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Electrolyte Transistor-Based Reservoir Computing for High-Efficiency
Differential Solving System

DU Mingyang, HAN Mengtao, XING Qianye, CUI Hangyuan, WAN Changjin’
(School of Electronic Science and Engineering, Nanjing University, Nanjing, Jiangsu 210023, China)

Abstract:  Physical reservoir computing (PRC), characterized by its low training cost and high parallel efficiency, has
emerged as a promising paradigm for temporal signal processing and complex dynamical system modeling. By leveraging
the intrinsic nonlinearity and short-term memory dynamics of physical devices, PRC maps temporal inputs into a high-di-
mensional state space, generating rich reservoir states that enable accurate solving and prediction of complex state equa-
tions. With advantages such as readout-layer-only training, low inference power consumption, and few-shot data driven,
PRC offers a novel pathway for real-time solving of chaotic differential and partial differential equations on edge hardware.
However, effectively co-designing high-order temporal processing algorithms with the intrinsic modulation mechanisms of
physical devices remains a key bottleneck hindering practical deployment. Here, we report a highly efficient PRC system
based on indium gallium zinc oxide (IGZO) electrolyte transistors, achieving the solving and prediction of time-dependent
chaotic differential equations and partial differential equations. Leveraging the low-power characteristics and continuous
nonlinear mapping capability of IGZO devices, we designed a lightweight algorithm co-optimizing reservoir training, infer-

ence, and equation solving. The electrical response and ion migration dynamics of the IGZO transistors were accurately
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modeled and characterized, followed by system-level validation on the field programmable gate array (FPGA). Resource
evaluation demonstrates that, compared to a conventional fourth-order Runge-Kutta (RK4) implementation, our approach re-
duces digital signal processor (DSP) and flip-flop utilization by approximately 64% and 50%, respectively, while maintain-
ing equivalent accuracy. In performance benchmarks using the Mackey-Glass equation, Lorenz chaotic sequence, and one-
dimensional heat diffusion equation, our system achieves an inference latency of 11 s and reduces power consumption by
15%, with a normalized root mean square error (NRMSE~0.04) comparable to the Runge-Kutta method. For the partial dif-
ferential equation (PDE) task, computation time is reduced to 1/400 of that required by the second-order Runge-Kutta
(RK2) method, while maintaining a comparable NRMSE=~0.008. This work not only validates the efficiency and accuracy
of IGZO-based PRC in solving general differential equations, but also provides a scalable architectural foundation and prac-

tical engineering reference for next-generation lightweight, low-power edge scientific computing and neuromorphic hard-

ware platforms.
Keywords:

indium gallium zinc oxide (IGZO) electrolyte transistor; artificial synaptic device; reservoir computing;

chaotic differential equation solving; partial differential equation solving
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Figure 1  The electrolyte transistor-based PRC system and device

T H SR SO A A ) A T T 45 25 R A AT 1 ()
I o it v el BB B2 0 AR Lk A T8 T R
I, AT BRI )4 A5 5 s A Ak . O 92 B K
BLE $ , FRATT R Tk 18 7 i b ) ) ) 520 ] 48 6 T
AT R BZ RS A TR R G . ABER
FATSE I PRC M BRI T A i AE 5 3 LA [R] 4
AR [, 7 DA A H T 19 I =X A e e ot AR A8 I
XA A A I [ B2 PAY ) 3 A R G Vgt R AR
9 N Bt a5 oIR8 o MR F s Dk e 2 DAL R B Y
L RE /IR S B NN A W) ¢ Y1 S U D S S A VLS S
P SR 0 o o P O e ] AL 5% ik DT R, L5 %
P 28 filh J5 HL 3 ( Excitatory Post-Synaptic Current, EPSC)
W) J57 R T 40 T SR o FRATTRE AR T Ak TR o R A
WANE : Z2 0 053 77 F2 (ODEs ) 3% J2 I i 73 77 72
(PDEs) HI5T A s, =f vy, ...) 5 3 #5455 4 38 45 7k 2]
1~2 v HL TS A fi A A, 5 450 Ay T 905 1) ) 1L 3
Byt s, =fCeyato)o PR REE N (-1, 1] BEHL
B, B AR AR ) A S BE AL 3% 4 [m) s J5E 4 2

