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Abstract. We have developed a complementary papkET andnFET floating-gate silicon MOS transistors for

analog learning applications. The memory storage is nonvolatile; hot-electron injection and electron tunneling
permit bidirectional memory updates. Because these updates depend on both the stored memory value and the
transistor terminal voltages, the synapses can implement a learning function. We have derived a memory-update
rule for both devices, and have shown that the synapse learning follows a simple power law. Unlike conventional
EEPROMSs, the synapses allow simultaneous memory reading and writing. Synapse transistor arrays can therefore
compute both the array output, and local memory updates, in parallel. We have fabricated prototype synaptic
arrays; because the tunneling and injection processes are exponential in the transistor terminal voltages, the write
and erase isolation between array synapses is better than 0.01%. The synapses are small, and typically are oper-
ated at subthreshold current levels; they will permit the development of dense, low-power silicon learning sys-
tems.
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1. Introduction tors; in addition, we adapt the physical processes that
write the memory to perform a learning function. Al-
Our goal is to develop silicon learning systems. Onethough the Si@ electron transport still is difficult,
impediment to achieving this goal has been the lackand does require high voltages, because our devices
of a simple circuit element combining nonvolatile integrate both memory storage and local computation
analog memory storage with locally computed mem- within a single device, we expect them to find wide
ory updates. Existing circuits [1, 2] are typically large application in silicon learning systems.
and complex; the nonvolatile floating-gate devices, We call our devicesilicon synapsebecause, like
such as EEPROM transistors, typically are optimizeda neural synapse, they compute the product of the
for binary-valued data storage [3], and do not com- stored analog memory value and the applied input.
pute their own memory updates. Although floating- Also like the neural synapse, they can learn from the
gate transistors can provide nonvolatile analog mem-nput signal, without interrupting the ongoing com-
ory storage [4, 5], because writing the memory entailsputation. Although we do not believe that a single
the difficult process of moving electrons through device can model completely the complex behavior of
SiO,, these devices have not seen wide use as mena neural synapse, our single-transistor synapses do
ory elements in silicon learning systems. implement a learning function. With them, we intend
We have fabricatedynapse transistorshat not  to build autonomous learning systems in which both
only possess nonvolatile analog memory storage, andhe system outputs, and the memory updates, are
compute locally their own memory updates, but also computed locally and in parallel.
permit simultaneous memory reading and writing, and We have described previously [6, 7, 8] the four-
compute locally the product of the stored memory terminalnFET synapse discussed here. We have also
value and the applied input. To ensure nonvolatile described an analog memory cell that employs the
memory, we employ standard floating-gate transis-nFET device [9], and an auto-zeroing amplifier that
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employs thepFET device [10]. We here present the kQg  kCinVin KQrg  K'Vin

four-terminalnFET synapse in greater detail than we lg = |OeCTUt e CtUt - o eQr Ut (1)

did previously, and for the first time present the four- Yy

terminal pFET synapse. We have also described a - e Ut'” @
“'m

three-terminahFET synapse [11]. Although the four-
terminal synapses require slightly more layout areayhere | is the source current,, lis the pre-
than_ does thl_s three-terminal device, the aqd't'onalexponential currenk is the floating-gate to channel-
terminal permits greater control over the write and g rf5ce coupling coefficien@y is the floating-gate
€rase processes. charge, G is the total capacitance seen by the floating
gate, | is the thermal voltage kT/q,;ds the input
(polyl to poly2) coupling capacitancé, is the sig-
2. The Synapses nal voltage applied to the poly2 input; €C;U,, and
K=k C/Cr.
The nFET andpFET synapses each possess a polyl The quantityly, is the stored memory; its value
floating gate, a poly2 control gate, and a lightly changes with synapse use. The synapse output is the
dopedn-well tunneling implant. Both synapses use product ofl,, and the exponentiated gate input. Be-
hot-electron injection [12] to add electrons to their cause the tunneling and injection gate currents vary
floating gates, and Fowler—Nordheim (FN) tunneling with the synapse terminal voltages and channel cur-
[13] to remove the electrons. TREET synapse dif-  rent, I, varies with the terminal voltages, which are
fers from a conventional-type MOSFET by its use imposed on the device, and with the channel current,
of a moderately-doped channel implant. This implant which is the synapse output. Consequently, the syn-
facilitates hot-electron injection. THeFET synapse, apses exhibit a type of learning by which their future
by contrast, achieves a sufficient hot-electron gate-output depends on both the applied input and the pre-
current using a conventiong-type MOSFET; no  sentoutput.
special channel implant is required. Both synapses
have been fabricated in the 2umwell Orbit ~ 2.1. The nFET Synapse
BiCMOS process available from MOSIS.

