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AIARCi: tive learning in neural networks is crucial and required to relate new experience with existing

Publishing

memories and was first observed by I. Pavlov in his famous dog experiment.! Stimulating different
senses by the sight of food and the sound of a bell, 1. Pavlov trained his dog to correlate salivation with
the sound of the bell (association), although at the beginning of the experiment salivation was only
triggered by the sight of food. In neural networks, association correspo/ 0 an increase of synaptic

strength, which is controlled by action potentials emitted by p -)nd postsynaptic neurons.*”

Associative learning can be emulated with memristive pﬁ%ural networks,? memristive
—
678 ons of'as

circuits or magnetic tunnel junctions.” Other demonstrafi sociative learning implement two

artificial synapses with memristor emulators'® or a resistor an emristor.'" Artificial synapses based
on memristors enable synaptic modifications by applying prt)md postsynaptic voltage pulses to the two
terminals of the device,'>"> which allows to CGSQ\inf mation storage and processing on the same
physical platform.”’ls’16 Owing to the two-te Mracter, however, the application of postsynaptic

voltage pulses blocks the device output am\?e\?cnts information to be transferred during the learning
N

17,18,19

smission and learning. Hence, three- or even four-

process. The devices separate sign

terminal® synaptic devices may b:b‘%%ial because of their ability to decouple the postsynaptic pulse
from the output. Indeed, sg\'w learning with simultaneous learning and signal transmission has
been demonstrated 'th%eﬁninal synapses based on nano-particle organic memory field effect
transistors by ap y%kfwnaptic pulses with amplitudes as large as 30 V to the third terminal.?' In

memristor-sy;. apses, cxira terminals may be implemented with additional gates that allow tuning the set

S

£
voltage with an eleotiic field effect.”

)

_-—

)

rep ssociative learning with Y-shaped quantum dot floating gate transistors operated in
\
memfigtive modes. The geometry of the devices with two input terminals and one output terminal

enables realizing associative learning with postsynaptic voltage amplitudes as low as 0.5 V. The
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AICBUC ance of the Y-shaped quantum dot floating gate transistor depends on the amount of localized

charges on quantum dots (QDs) that are precisely positioned in the two input terminals. Emulating
external stimuli “food” and “bell” with two input voltages allows implementing an association between
“bell” and “salivation”. The number of required pulses to develop (association) or to forget (extinction)

the correlation between “bell” and “salivation” is controlled by the amplitides of the input voltages.

Fig. 1(a) shows an electron microscopy image of the Y-shaped' fleating, gate transistor. The device is
based on a modulation doped GaAs/AlGaAs heterostructurgfand was, grown by molecular beam epitaxy
on a GaAs substrate. After a GaAs buffer and GaAs/Aly,GaggAs superlattice layers, 2 pm undoped
GaAs, 30 nm undoped Aly>GapgAs, 50 nm n—dopecf“@i,\f"‘,l05'3cm'3 ) Alp»GagsAs, and 10 nm undoped
GaAs were grown. The electron waveguide, cdusisting of a stem (ST) that splits into a left (LB) and
right branch (RB), was fabricated by electron“geanifithography and dry chemical etching. QDs were
precisely positioned in the two branches and,at the branching section by growing InAs on a predefined
pattern of 50 nm deep holes. The holeS\with diameters of 100 nm were realized by electron beam
lithography and dry chemical etching (seeRefs. 23, 24 for more insights in the fabrication process). The
dark contrasts in Fig. 1(a)£€orrespond to the positions of the QDs and the etched trenches that isolate the
electron waveguide fiom the.side gates. The positioning of QDs is described in Ref. 23. The presented

measurements are‘conductedwat 4.2 K in the dark.

Connecting the voltage applied to the drain contact (i.e. right branch V}) with the side gates (see Fig.

