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ABSTRACT:Ion intercalation based programmable resistors $

have emerged as a potential next-generation technology for aﬁialog ? o - v
deep-learning applications. Proton, being the smallest ion, is a very M 'ﬁ"h’k'T SO veer

promising candidate to enable devices with high modulation S% e Pmmnaﬁon.f___. Ly
low energy consumption, and enhanced endurance. In thi ) 5

we report on therst back-end CMOS-compatible nonvolatile
protonic programmable resistor enabled by the integration of
phosphosilicate glass (PSG) as the proton solid electrolyte la
PSG is an outstanding solid electrolyte material that displays
excellent protonic conduction and electronic insulation character-
istics. Moreover, it is a well-known material within conventional Si
fabrication, which enablesegise deposition control and
scalability. Our scaled all-solid-state three-terminal devices show

desirable modulation characteristics in terms of symmetry, retention, endurance, andiemeygytonic programmable

resistors based on phosphosilicate glass, therefore, represent promising candidates to realize nanoscale analog crossbar proces
monolithic CMOS integration.

KEYWORDS:analog computing, doped silicon dioxilgroton intercalation, programmable resistors
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1. INTRODUCTION Recently, a novel device family relying on electrochemically

The success of deep learning in classifying and clusterf cg;trolled ion intercalation in transition-metal oxide channels

. . . aiso referred to as electrochemical random access memory,
representations of data at multiple levels of abstraction h &RAM) has shown promising characteri&titsDue to
fundamentally changed how information is processe

eir similarities to solid-state batteries, the most mature

However, conventional digital architectures face increaSiUQrsions of these devices rely on stylLi* ions across a'ti

di culties in supporting the heavy computational workloads,nqycting electron-insulating electrolyte, metered by electron
required to train state of the art deep neural networks,u in the outer metallic circlit!® Approaches based on

(DNNs).” The pressing need for faster and more energyskali-metal ions (Li N&, K, C&") su er from CMOS

e cient deep-learning processors has therefore led to g{tompatibility, due to contamination concerns of the

intensive investigation of in-memory computation schemegbrication tools. Proton {Hintercalation devices are thus

using analog crossbar artéys. considered to have the edge in realizing scalable programmable
The basic building block of analog crossbar arrays is thgsistors that are back-end-of-line (BEOL) integfable.

crosspoint element, which can be described as a programmereover, the smallest ionic radius of protons (Shannon

mable, nonvolatile resistoFor a DNN to be trained Prewitt eective ionic radius 0f0.18 A if 2-fold coordinated

successfully (i.e., without degradation of clatish perform- and 0.38 A if one-fold coordinated) promises high

ance) with such architectures, the resistive devices needmodulation speed, low energy consumption, and enhanced

have many nonvolatile conductance states that can k8durance. Indeed, in our recent Worke demonstrated

modulated reversibly, symmetrically, and reprodticidly. ~Promising device characteristics using g sudid hydrogen

plethora of device technologies has been proposed for analog

deep learning applications such as phase-change memoriesgeived: April 23, 2021

lamentary and bulk-switchifgresistive memories, ferro- Revised: June 29, 2021

electric tunnel junction$spintronics’ and superconducting

nanowires? Despite signéant advances in the aforemen-

tioned elds, no device technology has been iddrgo far

that meets all of the requiremeénts.
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Figure 1.(A) Schematic of the protonic programmable resistor studied in this work. (B) Top-view scanning electron microscope image of a
nished device showing the source (S), drain (D), and gate (G) of a device with a nominal chaWjedfddim @nd a lengthL) of 25 m.

reservoir, polymeric Nan electrolyte, and WCchannel reversed by the application of a voltage pulse of inverse
material for proton intercalation. polarity, forcing protons out of the channel back into the gate

However, the main bottleneck with developing protonigeservoir. Protons are n-type dopants inAV/&nd as they
programmable resistors has been the absence of a CM@&bve in and out, the conductivity of the channel is modulated
compatible all-solid-state electrolyte that conducts protons bupp and down. Furthermore, in the absence of a programming
blocks electrons. All designs so far have relied on approacpeake (i.e.,oating gate), proton motion toward either the gate
that either cannot be integrated and scaled down, such as usihghe channel is precluded, as the electrolyte prevents the
organic material$,using chemically and thermally sensitiveelectron ow required to satisfy charge neutrality in the
polymers (e.g. Nan),'® or suer from energy ineiency channel and reservoir layers. This last feature establishes
such as high electrield-induced water hydrolySistur-  nonvolatility with the channel conductance remaining constant
thermore, some protonic electrolytes rely on water absorptiei its last programmed level.
for proton conduction, requiring repeated rehydration of the Among several oxides whose electronic conductivity can be
material during operatiéh. tuned via cation intercalation (W® V,052° MoQ,;>*