In both synapses, the memory is stored as floating-Top and side views of theFET synapse are shown in
gate charge. Either channel current or channel conFig. 1. Its principal features are the following:
ductance can be selected as the synapse output. Inputs
typically are applied to the poly2 control gate, which
capacitively couples to the polyl floating gate. From
the control gate's perspective, altering the floating-
gate charge shifts the transistor's threshold vokage
enabling the synapse output to vary despite a fixed-
amplitude control-gate input.

We typically operate the synapses in their sub-
threshold regime [14], and typically select either
drain current or source current as the synapse output.
We have chosen subthreshold operation for threes Electron tunneling is enhanced where the polyl
reasons. First, because the power consumption of a floating gate overlaps the heavily doped well con-
subthreshold MOSFET is typically less than 1uW, tact, for two reasons. First, the gate cannot deplete
our learning systems will operate at low power. Sec- then’ contact, whereas it does deplete thavell.
ond, because the channel current in a subthreshold Thus, the oxide E-field is higher over thé Sec-
MOSFET is an exponential function of the gate volt- ond, enhancement at the gate edge further aug-
age, only small quantities of oxide charge are re- ments the oxide field.
quired for learning. Third, the channel current in a
subthreshold floating-gate MOSFET is the product of *
the stored memory value and the applied input:

Electrons tunnel from the floating gate, through the
350A gate oxide, to the tunneling implant. A high
voltage applied to the tunneling implant provides
the oxide E-field required for tunneling. To pre-
vent reverse-biapn-junction breakdown, the tun-
neling implant is a lightly doped™ well. Because
tunneling removes electrons from the floating gate,
from the control gate’s perspective tunneling re-
duces the transistor’s threshold voltage

Electrons inject from the channel-to-drain space-
charge layer to the floating gate. To facilitate in-
jection, we apply a-type bipolar-transistor base
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implant to the MOS transistor channel. As a result, 3. The Gate Current Equation

the channel-to-drain depletion region approximates

a one-sided step junction, increasing the injection We intend to use our synapses to build silicon learn-

likelihood. The channel implant also raises the ing systems. Because the learning behavior of any

transistor threshold voltag, favoring the collec-  such system is determined in part by the tunneling

tion of the injected electrons by the floating gate. and injection processes that alter the stored memory,
Because injection adds electrons to the floatingwe have investigated these processes over the sub-

gate, from the control gate’'s perspective injection
increases the transistor’s threshold voltgge

e Oxide uniformity and purity determine the initial

matching between synapses, as well as the learn
ing-rate degradations due to oxide trapping. We
therefore use the thermally grown gate oxide for all

SiO, carrier transport.
2.2. The pFET Synapse

Top and side views of thg=ET synapse are shown in
Fig. 2. Its principal features are the following:

 Electrons tunnel from the floating gate to the tun-
neling implant through 350A gate oxide. The tun-
neling implant is identical to that used in thieET
synapse. As in th@FET synapse, tunneling re-
moves electrons from the floating gate. However,
because th@FET andnFET synapses are com-
plementary, from the control gate’s perspective
tunneling has thepposite effect on thpFET syn-

threshold operating range.

3.1. The Tunneling Process

The tunneling process, for tiET andpFET syn-
apses, is shown in the energy-band diagrams [15] of
Figs. 1 and 2, respectively. In the FN-tunneling proc-
ess, the potential difference between the tunneling
implant and the floating gate reduces the effective
oxide thickness, facilitating electron tunneling from
the floating gate, through the Si®arrier, into the
oxide conduction band. These electrons are then
swept by the oxide E-field over to the tunneling im-
plant. We apply positive high voltages to the tunnel-
ing implant to promote electron tunneling.

3.2. The Tunneling Equation
The data of Fig. 3 show the tunneling gate current

versus the oxide voltage, where we defixée volt-
age to be the potential difference between the tun-

apse—it increases, rather than decreases, the trameling implant and the floating gate. We fit these data

sistor’s threshold voltagé,.

» Hole impact ionization, at the channel-drain junc-
tion, generates the electrons for oxide injection.

Channel holes, accelerated in the channel-to-drain g

E-field, collide with the semiconductor lattice to
produce additional electron—hole pairs. The liber-

with a modified FN fit, which employs a built-in po-
tential, \4,;, to account for oxide traps:
V

lg= 5(V0x+vbi)2 e_ e fvbi 3

wherel, is the gate curren¥,, is the oxide voltage,
and¢, Vy;, and \}, are constants. For comparison, we

ated electron, promoted to its conduction band by 5,59 show the conventional EN fit [13, 16]:

the collision, is expelled rapidly from the drain re-
gion by this same channel-to-drain E-field.