232627 The Y-shaped floating gate transistor is characterized by

I(a))(leads to“a-memristive operation.
applying“the voltage V; = V; to both branches with resistances of R} = R, = 1 MQ in series to the

branches. The current-voltage-characteristics at the left, /;, and the right branch, /., show pinched

hysteresis loops as depicted in Fig. 1(b). The high and low conductance (on- and off-state) around zero
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AIbPVC ltage correspond to discharged and charged QDs, respectively,”’ since the localized electrons

Publishing 2
recuce the mobility and the charge carrier density of the channel.” For the on-state (discharged QDs)
and voltages between 4.8 and -1.0 V, [ and /; coincide. Thus the two branches have comparable
resistances due to the left-right symmetry. As the QDs become charged (below -1.8 V), [} and [, differ,
and the current in the left branch is smaller compared to the current in the tight branch. Also, the onset
of current flow for the left branch is observed at a larger voltage Vi, €. #11 > Viur. Both observations

correspond to larger amounts of QD localized charges.”””

Thisindieates that the positioned QDs
become charged independently in the two branches, since charged QDs localized in the branching or the
stem section would affect the currents in both branches gquallyw Hefice, the QDs in the two branches are
charged independently leading to different amounts of localized charges and to current-voltage-
asymmetries between the left and the right brar¢h inithe @ff-state. Discharging of the QDs is observed
for V4 = 3.7 V. The required amount of electrons to-eentrol the conductance depends on the effective
capacitive coupling between the gatess the '\QDs and the channel.*® Realizing the channel with similar

dimensions as a single QD may &llow ‘the“ebservation of single electron charging and discharging

events, as demonstrated with the floating gate transistor in Ref. 30.

Fig. 2(a) displays /- /4-charagteriStics for constant voltages V7 applied to the left branch. The sweep is
performed with J4 applied te the right branch and the two side gates. For non-zero values of V; the
hysteresis is @ff-centered and shows a linear shift with slope 0.6, as indicated by the brown arrow in Fig.
2(a). Depending onw)/;, the voltage difference between the left and right branch differs and hence, I;
depends on Vi'due to an effective voltage difference between the right branch and the branching section.
Ifi addition,. V] causes a shift of the discharging voltage V4 and a width variation of the low conductance
plateay Vi, (see Fig. 2(b)). An almost linear Vg-Vi-dependency with slope 1.6 is observed (as shown in

Fig. 2(b)) that is caused by the effective channel-gate voltage difference in the right branch, which
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AIand: on J; and allows larger amounts of charges to be accumulated for positive V). The increasing

numb3r of charges on the QDs leads to larger Vi, as well.”” As shown in Fig. 2(b), V4, only increases for
negative V) (slope: 2.6) but decreases for positive V; (slope: -0.3). The two slopes of the Viy-Vi-
dependency can be explained by different threshold voltages of the three terminals as shown in Fig. 2(c).
The largest threshold voltage is observed either for the stem (negative Vl){r\gleft branch (positive V).
Thus for V; = Vi, the current flows either between the branches Qve V1) or between the right
branch and the stem (positive }}) as indicated by the red arrows 4 ‘l‘}g . The other terminal (stem or
left branch) is decoupled due to a depletion of the 2DEG and'can actas an additional gate.’'* Since the
stem is connected to the common ground, no gating ef@ occurLs fgr negative Vj and Vi, is proportional
to V4 as reported in Ref. 27. For positive V), the selN%rigLiba)pposed to the increase of V, due to the
increasing amount of localized charges leading te,a degreasing width.

N
Fig. 3(a) sketches the network consisting owoﬁ‘-shaped quantum dot floating gate transistors Y and
Y. The devices represent artificia &%hat connect two presynaptic neurons with one postsynaptic
neuron (see Fig. 3(b)). Neuron fl‘flmdities are mimicked with function generators and the output
voltages Vi and V;, (pre 1&(0% rons) and Vi, (postsynaptic neuron). Rectangular voltage signals
V11 and Vi, emulate él(e ex /na]/stimuli “food” and “bell”, respectively. The conductance states of the

devices represen e“asmon between “food” and “salivation” (Y;) and “bell” and “salivation” (Y>).