In this work, we demonstrate a CMOS-compatible protonifh,0.>%, we chose to use amorphous tungsten oxide (a-
programmable resistor based on a nanoporous phosphosiligate,) as the channel material. This selection was motivated by
glass (PSG) solid electrolyte. PSG is an excellent choice fge well-established conductivity modul&tién® and
this application due to its (1) good electronic insulation, (2)electrochromist dynamics with cation intercalation. a;WoO
high room-temperature proton conductivity, (3) conductions 3 CMOS-compatible semiconductor with a band gap of 2.8
mechanism based on P doping (instead of structural wateg,» ev whose conductivity can be precisely modulated by
and (4) ready availability in conventional Si processing. Thgotonation, taking place concurrently with charge-balancing
selection of this material has allowed us to use standagfbctron lling of the W 5d orbital dominated conduction band
CMOS-fabncatlon technlques_, and consequ_ently scale dc_)wp the dilute regime. The structure of a;Wad room
the device footprint. Our devices show desirable modulatiQemperature is assumed to be similar to that of its crystalline
characterlst_lcs in terms of symmetry, retention, endurance, %nterpart (monoclinic based on corner-sharing WO
energy eciency. This new device technology appeargcianedra), but with disordered bond lengths and angles.
promising in the quest to satisfy the stringent performancg,e most common defect present in the; Witiice structure
requirements for anallog crosspoint_ elements. Furthermofg,5, oxygen vacancy, which bonds t6*aow reduces the
PSG en_ables explorf'mon pf alternative channel and _hydro lation state of the neighboring Win, and increases the
reservoir Iay(_ars,_ while using a fully CMOS compatible a nductivity, in a way analogous to the way the electron does
scalable fabrication platform. with proton intercalation (segigure S)L The extent of

conductivity modulation in a-W®y proton intercalation,

2. DEVICE OPERATION therefore, depends on its initial defect concentration that
The protonic programmable resistor demonstrated in this wofl€termines its initial CQHdUCtI\?ﬁY- )

is a three-terminal device that employs aaN@nnel, a PSG In the search for an inorganic CMOS-compatible electrolyte
electrolyte layer, and a Pd gate reservaiure A). We  layer, we focused on silicate glasses),(@ifiich are widely

adopt a transistor-like notation to refer to the three terminaksed in Si technology as electron insufdtdeposition
of this device. The terffsourceand“drairf are used to refer ~conditions of silicate glasses can be engineered to yield a
to the two ends of the W@hannel, while the terfgaté is nanoporous structure with defe@H terminated Si groups
used to refer to the Pdlgroton reservoir. (silanal), groviding a surface-site path for ion transport along
The basic operation principle of the device relies ofhe pores? The acidic nature of silanol acts as a proton donor,
modulating the channel conductance via the electrochemicaMiich then migrates by hopping between hydroxyl groups and
controlled intercalation of protons into Y& explained in ~ structural watér*° Doping silicate glasses with phosphorus
our recent work Initially, protons are stored in the gate sterically hinders the glass network to increase nonbridging
reservoir as PgHwvhich is achieved by the hydrogen uptake obxygen bonds, replaces SO Si bonds with Si OH and
Pd in a forming gas ambient (3% iH N,).”* With the Si O P OH groups, and increases both the pore volume
application of a voltage pulse, a controlled number of protoasd surface aréaThe P OH groups not only have higher
are moved from the gate to the channel through the solidcidity in comparison to silanol but are also amphoteric,
electrolyte, while electrons concurrently move through thmeaning that they can act as both proton donors and
external circuit in the same direction. This process can laeceptors® These are all key properties that provide
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phosphosilicate glass (PSG, B)3iigh proton conductivity

at room temperature (2.54 104 S cm?), which stands
among the highest values in comparison with several
perovskite, uorite, and simple oxide proton-conducting
materials! while retaining their electron-insulating proper-
ties>® Furthermore, even though the proton conductivity of
PSG can be further increased td 80cm? by an additional
hydrothermal treatméfitand chemisorption of water in the
pore structuré’ such modications also result in an increased
electronic conductivity of the material, which is undesirable for
our design that requires nonvolatile throttling of hydrogen in