» Impact-generated electrons that acquire more than

3.2eV of kinetic energy can, if scattered upward
into the gate oxide, inject from the channel-to-

Vi
lg = ¢Voe & (4)

where W=928V is consistent with a recent survey
[17] of SiG, tunneling, given the synapse transistor's

drain space-charge layer onto the floating gate. As350A gate oxide, andl is a fit parameter.

in the nFET synapse, injection adds electrons to
the floating gate; because the device ipFET,
however, from the control gate’s perspective injec-
tion reduces the transistor’s threshold volt¥ge

o Like the nFET synapse, th@FET synapse uses
gate oxide for all Si@carrier transport.

The data of Fig. 3 are normalized to the gata‘to-
edge length, in lineal microns. The reason is that the
floating gate induces a depletion region in the lightly
doped n” tunneling implant, reducing the effective
oxide voltage, and therefore also the tunneling cur-
rent. Because the gate cannot appreciably deplete the
n" drain contact, the oxide field is higher where the
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A. Top View self-aligned floating gate overlaps the Because the
+ — . « . . .
e SR omote flodt gate ol well tunneling current is exponential in the oxide voltage,

tunneling in the synapse transistors is primarily an
edge phenomenon.

3.3. The Hot-Electron Injection Process

The hot-electron injection process [18], for both the
NFET andpFET synapses, is shown in the energy-

n* séurce gate region: n*drain psubstrate tunneling junction:

diffusion thinox overp  diffusion  implant thinox overn- band diagrams of Figs. 1 and 2, respectively. Elec-

B. Side View trons inject from the transistor channel, over the 3.2V
interpoly field-oxide interpoly Si—SiO, work-function barrier, into the oxide con-
capacitor  channel stop oxide duction band. These electrons then are swept by the

oxide E-field over to the floating gate. Successful
injection, for both the\FET andpFET synapses, re-
quires that the following three conditions be satisfied:
(1) the electrons must possess the 3.2eV required to

e oo e toresime surmount the Si-SiObarrier, (2) the electrons must
p_substrate scatter upward into the gate oxide, and (3) the oxide
_ E-field must be in the proper direction to transport the
C. Electron-Band Diagram election  glectrons to the floating gate.
V source channel o _\ !
+Vl ol ¢ /k QL/\ \i ) NFET Injection: In a conventionah-type MOSFET,
) / requirements (1) and (2) are readily satisfied. We
g 3.2v ~ f .
5 { ' S0, merely o_perate th_e transistor in its subthreshold re-
ss 39 drain 3.2V gime, with a drain-to-source voltage greater than
g 6.0l _ floating gate g/tﬁ'neﬁgl% about 3V. Because the subthreshold channel-
s | conduction band is flat, the channel-to-drain transi-
ss T tion is steep, implying a large electric field. Channel
g bzir?ize } wnneling e_Iectrons are accel_erated rapidly in this_ field; a frac-
°© 3-2V/imp|am tion of them acquire the 3.2eV required for hot-
33.0 = > electron injection. A fraction of these 3.2eV electrons
position- (im) naturally scatter, by means of collisions with the

Fig. 1. ThenFET synapse, showing the electron tunneling S€miconductor lattice, upward into the gate oxide.

and injection locations. The three diagrams are aligned It is principally requirement (3) that prevents injec-
vertically. DiagramsA andC are drawn to scale; the verti- tion in a conventionahFET. Subthreshold operation
cal scale in diagrarB has been exaggerated for clarity. In typically implies gate voltages <0.8V. With the tran-
the 2pm Orbit process, the synapse length is 44um, and thgjstor drain at 3V, and the gate at 0.8V, the drain-to-
width is 17um. All voltages in the conduction-band dia- ate electric field opposes transport of the injected

gram are referenced to the source potential, and subthreshs : -
old (Is<100nA) operation is assumed. Although in the :ectjronf to t:? ftlr(:ating ga’t[e. ;’h_e electrons are in
band diagram the gate oxide actually projects into the plane'S €ad returned to the transistor _re_un.

of the page, for convenience it has been rotated 90° and 10 Promote the transport of injected electrons to

drawn in the channel direction. When compared with athe floating gate, we increase the synapse transistor’s
conventionalnFET, the synapse transistor's additiompal bulk channel doping. The additional dopant increases
type substrate doping quadruples the MOS gate-to-channethe channel surface—acceptor concentration, raising
capacitance. With a 25fF interpoly capacitor as shown, thethe transistor’s threshold voltage from 0.8V to 6V.
coupling cqef‘huent t_)etween the poly2 cp_ntrol gate_ and theyyjith the synapse drain at 3V, and the gate at 6V, the
polyl floating gate is only 0.2. To facilitate testing, We -pannel current is subthreshold, but now the oxide E-
enlarged the interpoly capacitor to 1pF in the test device,. P X .