Y, and Y, ar conpec via a voltage amplifier and a function generator as threshold device to emulate

£

postsyna{\r:jjo nctionality. The function generator is triggered by the output of Y, for a 1 MQ

load.(The generation of the voltage pulse corresponds to “salivation”. The signal Vi (corresponds to

¢ 00.%) iggers the function generator and releases a rectangular postsynaptic voltage pulse V;, with
\

amplitude -0.5 V (corresponds to “salivation”) for discharged QDs in Y, (see Fig. 3(c)). For charged
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AI(E the function generator is not triggered due to a larger voltage drop across Y;. Hence, Vi, is
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4+

constantly zero (see Fig. 3(d)) which corresponds to no association between “food” and “salivation”.

Associative learning is investigated with the network presented in Fig. 3(a) and the pulses shown in Fig.

4(a). The pulse V;; with amplitude 0.4 V represents the external stimuﬁ/ Y%”. The pulses V;, with

maximum 4.0 V and minimum -3.6 V correspond to “bell”. The 1 e)bsolute voltages of V;, are

required to alter the amount of QD-localized charge by exceedi ‘a’jhe e charging or the discharging

voltage that are in the order of several volts. In principle the/Same amplitudes can be used to emulate the
;&L

stimuli “food”, but 0.4 V are already sufficient to ting release of a postsynaptic pulse. The

conductance state of Y, determines the association Hs%m L“Qll” and “salivation” and is measured via
the current flow when applying a read-out p M and low currents represent strong and no
association, respectively. Fig. 4(b) displa s«tk:\m in Y, for the pulse sequence sketched in Fig.
4(a). The signal representing “food” issonly‘applied for N = 2 and 9 (vertical red lines), while the “bell”
signal is active for all pulses. Sim tamex(sQ}\exciting the network with both input signals increases the
current, which corresponds t thhwment of association between “bell” and “salivation”. Only
applying the “bell” signal o@urrent and emulates extinction.
£
/ V.
The developmen tﬁ)socia ion with a single pulse in Fig. 4(b) is not practical and it would be desirable

to control th ulses. To investigate varying pulse numbers, the width of the input signals and

the ampli@if‘e ra.are varied in Figs. 4(c) and (d), respectively. In both figures, the “bell” and “food”
signals are acCtive during all pulses with N > 0. Varying the width or the voltage allows to tune the

m%r Ises to develop association (to increase the current) from a few to several hundred pulses.
\
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AIEHct on was investigated in more detail for varying minimum voltages of the “bell” signal (see Fig.

Publi§/higg

5(a)). Yor N = 1, association is developed by simultaneously applying “bell” and “food” signals. For the
following pulses (N > 1), only the “bell” signal is active (V) is zero). The current reduction, which
corresponds to extinction, can be controlled with the minimum voltage. Fig. 5(b) depicts the current

after 1, 3, 5 and 15 pulses versus the minimum voltage. For a minimum (V.8\7V the current drops to

zero after the first pulse. Larger minimum voltages require more puls thower the current to zero and

hence to forget the association. )\

T—

—
Associative learning can also be implemented with Qc:&x@}l memristor synapses.'® The main

advantage of using three terminal devices is the“suita @ for simultaneous learning and signal

transmission.'® While information propagates frﬁ@l

in Y>), a voltage applied to the second input te }aT('bB in Y>) allows inducing learning processes. The

t to the output terminal (i.e. from RB to ST

three-terminal synapse based on a -sha)e’bctron waveguide enables implementing associative
1

learning with absolute postsynapt%}mplitudes as low as 0.5 V (e.g. 30 V were used for the

three-terminal synapse in Ref. 21). Due tosthe low localization energies of the electrons (around 0.4 eV),

ﬂarger operation temperatures may be realized with other III-V-

the presented network dog$§ notwgperate at room temperature, but electron localization was observed up
£
to temperatures of 165 =

semiconductor e@%how higher localization energies (e.g. GaSb and AlAs, see Ref. 33).