(c) Typical hysteresis loop at
V=20V

I e Bt 3] A 4 b 2 R SRS RUST O A 4R B RRAE
K BE MLXAT BN, b B3 S5 A1 S AR B ML 51
AR o B8 K ML AT DL Jin g 2% it o i ACRRAE 1)
PEECRE 7 AH R SR TR A, X TR R S
) BC(E B R R 2R I i B AT A% il DT (grid
search) o 7E A YR S5 45 Hh i 45 b 25 ] L A9 15 0 P AR AR
PRI 1 2 . R SE G TR R AT B ODEs
PR T PDEs, WEMA T & G 16 oK g &2 2% IR il oy Jr
A4 FE v 1. B 1 (h) W R T HL A T i
R W L5 8 - AT Si A i LR IF 51 i, 9k
Si0, Fki Ry 55 — 2 HLf# T, InGaZnO 2 R 838 , DL Al
AU A RN AR P L o 22 LR A K Si0, FURL B 1
T (H") , AE N B F A AE AL B BT AU JZ (Electric
Double Layer, EDL) , #f T 3K 2y 2§ ¢ 5t 1H Ab R4, A
T 76 AR HL R gl T LAV 22 1GZ0 13 . b, ik
XUH J2 H A i R A R A R B 2 B BOE I
P B8 % A W I S 0 M AR A, 8 AT DAL 28 fih 1) S
f R KRR AT R R 1GZ0 2 A 4% 1 B T o
5 iz v TR AT RE 98 52 BLEL AR () PRC I BE .
v s [ g 1 B R 28 F A B E AR R 2R
I(n=1) 5 GHTRE 1) # G A F TR RS IR
SIS AR, BROFIR R R 2 R A R S R AT
LRk [, B AT A5 B B 4 A B A R F A . FRATT R
o LA VI SR [l VA A AR R I, 35 mT LA S B &2
Flt ODE 11 PDE A K i A1 T30 .

XFF 1GZO FaL iR T At RS 1) L A R R TR AT T B 1 ()
AL () H R, 25 10 1 H 2 0 Pk FE AR T 5 bl a2
SR 2805 BT AL (Keithley 2636B) i 17 F4F , T 4 Ml
R TE 2 CHRHEEE 50%) &0 Foe . B 1(e) @
N T M B TS T R SRt B RO, 2 T ] R
i R B T SRR R . S ) 58 fih 1) B 0T 3k
T TR S BU R 2 R ) 5 e P 0O ek pR B A T A
RO, AR 1(d) , EPSC 1 & A 40 fif b 9 Ak S7 aod
i 2 2 5 fl 17 ok A FH T AR AR B, 9 3 R R S L T
B FERMATRK PR WIE R Z B R ERE
1GZ0/Si0, F 1 , 33 L6 5 42 5T 3 4o e vy 48 5 2800 5
RVRE R 2 T i B AT 28 e RC I I L 1
FoHL R . EPSC S —ad RS2 - 2 Ml Bk oh 45 RS
1GZO/Si0, Mt # A~ J5it A i Ak 1 ot = R e 8 66 18 A 9
BRI S S GE A B R A R AR R
FREETFIEBIMS, S EPSC S — A5 T FEAT R
BT R R

IDS:K{I—exp(—Tt”,(KTD)

DL

=x- [l—exp(— TTD” -exp(— t_TTD ), (t>T,)
DL IR

(1)




e U I 45« TR e 2SR SR A L AR T P B 2 5 R B 5

Hodt we, o, o M B 20 B HL 3 R B, EDL HL ff FLER
Bt TR R A B R E BRI RS B T 48 2 il
ik thFESEET ] . 3X 2o S HU R B T AR 1Y )2 ] LA
FVAE SRR B T B i R A R p<1 U K
TN F R A MR RS R R R R AR R e
A R o

R, S F bl B A7 B T 32 BOH F i 28 T i 4
IR M RS LIRSS a0 2
) JEEJEE (1GZ0/Si0, T it [ 25 AN [R) i Fis A5 A8 4k, 1 3
F R A BRI A5 T AR KRR BE AR AS [F Lk #F
SR —FE . A BN AT LA o o F
BAr b TR 79.26 .62.47 F10.715 5 24 it Jint A4 ik ol i 12
M 1.0 VAR 2.0 VOEEK 0.2 V), Xt 280 19728 1k
JU A 26.85 % 154.7 nA™ 0 LA EBIAS T RREE ST,
— B AR T DAAS 2 T R T A — B T A AR R