: ) . field sweeps injected electrons over to the floating
thereby increasing the coupling to 0.8. . o

gate, rather than returning them to the silicon surface.
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pFET Injection: Because th@FET channel current
comprises holes, the@FET hot-electron injection
process is different from that in tnEET. We accel-
erate channel holes in the channel-to-drain depletion
region of a subthresholdFET. A fraction of these
holes collide with the semiconductor lattice at ener-
gies sufficient to liberate additional electron—hole
pairs. The ionized electrons, promoted to their con-
duction band by the collision, are expelled from the
drain by the channel-to-drain E-field. If these ionized
electrons are expelled with more than 3.2eV of ki-
netic energy, they can inject onto the floating gate.

Like in thenFET synapse, in theFET synapse in-
jection requirements (1) and (2) are easily satisfied.
We merely operate the transistor in its subthreshold
regime, with a drain-to-source voltage greater than
about 6V. The higher drain-voltage requirement,
when compared with theFET synapse, is a conse-
guence of the two-step injection process.

Because, in a subthresholFET, the gate-to-
source voltage typically is less than 1V, if the drain-
to-source voltage exceeds 6V, the gate voltage must
exceed the drain voltage by at least 5V. The oxide E-
field supports strongly the transport of injected elec-
trons to the floating gate, and requirement (3) is al-
ways satisfied. Unlike conventionalFET transistors,
conventionalpFET transistors naturally inject elec-
trons onto their floating gates (at sufficient drain-to-
source voltages); we do not need to add a special
channel implant to facilitate injection.

3.4. The Injection Equation

Fig. 2. The pFET synapse, showing the electron tunneling The data of Fig. 4 show injection efficiency (gate
and injection locations. The well contact is not shown. Like current divided by source current), versus drain-to-
those in Fig. 1, the three diagrams are aligned vertically,channel potential, for both th&ET andpFET syn-
diagramsA and C are drawn to scale, the vertical scale in apses. The data are plotted as efficiency because, for
diagramB has been exaggerated, the voltages in the bandyoth devices, the gate current is linearly proportional
diagram are referenced to the source potential, and subi; the source current over the entire subthreshold

threshold ({<100nA) operation is assumed. In the 2um ) S -
Orbit process, the synapse length is 56 um, and the width iq ANJ€- Because the hot-electron injection probability

16um. Whereas the tunneling process is identical to theVa1€S with channel potential, we reference all termi-

NFET synapse, the injection process is different. Becauseh@l voltages to the channel. We can re-reference our
the charge carriers are holes, we generate electrons byesults to the source terminal using the relationship
means of hole impact ionization at the drain. Refer to the between source and channel potential in a subthresh-
text for a description of the impact-ionized electron- old MOS transistor [19, 20]:

injection process. With a 20fF interpoly capacitor as
shown, the coupling coefficient between the poly2 control W= KVfg + LPo (5)
gate and the polyl floating gate is only 0.25. We enlarged
the interpoly capacitor to 1pF in the test device, thereby
increasing the coupling to 0.8.

where ¥ is the channel-surface potentidky is the
floating-gate voltagex is the gate-to-channel-surface
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in opposite directions, we obtain the final gate-current
equation, for both synapses, by subtracting Egn. (6)
from Eqn. (3):
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1 |g:E( OX+Vbi) e \bx + Vi -n Ise VactVy (7)

1 The principal difference between th#ET and
pPFET synapses is the sign of the learning. In the
NFET synapse, tunneling increases the channel cur-
rent, whereas injection decreases it; ingRr&T syn-
apse, tunneling decreases the channel -current,
whereas injection increases it.