Ly
In concl@e resent Y-shaped quantum dot floating gate transistors suitable for associative
learning. In a netw

ork consisting of two devices, association is implemented by connecting the output of
a\%a input terminal of a second device. Tuning the widths and amplitudes of the input signals
\

controls the number of pulses to develop or to forget the association. The proposed three terminal

geometry enables operation as artificial synapses without separating learning processes and information
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mission in time. The low temperature operation hinders direct applications of the device, but the

Publishing

present work lays the foundation for possible room temperature operation of associative learning in

oo
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A 1

other material systems like GaSb/AlAs quantum dots that show larger localization energies.™
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A IPBre captions:

Publishing
FIG. 1. (a) Electron microscopy image of the device with its Y-shaped channel (yellow) and the side
gates (red and blue). The dark contrasts indicate the positions of the QDs and the etched trenches. The
bias voltages V) and V; are applied to the left (LB) and right branch (RB), respectively. In addition, V; is
simultaneously applied to the left side gates (blue). The stem (ST) is connected to the common ground.
(b) Current-voltage-characteristics obtained by simultaneously applying th€ voltage V; to both branches
and the left side gates. Pinched hysteresis loops are observed.

FIG. 2. (a) I-Vi-curves for different constant voltages applied to thg leftdbranch. For increasing V), the
discharging voltage Vj shifts towards larger values. The curves are.offset by 2 nA for clarity. (b) Vy, and
V4 as a function of V). Vy, increases for negative and decreas€s, for positive V). Vy shifts linearly with
slope 1.6. (c) Threshold voltages of the three terminals vergus</|. For positive and negative V), the left
branch and the stem show the largest threshold voltages, réspectively, leading to current flow between
the right branch and the stem (/] > 0) or between the two branches (/] < 0). (d) Schemes of current flow
(red) and capacitive coupling (orange) for V; = Vy, and¥4= -0.5 (left) and +0.5 V (right). For negative
(positive) V1, the current onset is observed between thesgwobranches (between the right branch and the
stem).

FIG. 3. (a) Circuit diagram used to investigate ‘agsociative learning. The Y-shaped quantum dot floating
gate transistors Y; and Y, represent two artifieial synapses. Connecting the output of Y; with an input of
Y, via a function generator allows to €antrolthe state of Y, by V1, and V;». (b) Illustration of the pre-
and postsynaptic neurons that are conneegtedyyvia the artificial synapses Y| and Y. (¢) Time trace of the
input voltage of Y, (food) and the output-af the function generator (postsynaptic voltage) for discharged
QDs in Y. Every incoming pulse triggets,the release of a voltage pulse with negative amplitude, which
corresponds to an associatign betwgen “food” and “salivation”. For charged QDs the association is
suppressed (see panel (d))s

FIG. 4. (a) Schemati¢time tracé€ of the voltage signals used to demonstrate associative learning. The
pulses V;» (green)dand V) (@range) correspond to the stimuli “bell” and “food”, respectively. (b) Current
of Y, for the pulSes sketched in panel (a). Applying “food” and “bell” signals simultaneously (vertical
red lines) ingfeases the current (development of association). (c) Current versus pulse number for
different widths«f thedvoltage pulses representing the signals “food” (V1) and “bell” (V;2). Both signals
are active, for all pulses. Less pulses are required to raise the current for larger widths (corresponds to
association). (d) Current versus N for different maximum values of V;, and a constant width of 50 ms.
For smaller maximum voltages, association is developed after more pulses.

FIG. 5: (@) Current of Y, versus pulse number. For N = 1 association is developed by simultaneously
applying “bell” and “food” signals. During the following pulses, only “bell” is active (V1 is zero). For
smaller minimum values of V;,, less pulses are required to reduce the current to zero (corresponds to
extinction). (b) Current of the data shown in panel (a) after the 1%, 3" 5™ and 15" pulse versus
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A mum value of V;,. The number of pulses to forget the association depends on the minimum
Publishiigude of the signal representing “bell”.
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