. It is notable that, although each tran-
sistor can generate both hot-hole and hot-electron injections,

TABLE I
PARAMETER VALUES FOR HOT-CARRIER INJECTION

CURRENTS IN THE CMOS 0.35-µm TECHNOLOGY

Fig. 2. Proposed memory cell and its programming circuit.

the nMOS is preferable than the pMOS to generate hot-hole
injection to keep VGS and the power consumption low. The
same concern applies to the selection of pMOS for hot-electron
injection.

The channel hot-carrier injection and the impact-ionized hot-
carrier injection, respectively, can be modeled by [23]

ICHHI/CHEI = α1IS (|VDS | − VDSAT)2 · e
β1

|VDS |−VDSAT (1)

IIHHI/IHEI = α2IS (|VDS | − VDSAT)3 · e
β2

|VDS |−VDSAT (2)

where IS represents the channel current, VDS is the drain-
to-source voltage, and VDSAT is the saturation voltage. The
process-dependent parameters αi and βi are extracted from the
measurement results in Fig. 1 and are summarized in Table I.

Assuming that CHHI and IHHI occur with equal probability
for the pMOS, its injection current can be written as (3).
Similarly, the injection current for the nMOS is written as (4).
These equations are given as follows:

Iinj,pMOS =
1
2
(ICHHI + IIHHI) − IIHEI (3)

Iinj,nMOS = IIHHI − 1
2
(ICHEI + IIHEI). (4)

The solid curves in Fig. 1 plot the modeled injection currents,
agreeing with the measurement results satisfactorily. These
models are incorporated as voltage-controlled current sources
in the SPICE simulation to design the proposed memory circuit.

III. CIRCUIT DESCRIPTION

A. Memory Cell

Fig. 2 shows the proposed analog memory cell and the
programming circuit that is shared among memory cells. The
analog information is stored on the floating gate VFG, and the
injection transistors MHinj and MEinj inject hot holes and hot
electrons, respectively, to modify VFG. The inverter consisting
of MPbuf and MNbuf then amplifies VFG to produce the
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memory output VOUT. With the inverter, VFG remains nearly
constant (1.24–1.19 V) as VOUT changes over a wide dynamic
range (1–2.4 V). This helps not only to reduce programming
time but also to enhance programming linearity. The linearity
comes from the fact that a constant VGS results in a constant IS

and, thus, a constant injection current, as indicated by (1) and
(2). Furthermore, VINJ controls the selection of the memory cell
for programming. As VINJ = 0 V and Vdd = 3 V, MHinj and
MEinj have |VDS | ≥ 6 V to induce injection currents when they
are turned on by the comparator. The two sets of inverters and
MOS capacitors are used to alleviate the charge feedthrough
into VFG. As VINJ = Vdd, the source terminals of MHinj and
MEinj are connected to Vdd and 0 V, respectively, to disable the
injection currents.

B. Programming Circuit

The programming circuit simply consists of a voltage com-
parator, two inverters, and two low-pass filters formed by MHsw

and MEsw. In the programming mode, VOUT is connected to
the voltage comparator, which controls the source voltages of
MHinj and MEinj. If VOUT is greater than the target value
VREF, MHinj is turned on to generate hot-hole injection to raise
VFG until VOUT = VREF. Similarly, if VOUT < VREF, MEinj

is turned on to inject hot electrons to increase VOUT.
The negative feedback enables VOUT to track VREF automat-

ically and bidirectionally. As VOUT is close to VREF, the phase
margin of the feedback loop affects the stability remarkably.
The feedback loop contains at least three poles, and the pole
at VOUT varies with the loading capacitor connected to VOUT.
To ensure the stability, the dominant pole is determined by the
compensation capacitor within the comparator. In addition, the
comparator completely switches as |VOUT − VREF| > 1 mV.
This voltage difference can be easily surpassed by the over-
shoots of the programming dynamics. VOUT could thus still
oscillate around VREF even if the phase margin is sufficient.
Although the oscillation can be prevented by incorporating a
hysteretic comparator, the hysteretic window limits the com-
parator resolution directly. Therefore, we opt to connect MHsw

and MEsw to the source nodes of MHinj and MEinj, respec-
tively, to form two low-pass filters to reduce the oscillation
before settling.