N
[=2]

AN
]

gate current / edge length (#w)
= =
o, o

-20f %7 .
-0.044 I —Or04 I —O.b36
-1/ oxide voltage (1/V)

-0.032 -0.028

Fig. 3. Tunneling gate current versus oxide voltage, nor- 3.6.  Impact lonization
malized to the tunneling-junction edge length in lineal mi-
crons.Vy is defined as the potential difference between the

tunneling junction and the floating gate. The modified We equate a synapse’s weight value with its source

Fowler—Nordheim fit (solid line) employs a built-in voltage current. However, because for both synapses the acti-

to account for oxide traps: the conventional Fowler— Vation energy for impact-ionization is less than the

Nordheim fit (dashed line) is shown for comparison. barrier energy for injection, a channel-to-drain E-field
that generates injection electrons must also liberate

additional electron—hole pairs [21]. For both syn-

coupling coefficient, ant, is derived from the MOS  apses, the drain current can therefore exceed the
process parameters. source current. If we choose drain current, rather than

For both devices the injection efficiency is inde- source current, as the synapse output, we can rewrite
pendent, to first-order, of the floating-gate—to-channelthe gate-current equation in terms of drain current
voltage, as long agi,>Vy (where \; and V; are the  using a (modified) lucky-electron [22] formulation:
floating gate and drain voltages, respectively). In the
pFET synapse, this condition is always satisfied. In
the nFET synapse, this condition is not necessarily
satisfied; the data of Fig. 4 show what happens when _ . . . . . . . . . .

we sweep thenFET drain from voltages much less | REET (e )2
than Vi, to voltages much greater thafy. As Vy 10° L=550x10%e 0

S

approache¥;,, the oxide voltage becomes small, and
the gate current drops.

We fit the injection data of Fig. 4 empirically; we
are currently analyzing the relevant electron-transport
physics to derive equivalent analytic results. For the 3 1g®
NFET synapse, we chose not to fit the region where g
Vy>Viy because, at such high drain voltages, the gatem 10°
currents are too large for use in a practical learning 1G®

( 8.06 )2
T=9.7m10°e Vie=1.00

rrent / source current
=
o
T

6 7 8 9 10 11 12

NS
al

system. For both synapses, then, 3
drain-to-channel voltage (V)
V. \2
_ —(Tf\,’]) Fig. 4. Injection efficiency versus drain-to-channel voltage,
|g —’7| £ (6) for both thenFET andpFET synapses. The gate-to-channel
. . . voltages were held fixed during the experiments. For the
whereVis the dram-to-cha.\nnel potential andVyg, NFET, Vyo=5.66V; for thepFET, Vgo=1.95V. In thenFET
and \, are measurable device parameters. synapse, when the drain voltage exceeds the floating-gate
voltage, the oxide E-field tends to return the injected elec-
3.5. The Gate-Current Equation trons to the silicon surface, rather than transporting them to

the floating gate. As a result, for drain-to-channel voltages
Because the tunneling and injection gate currents areéear \,.=5.66V, thenFET data deviate from the fit.
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wherely is the drain current ang V., and \ are
measurable device parameters. In Fig. 5 we plot im-
pact ionization data for both synapses.

w

11.010

41.005

nFET drain current / source current
pFET drain current / source current

4. Synaptic Arrays

4 6 8 10 127

A synaptic array, with a synapse transistor at each
drain-to-channel voltage (V)

node, can form the basis of a silicon learning system.
We fabricated simplified 2x2 arrays to investigate Fig. 5. Impact ionization versus drain-to-channel potential,
synapse isolation during tunneling and injection, andfor both thenFET andpFET synapses. Impact ionization in
to measure the synapse learning rates. Because a 2>{#€ nFET is markedly more efficient than in theET, for
array uses the same row-column addressing emtwo reasons. First, as a consequence of its ptjipe sub-

: .__strate implant, thenFET synapse experiences a higher
ploye? b3|/ Iahrger arrays,_ Itlal.lows udslto Chara(:terlzedrain-to-channel electric field than does p#ET, thereby
completely the synapse isolation and learning. increasing the ionization likelihood. Second, the impact-

ionization process is naturally more efficient for electrons
4.1. The nFET Array (the nFET charge carriers) than it is for holes ({ffET
charge carriers).

The nFET array is shown in Fig. 6. We chose, from
among the many possible ways of using the array, to
select source current as the synapse output, and t400pA, while measuring the source currents of the
turn off the synapses while tunneling. We applied the Other three synapses. As expected, the row 2 synapses
voltages shown in Table 1 to read, tunnel, or injectwere unaffected by either the tunneling or the injec-
synapse {1,1} selectively, while ideally leaving the tion. Coupling to the {1,2} synapse also was small.
other synapses unchanged. To obtain the data in Fig. 8, we first set all four