WO,

3. METHODS

The protonic programmable resistors were fabricated on a Si
substrate covered with 10/90 nm HKD,O5 deposited by
atomic layer deposition (ALD) for electrical and protonic
insulation. Channel contacts (15/5 nm Au/Cr) werst
patterned using a direct-write photolithography and lifto
process. A 10 nm W@hannel and 10 nm PSG electrolyte
layers were blanket-deposited using ALD and plasma-enhanced
chemical vapor deposition (PECVD) processes, respectively.
The deposition conditions for PSIGF100°C, 60 W plasma
power, and gasow ratio of 12 sccm Si2 sccm PH
diluted at 2% in k) were found to be optimal to maximize
proton conductivity, as reported in 3&f The PSG/WQ@
stack was subsequently patterned with a self-aligned reactive
ion etching (RIE) process, followed by TMAH-based wet
etching of W@ to create a PSG overhang that prevents
shorting of the channel with the gate at the edges of the device.
Di erent channel dimensions (i.e., width and length) were
patterned in the range between 2 and b@0Finally, the 5
nm Pd reservoir and 150/10 nm Au/Cr gate interconnect and
pads were electron beam evaporated and patterned through
separate liftoprocesses. A cross-sectional view wished
device is shown iRigure A. Full details of the fabrication
process can be found Fgure S2in the Supporting
Information Figure B shows the top-view scanning electronFigure 2.(A) Atomic force microscopy image of the PSG 12:12 thin
microscope image of a fabricated structure. Given the standalrd surface deposited on a Si surface. (B) X-ray photoelectron spectra
Si-fabrication compatibility of this process it can easily be of the P 2p and Si 2p peaks and (C) Fourier transform infrared
adapted to yield nanoscale devices by replacing the pho#dectra of the SJOPSG 12:12, and PSG 12:24 tiims. The inset
lithography “steps with their electron-beam Iithograph}f‘ (B) shows enlarged spectra in the P 2p energy range, while the
versions. nset in (C) shows enlarged spectra in th@®©Rabsorption region.

An atomic force microscopy (AFM) image of a PABG
deposited under the optimum conditions on a Si substrate isThe presence of P in thiens was also comed by Fourier
shown inFigure A. A nanogranular structure (so-called transform infrared spectroscopy (FTIR). As showiyine
nanoglass) with a mean glassy grain diamet86 afm and 2C, the increase in RHux results in the appearance ofd®
an RMS roughness ofl nm is observed. This image also and Si OH absorption bands around 1300 ‘c(inset) and
evidences the presence of nanopores with a high surfacel#®0 cm', respectively, as well as a decrease in the intensity of
volume ratio, an essential requirement faieat proton the SiO and SiO Si bands. All of these features are
transport in this material. indicative of the successful incorporation of P atoms in the

The stoichiometric ratio of each element in the optimize@lass structure.
PSG Im (PSG 12:12) was found to be 0.55% P, 45.65% Si,
and 53.8% O using X-ray photoelectron spectroscopy (XP§). RESULTS
The spectra of undoped ($joptimized (PSG 12:12), and Electrical characterization of the devices was conducted at
more highly doped (PSG 12:24ins, deposited with 12:0, room temperature in an enclosed probe station (NEXTRON
12:12 and 12:24 Sj#PH; ux, respectively, were acquired MPS-PT) lled with forming gas (3%,Hn N,, see the
(Figure B). While the intensity of the P 2p peak, located at &Supporting Informatiorfor further details). The basic
binding energy of 134 eV (inset), increases with;PHXx, modulation properties of the devices wesemeasured to
that of the Si 2p peak decreases. The estimated &ssess their conductance modulation depth, symmetry,
concentration of the PSG 12:1& is 0.55%, a value similar retention, and endurandédure }in a pulsing modé&igure
to those reported for PSAms with optimized proton 3A shows the increase in conductance upon the application of
conductivity (2.5 10 * S cm?).*® 100 positive voltage pulses (incrementyged 3 V, 1 s) and
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Figure 3.(A) (left) Modulation characteristics of a protonic programmable resistonf8th, 50 m length) determined by applying 50 voltage

pulses of£3 V and 1 s width in either direction. Each state is monitored for 2 s by measuring the channel c\gentOnhiéis applied.

(right) Conductance changeG.nng plotted at dierent conductance leveB (.- INcremental changes are shown with red markers, while

decremental changes are shown with blue markers. (B) Endurance characterization throughout the application of 50000 volfa@@Qulses (25
1000 ]) of £3 V and 0.1 s width over the course30 h. (C) Detailed picture of (A) where the channel cuteeist,constantly recorded in

the presence (colored dots) and absence (dark dots) of gate pulses.

decrease upon that of 100 negative pulses (decremevig bluedisappears (i.egating gate), another sudden drop/rideim
=3V, 1s)Vpgwas constantly maintained at 0.1 V throughoutobserved. In the absence of a gate pliseemains
the update sequence. approximately constant, at a levedrdnt from that before