C. Analog Memory Array

A prototype array of 4 × 4 analog memory cells is designed
and fabricated with the CMOS 0.35-μm technology by the
TSMC. Fig. 3 shows the photos of the chip and an individual
memory cell. Each memory cell has an area of 170 μm ×
70 μm, and the memory array has an area of 1330 μm ×
1050 μm.

Fig. 4 illustrates the architecture of the memory array. In
the programming mode, the signal WR_EN enables the com-
parator and the write decoder. The decoder inputs W [3 : 0]
then select and connect a specific cell with the comparator
to form a negative feedback loop, which programs VOUT to
VREF automatically. Afterward, another cell can be selected
and programmed to a different VREF. In the readout mode, the
signal RE_EN enables the read decoder, and R[3 : 0] connect
VOUT of the selected cell to the external output.

Fig. 3. Microphotograph of the (a) chip containing the memory array and
(b) single memory cell.

Fig. 4. Architecture of the memory array.

IV. EXPERIMENTAL RESULTS

A. Programming Dynamics

The dynamics of programming VOUT to different voltage
levels were first investigated. In the beginning of each trial,
VREF was initialized to 1.5 V, so was VOUT programmed to
1.5 V. As VREF stepped to a target value between 1 and 2.4 V
at t = 0s, the corresponding dynamics of VOUT are shown in
Fig. 5. For target values above 1.5 V, the IHEI occurred to
increase VOUT, whereas for target values below 1.5 V, the IHHI
occurred to reduce VOUT. Since the IHHI was smaller than the
IHEI by two orders (see Fig. 1), the longest programming time
was 120 ms for VOUT to become 1 V. On the other hand, VOUT

reached all target values above 1.5 V within 1 ms. The pro-
gramming speed for the IHHI could be improved by increasing
the size of MHinj or MNbuf . The former increases the hole-
injection current, as indicated by (2), and the latter increases
the inverter gain, subject to the gate capacitance of MNbuf ,
and remains much smaller than Cc. However, the cell area or
precision could be the tradeoff. Moreover, VOUT reached all
target values without significant oscillation, indicating that the
filters formed by MHsw and MEsw were effective.

The dynamics of programming VOUT to 1 V also revealed
the programming linearity of the proposed circuit clearly. Each
0.1-V change took around 25 ms when the IHHI occurred. By
connecting the drain of MEinj to −1.75 V to slow down the
IHEI, the linearity of programming VOUT to 2.4 V was also
clearly demonstrated by the gray curve in Fig. 5. The linearity
facilitated the alternative of programming VOUT by controlling
the pulsewidth of the WR_EN signal precisely. The bidi-
rectional and linear programmability further fits the iterative
learning required by neuromorphic systems. The learning rate
can be adjusted by either the pulsewidth of the WR_EN or the
VDS of MHinj and MEinj.
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Fig. 5. Measured dynamics of VOUT during programming.

Fig. 6. Programming error over the programmable dynamic range.

Fig. 7. Measured VOUT when VREF kept changing to different levels (noted
beside the trace of VOUT) during 10 s.

B. Effective Resolution

After the programming was disabled, the difference between
VOUT and VREF was measured as the programming error.
Fig. 6 shows that the programming errors achieved were all
smaller than 2 mV over the entire dynamic range. The maxi-
mum error corresponded to an effective resolution of 9.45 bits
(log2(1.4/0.002)). The resolution had been comparable with
[21] (10 bits) and sufficient for the neuromorphic systems
proposed in [24] and [25]. Nevertheless, the main limitation on
the resolution should come from the voltage comparator. The
measurements across different chips with different comparators
indicated that the worst resolution was greater than 8 bits. A
high-precision comparator should be the key for improving the
resolution further. For example, an off-chip comparator was
employed to achieve 14-bit resolution in [17].