Because the synapse tunneling and drain terminal$ynapses t&,=100nA. We injected the {1,1} synapse
are connected within a row, but not within a column, down to 100pA, and then tunneled it back up to
the crosstalk between column synapses is negligible100nA. As in the experiment of Fig. 7, crosstalk to
We reduce the crosstalk between row synapses byhe other synapses was negligible. Our large gate ca-
using oversize, 1pF gate capacitors that provide 809gacitors minimize crosstalk, at the expense of synapse
voltage coupling from the control gate to the floating Size and learning rate. We intend to fabricate future
gate. Because the tunneling gate current increasesSynapses with smaller gate capacitors.
exponentially with the oxide voltagé,, (Vox in turn,
decreases linearly with the floating-gate voltage), and4.2.  The pFET Array
because the hot-electron gate current increases line-
arly with the channel curremy, (I, in turn, increases ThepFET array is shown in Fig. 9. We ground fie
exponentially with the floating-gate voltage), the iso- type substrate, apply +12V to timetype well, and
lation between row synapses increases exponentia”y’eference all terminal voltages to the well potential.
with their floating-gate voltage differential. By using ~ We again chose source current as the synapse out-
5V control-gate inputs, we achieve about a 4V differ- put, but here, unlike in theFET array, we leave the
ential between the floating gates of the selected and®FET synapses turned on while tunneling. We ap-
deselected synapses; the resulting crosstalk betweeplied the voltages shown in Table 2 to read, tunnel, or
row synapses is <0.01% for all operations. inject synapse {1,1} selectively, while ideally leaving

To obtain the data in Fig. 7, we initially set all syn- the other synapses unchanged.
apses tds=100pA. We tunneled the {1,1} synapse  To obtain the data in Fig. 10, we initially set all
up to 100nA, and then injected it back down to Synapses tb=100pA. We injected the {1,1} synapse
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ng{?gel C0|U;pg 1 Cg'é{?pgg C0|U;pg 2 Table 1.The terminal voltages we applied to the array of
9 9 Fig. 6, in order to obtain the data of Figs. 7 and 8.
1 l -—-
rowroxzn:r;g\' . col 1i col 1:col 2: col 2irow 1irow 1irow 2 row 2
n n gateisource gatesourcedrain: tun : drain: tun
|| a2 |[—
— — read| +5i O 0 0 +1 0 0 0
row 2 tunneling> -———- tunne] O 0 +5 0 0: +31 0 0
row 2 drain -———-
< < injectl +5 0 0 0 3.1E 0 0 0
2 |[— e [
| | | | T T
[ [ [ [ 1075 ‘ {1,1} synapse

Fig. 6. A 2x2 array ofnFET synapses. Because the row __
synapses share common tunneling and drain wires, tunnel%‘;
ing or injection at one row synapse can cause undesireds 108;
tunneling or injection at other row synapses. :

source curi

{1,2} synapse
up to 100nA, and then tunneled it back down to

100pA. To obtain the data in Fig. 11, we performed 10105 2.01) and (2.0] synapses

the opposite experiment. As was the case imBET i .' ' .

array, in thepFET array the crosstalk between col- 0 R © 1000 1500

umn synapses was negligible, and the crosstalk be-_ o

tween row synapses was small. Fig. 7. Is_,olatlon in a 2x2 array ofFET synapses. Sou_rce_
When we inject the {1,1} synapse we apply —4V current is the synapse output. The {1,1} synapse first is

' tunneled up to 100nA, then is injected back down to
rather than 0V, to the {1,2} synapse control gate. We 100pA. The tunneling voltage, referenced to the substrate

do so because pFET synapse can experience hot- potential, is \,,=31V; the injection voltage is M=3.15V.
electron injection by a mechanism different from that Crosstalk to the {1,2} synapse, defined as the fractional
described in Section 3. If the floating-gate voltage change in the {1.2} synapse divided by the fractional
exceeds the well potential, and the drain-to-channekhange in the {1,1} synapse, is 0.006% when tunneling,
voltage is large, electrons can inject onto the floatingand is 0.002% when injecting.

gate by means of a non-destructive avalanche-

breakdown phenomenon [12] at the MOS surface.

This alternate injection mechanism will be the subject . {"2,1} and {22} synaps!es
of a future paper. 10 '

)

{1,2} synapse
10 :
5. The Synapse Learning Rule

10°

source current

. . {1,1} synapse
We repeated the experiments of Figs. 7 and 10, for 5

several tunneling and injection voltages; in Figs. 12—

15 we plot, for thenFET andpFET synapses, the I

temporal derivative of the source current as a function *° § ; ; 3

of the source current. If we equate a weightvith 0 500 ime (9 1000 1500
Ime (S

the source currerlt, these data show the synapses’ _ v
weight-update rates. Starting from the gate-currentFig. 8. The same experiment as in Fig. 7, but here the {1,1}

equation, Eqn. (7), we now derive a learning rule thatSynapse first is injected down to 100pA, then is tunneled
fits these data back up to 100nA. Crosstalk to the {1,2} synapse is

0.001% when injecting, and is 0.002% when tunneling.



column 1 column 1 column 2 column 2
source gate source gate
row 1 tunneling> -——=
<« <«
@2 | [b— w2 |[b—
row 1 drain -——-
row 2 tunneling> -
<« <«
2 |[p— e |[p
row 2 drain -——-

Fig. 9. A 2x2 array ofpFET synapses. The well connec-
tions are not shown. As in tmEET array, because the row

synapses share common tunneling and drain wires, tunnel-g
ing or injection at one row synapse can cause undesired3

tunneling or injection at other row synapses.