V- {l—exp(—TD ]+I(n—l)} -exp(—:;)

TpL

(2)
o Ty (T F0 I (n — 1) 53590 367 ik b R 5 B 1] ik e i)
B 1A ¢ A5 — B ) 25 RS 00 B v O o AR 5
B Ty BT, 59 51358 24 200 ms F1 20 ms. L, RC R4
e P A 4 ol TS s S R IGZO R HEAT R . M Ty
T2 AT HEH W BEAT A 25 28 40 R AN AN 5 25 i ek ) A5 it
4 Jk A DG 3 55— B D2 A AR A R A DG . FE SR
2 AU S B T S a0 ] ) A

I(n)=

150

W,.=Y X" (XX"+AI) (3)
o 55 TR 7 G5 Sl 3R 7 I e R R R - 522
Hrthisi o EAREE B Y 2 FU0E AR P A 3R 5K fige il 3 I A5
| NI SRR i SIS E R R LR N @ S st )|
O SF A 2 — A ) T R — A AR B, i DAIRATT
AT I TG R R 355 ARG o A BT - e 8, 1 ok PR R B
TE I8 o By, Fo AT R ) int8 14k )7 20 7E FPGA | 58 Jig
ASCEE L R 1 T 1 BB S AR A 1 A BRASUR .

3 XRERSHN

3.1 BREREAEHESRIA

FATAE n AL Si (100) 4 S b4l 28 T HL g 5 i 1
(=N E BT L - U e e W 1 T A
(PECVD), 7£ 120 “C(5ZF5 136 °C) . 100 scem SiH /N, 1’
B3 (5% SiH,/95% N,) B 450 scem N,O AR50 T,
FF2E 270 ms T i ik A (N*) 2 18 U0 R 49 K J0r Ik
SiOo L 0t o B 5 7E 2R T 38 o S A I A v
4520 nm JE IGZO ¥ (In: Ga: Zn B T b M 2:2:1) .
DU 2o 8 h AR H | AR & 4 0 O 2 scem A
30 scem, S JE 0.43 Pa, 3% A 60 W, $5%2 3 min, i )5
3 2o 5 20 S U e AR LR 1 PR A, SR FH G R vk DT
FR180 nm JE R . VB K 5 T8 43 A R 10 pm FI
100 wmo & FF5 75 i 28 A1 EPSC (1) 52 B I & 45 5
B Ce) FFE 1) B .

FATRE R T b A4S 1 B AR 1 F 2 R 9 X 52
PREs R EAT T, 25 3 an &l 2 iR o

100

25

Vas=1V —— BRI A
25 —— V=12 V| | @ sz
EPSC:I b4 20
68—+ )
—— Vgs=1.6 V < 15 /0
Ves=18V| =,
V.=V L0}
GS/ CJd
PSC:II St
(d
0
260 390 0 50 100 150 200

0 2 s 4 6 0 130

(a) ANIEIHIHHEASEE R A EPSC

(a) EPSC responses under gate voltage gradients

t/ms

(b) L FHYT EPSC AT B EPSC
(b) Dynamics of two phase EPSC

tims

(c) T PFIEI A 5 AR AR R A AR

(c) Device model based on experimental data

100010000100001 0001001001001000 0011110000000000 0100010001000100 0001000100010001

(d) N[5 Jok s i 370 B e P e

(d) Nonlinear responses to different pulse sequences

40
30
iémz() X
% i
- 8 i
)
1 L 1 1 00001
500 0.5 1.0 1500 05 1.0 1500 0.5 1.0 1500 05 1.0 1.5 0 1 2 3 5 00000
t/s tls /s /s ik 2]

(e) XFF 5-bit i il fiks 2 bR 2 0 oy

(e) Reservoir state responses to 5-bit pulse inputs

B2 s A R AE
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Table 2 Comparison between the proposed scheme and the traditional numerical method (fourth—order Runge — Kutta)
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