C. Bidirectional Programmability

To demonstrate the ability of VOUT to track VREF bidirec-
tionally and directly, VREF was stepped to eight different values
during 10 s. The corresponding VOUT was measured and is
shown in Fig. 7. Obviously, VOUT was able to track VREF

reliably without the need for erasure. This promising property
came from the use of the IHHI instead of electron tunneling for
increasing VFG, as well as the use of a single floating gate. Al-
though similar behavior could be achieved by applying the IHEI
to a pair of floating-gate transistors that form a differential am-

Fig. 8. (Top) Sinusoidal wave and (bottom) triangular wave stored in the
memory cell array.

plifier [21], the common-mode voltage of the differential pair
would change and alter the normal operation of the amplifier.

D. Programming the Memory Array

The ability of the memory array to store different analog
waveforms, i.e., one sinusoidal and one triangular, was further
examined. Each waveform was first sampled into 16 values. The
sampled values were then programmed into the memory array
sequentially. Fig. 8 depicts both the target and programmed
values in the memory array, and the insets show the program-
ming errors. No significant intercell disturbance was observed.
This was because the proposed circuit did not need to multiplex
high-voltage signals, and the likelihood to have disturbances
became extremely low.

E. Data Retention Time

The ability of the proposed memory circuit to retain data for
a long time is further investigated. According to the Arrhenius
law [26], the data retention time can be modeled as

tDR = t0 · exp
(

EA

kTn

)
(5)

where Tn is the absolute temperature (in kelvins), EA is the
activation energy (in electronvolts), and k is the Boltzmann’s
constant. tDR is the retention time at Tn, whereas t0 is the
retention time at the infinite temperature.

Based on the accelerated retention-time testing, the mem-
ory cell was initially programmed to 1.5 V and then baked
under two different temperatures, namely, 378 and 398 K.
The retained voltages across time were then measured and
normalized with respect to the initial value (1.5 V). Fig. 9 plots
the normalized retained voltages versus the baking time for the
two experiments (the square and the diamond symbols). The
exponential curves fitting to the measured data with minimal
squared errors were also shown.
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Fig. 9. Accelerated lifetime test of the proposed memory at 378 and 398 K.

The retention time tDR for maintaining 7-bit resolution is
then estimated as follows: Seven-bit resolution corresponds to
a retained level of more than 99.27%. According to Fig. 9, the
normalized retained voltage falls below the threshold after 3053
and 1280 min at 378 and 398 K, respectively. By substituting
the two threshold points into (5), EA is derived as 0.563 eV
and t0 as 9.4 × 10−5 min. The data retention time for 7-bit
resolution at room temperature (298 K) is thus estimated to
be 0.6 year. The retention time is shorter than that reported
in [27] for at least two reasons. First, the gate oxide in our
technology is much thinner than that in [27]. Second, hole
injection could damage the gate oxide more severely than
electron injection, increasing the likelihood for charges to leak
away from the floating gate [28]. Nevertheless, the experiment
in [22] demonstrates that the injection transistors can endure
complete erasure and programming for more than 104 cycles.
In addition, the retention time is already sufficient for general
neuromorphic computation in VLSI.

V. CONCLUSION

A prototype array of analog nonvolatile memory with bidi-
rectional programmability is designed and tested. The overall
experimental results indicate that hot-hole injection instead of
electron tunneling is a good alternative for achieving bidirec-
tional programmability. For data storage, a simple on-chip com-
parator is shown capable of programming the analog memory
automatically within 120 ms. The resolution is more than 8 bits
over a dynamic range of 1.4 V. For neuromorphic applica-
tion, the memory cell is shown to exhibit bidirectional and
linear programmability with adjustable programming speed.
The retention time is also proved to be sufficient for general
neuromorphic applications.
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