5.1. Tunneling

We begin by taking the temporal derivative of Eqn.
(2):

K'Vin KQg
als :L| e Ut @@
Qr°
In Appendix A.1we substitute for the tunneling
gate current using Eqgn. (3), redefines the synapse
weight w, and solve for the tunneling weight-update
rule:

an _ kK
atg_ﬁglg 9)

ot

ow_ké' (o)
T 0, w (10)
VoYt
where o= (112)

K(Vtun + Vbi)2

Equation (10) fits accurately the tunneling weight-
update data for both synapses. In T synapse,
0.12<6<0.22; in thepFET, 0.015<0.05.

5.2. Injection

We begin with Eqn. (9):

gk

ot~ Q

In Appendix A.2,we substitute for the injection
gate current using Eqn. (6), replakewith w, and

Id (12)
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Table 2.The terminal voltages we applied to the array of
Fig. 9, in order to obtain the data of Figs. 10 and 11.

col 1 col 1icol 2 col 2:irow Lirow 1 row 2;row 2
gateisource gatesourcedrain: tun : drain: tun
read| -5 0 0 0 -5 0 0 0
tunne| -5 0 0 0 -5i 428 0 0
inject| -5 0 -4 0: -93 O 0 0
1k : "{1,1} synapse€’ :

—~
<

N
=

source
©

{1,2} synapse

{2,1} and {2,2} synapses

1000 1500 2000

time (s)

500

Fig. 10.Isolation in a 2x2 array gfFET synapses. Source
current is the synapse output. The {1,1} synapse first is
injected up to 100nA, then is tunneled back down to
100pA. The injection voltage isd¥=—9.3V; the tunneling
voltage, referenced to the well potential, i, ¥28V.
Crosstalk to the {1,2} synapse, defined as the fractional
change in the {1.2} synapse divided by the fractional
change in the {1,1} synapse, is 0.016 % when injecting, and
is 0.007 % when tunneling.

10'{ U and [2,2) synapses ‘ |
@ {1,2} éynapse
5 10% | .
S
g I | |
§ lO'gg ! {1,1} synapse |
o | i s N
0 500 1000 1500 2000
time (s)

Fig. 11. The same experiment as in Fig. 10, but here the
{1,1} synapse first is tunneled down to 100pA, then is
injected back up to 100nA. Crosstalk to the {1,2} synapse
is 0.005% when injecting, and is 0.004 % when tunneling.
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=
o,

=

o,
N
=

=

o,
N
@

=

o,
N
5}

change in source current (|A/s|)
change in source current (JA/s|)

-17 <17

10 = I—g I—s 7 10 -10 '79 ‘78 -7

10 10 10 10 10 10 10 10
source current (A) source current (A)

Fig. 12. Tunneling delta-weight versus weight for thieET Fig. 13. Injection delta-weight versus weight for thEET
synapse, with source current chosen as the synapse weigtgynapse, with source current chosen as the synapse weight.
The {1,1} synapse was tunneled up as in Fig. 7, with theThe {1,1} synapse was injected down as in Fig. 7, with the
source at ground and the ground-referenced tunneling voltsource at ground and the ground-referenced drain voltage
age stepped from 29V to 35V in 1V increments. We herestepped from 2.9V to 3.5V in 0.1V increments. We plot
plot the magnitude of the temporal derivative of the weightthe magnitude of the temporal derivative of the weight
value as a function of the weight value. The mean tunnelingvalue as a function of the weight value. The mean injection
slope is +0.83. slope is—1.76; the minus sign has been added because the
synapse weight is injecting down.

solve for the injection weight-update rule: o ] )
Learning in thenFET synapse is described by se-