Figure 3 demonstrates very clean device conductandie application of the pulse, indicating nonvolatile program-
modulation characteristics with high symmetry and norming of the channel conductance (dark dots). These sudden
volatility of the programmed conductance, due to thehanges ing do not reect an increase in gate currégt,
electron-blocking properties of the PSG thinelectrolyte  (<pA), but are due to aeld-eect enhancement of the
(see Figure SB A well-dened symmetry point (i.e., a channel conductance®gp. This behavior can be explained
conductance level at which the incremental change is equabip a eld-eect increase in the electron concentration and a
the decremental change in conductance) is also evidencedremsilting increase in conductance of the n-typect&nel
well as excellent cycling endurance characteristics, with vbyy the electrostaticeld of protons driven within the
little variation in conductance values even after the applicatietectrolyte close to the WGQnterfacé®*° Unlike the
of 50000 pulses over the course 80 h (Figure B). nonvolatile, electrochemical intercalation induced conductance
Furthermore, we did not observe any noticeable open-circuitodulation ( G ercaaio this additional channel current only
voltage development across the gate stack, allowing thews during the application of a gate voltage pulse and
operation under constant voltage pulses. therefore it is volatile.

It should be noted that the base (i.e., unprotonated) The initial channel conductance and average modulation
conductance of the channel material is sagtly higher than  magnitude of protonic crosspoint elements for 20 devices with
that of stoichiometric WCtherefore limiting the conductance varying dimensions were also exantfiigae A shows that
modulation degth and the speed of the channel upon protdooth parameters scale linearly with the channel width/length
intercalation®?° Such behavior is expected on consideratiofW/ L) ratio, as expected. This well-behaved scaling demon-
of the oxygen-deient nature of the ALD-deposited WO strates both a promising yield and uniformity for these PSG-
Indeed, an XPS analysigg(ire Spclearly evidences a large based devices.
degree of initial tungsten reductior? tW®* ratio) and in-gap Using dierent channel dimensions, we have also estimated
states present in then. To mitigate this issue, the deposition the energy eciency and its scaling for protonic programmable
method of W@ can be modied to target the optimal resistors presented in this work. As thee of merit, we
stoichiometry or alternative channel materials (@, V chose the ratio of energy consumption required to change the
MoOs;, Nb,Os) can be used as a replacement. channel conductance by a small amdeint@.anng- This

A careful analysis of the modulation dynarrigaré &) choice also enables us to compare the same value with those
unravels interesting device physics, comprised of both volatigported for ® ion intercalation devices in t€f Figure 8
and nonvolatile changes in conductance, as programmirgyeals that, at the same device area om#)@ur devices
pulses are applied. Under const@gt= 0.1 V, the source consume 0.45 mJ/S, which is 200®re energy ecient with
current]s, immediately steps up/down when a gate pu&e ( respect to its heavier-ion alternative. Considering that this
V) is applied and then smoothly increases/decreases for theetric scales witl? (not area), we estimate the pulse energy
remainder of the pulse duration (colored dots). Once the pulsequired for a single state increment of ax1A®0 nm
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Figure 4(A) Scaling of conductance and average conductance modulation magnitadentortdinnel geometrigd (). (B) Comparison of
device energy eiency with respect to other CMOS-compatible oxygen ion intercalation devices repdred in ref

protonic device would be fJ, assuming a conductance range  Nuclear Science and Engineering, Massachusetts Institute of
of 1 10 M modulated with 1 nS incremental changes (i.e., Technology, Cambridge, Massachusetts 02139, United
900 states). We expect this number to further improve upon States» orcid.org/0000-0002-2688-5666

the implementation of a stoichiometric@i@annel, since the Email:byildiz@mit.edu

oxygen-desient nature of the current material limits its overall Jess A. del Alamo Microsystems Technology Laboratories,

modulation amplitude Ggnanng, @S explained earlier. Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, United States; MIT-IBM Watson Al

5. CONCLUSION Lab, Cambridge, Massachusetts 02142, United States

In this work, we demonstrated a back-end CMOS-compatible Email:alamo@mit.edu

protonic programmable resistor that can serve as a crossp mhors

ele_ment n analog c_rgssbar processors. Conductance mo YWurat Onen Microsystems Technology Laboratories
lation, device scalability, and process control are ensured by Massachusetts Institute of Technology Cambridge'

the use of a thin nanoporous PSG layer, a common and Massachusetts 02139, United States; MIT-IBM Watson Al

CMOS-compatible material, as the proton electrolyte layer. - : .
Our devices, which also include a;\Wi@nnel and a PgH La(l)br,dga(ljr:]gb/gggg:0%83?3823?263555102142, United States;

reservoir, display low energy consumption along With \;coias Emond MIT-IBM Watson Al Lab, Cambridge,
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