OW_ l7 K. (2-a-p) lecting the (+) in Eqn. (16); in theFET synapse, the
- (13) .
ot QT (-) is chosen.
utvg 5.4. Learning-Rate Degradation
where 0=2—-— (14)
(Vds+Vn) SiO, trapping is a well-known issue in floating-gate
2 5 transistor reliability [23]. In digital EEPROM memo-
Vg Ig ries, it ultimately limits the transistor life. In the syn-
and p= 3(V +V ) ln( j (15) apses, trapping decreases the learning rate. However,
ds ° unlike the transistors in a digital memory, the syn-

apses in a typical learning system will transport only a
small quantity of total oxide charge over the system
lifetime. We tunneled and injected 1nC of gate
charge in both synapses, and measured a ~20% drop
in both the tunneling and injection weight-update
learning rates. Because 1nC of gate charge represents
an enormous change in synapse gate voltage, we be-

li that oxide t i be i d safely.
We obtain the synapse learning rule by adding Eqns.leve at oxide trapping can be Ignored saely

(10) and (13), with a leadingt] added because the
sign of the learning is different in tm&ET andpFET 6
synapses: '

Because If{) changes slowly, we approximgieo
be constant. Equation (13) fits accurately the injection
weight-update data for both synapses. In HR&T,
0.14<0+p3<0.28; in thepFET, 0.08 < +[3<0.14.

5.3 The Learning Rule

Conclusion

We have described complementary single-transistor
ow_ K n\170) L (2-a=B) silicon synapses with nonvolatile analog memory,
E'w nw (16) : . o Y
simultaneous memory reading and writing, and bidi-
rectional memory updates that are a function of both
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change in source current (|A/s|)
change in source current (|A/s|)

10 -10 I -9 I -8 -7 10 -10 I -9 I -8 -7
10 10 10 10 10 10 10 10
source current (A) source current (A)

Fig. 14.Tunneling delta-weight versus weight for {feET Fig. 15. Injection delta-weight versus weight for thEET
synapse, with source current chosen as the synapse weightynapse, with source current chosen as the synapse weight.
The {1,1} synapse was tunneled down as in Fig. 10, withThe {1,1} synapse was injected up as in Fig. 10, with the
the source and well at +12V and the tunneling voltage,source and well at +12V and the drain voltage, referenced
referenced to the well potential, stepped from 26V to 32Vto the source potential, stepped frei®.0V to—-11.0V in
in 1V increments. We plot the magnitude of the temporal _0.5V increments. We plot the magnitude of the temporal
derivative of the weight value as a function of the weight gerivative of the weight value as a function of the weight
value. The mean tunneling slope-i6.99; the minus sign  value. The mean injection slope is +1.89.
has been added because the synapse weighhigling
down.

Vo

the applied terminal voltages and the present output. a_ts QE ls(VortV ) e Voo Vi (17)
We have demonstrated that a learning system can be T

realized as a two-dimensional synaptic array, and \We SUDSHItUteV/ o= Viun—Vig (Where \y, is the tun-
have shown that we can address individual arrayneling-node voltage andy, is the floating-gate volt-
nodes with good selectivity. We have derived a syn-age), approximate Wi+ V>V, expand the tun-
apse learning rule, and believe that we can buildneling exponential by (1-X%1+x, and solve for the
autonomous learning systems, combining single-tunneling weight-update rule:

transistor analog computation with memory updates

computed both locally and in parallel, with these de- dlg _ Kf v +v 2 0, (1-0)
vices. Finally, we anticipate that our single-transistor 3¢ ~ Q b (Vtun+v -V; ) Il (18)
synapses will allow the development of dense, low- T
power, silicon learning systems. VU,

where o= (29)

K (Vign + Vi)

Because, for subthreshold source currents, the
, floating-gate voltage changes slowly, we approximate
Appendix A (Vun* Vii—Vip)® to be constant. We define:

_VO

A.1. The Tunneling Weight-Update Rule . fem (V

¢

Finally, we substituté€’ into Eqn. (18), redefining
Is as a weightv:

tun

2 0
V=) 1o (20)
We begin with Eqgn. (9):

0| K\/,n KQfg Qfg K

Ut T =
a_t QTI et e it - Ll 9

ow _ké ' (1- o)
We substitute Eqn. (3) for the gate currignt at ~Q—TW (21)
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A.2. The Injection Weight-Update Rule Because If{) changes slowly, we approximgieo

be constant. Finally, we substitute Eqn. (27) into Eqgn.
We begin by rewriting the drain-to-channel potential, (9), replacings with w.
Vg, in terms of \js andls. In a subthreshold floating-

gate MOSFET, the source current is related to the a_W:_n_KW(Z_a_B) (31)
floating-gate and source voltages [14] by: at Qr
K Vig— Vs
- Ut
=18 (22) Acknowledgments
Using Eqgns. (5) and (22), we solve for the surface
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We now solve folWy:
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