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Abstract—Cryogenic embedded-DRAM (eDRAM) is a
promising candidate for energy-efficient high-performance
computing (HPC), offering long retention time, high density,
and low power consumption. However, disorder effects at deep-
cryogenic temperatures pose significant challenges to classical

compact modeling, particularly in the deep-subthreshold regime.

This work presents a disorder-aware compact model for
cryogenic FETs incorporating band-tail states and quantum
confinement effects. A self-consistent Poisson-Schrodinger
solver provides the physical foundation for quantum correction,
and the model is validated against 14-nm FinFET experiments.
The leakage characteristics are further calibrated to gate-
induced drain leakage and retention time measurements from
2T-eDRAM cells at 10 K, extending the model capability beyond
the instrument detection limit. With variability-aware statistical
analysis, the model enables 4-bit analog computing-in-memory
(CIM) in a cryogenic 2T-eDRAM array, achieving an area
efficiency of 14.9 TOPS/mm? with 3 orders of magnitude longer
retention time than at room temperature. A negative-feedback
current write-verify (NF-CWYV) scheme is further proposed to
mitigate inter-level overlap, offering a potential accuracy
improvement from 12.5% to 70.4% with 1.4% overhead.
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I. INTRODUCTION

Cryogenic embedded-DRAM (eDRAM) is a promising
building block for future high-performance computing (HPC)
architectures, offering long retention time, high density, and
low power consumption [1, 2]. However, device variability
and reliability challenges at advanced technology nodes are
significantly amplified at cryogenic temperatures due to
disorder effects and device miniaturization [3, 4], resulting in
variable retention time and hindering variation-tolerant circuit
design. Given the strong correlation between device leakage
and cell retention, a design-technology co-optimization
(DTCO) flow [Fig. 1], targeting the deep-cryogenic and deep-
subthreshold regime, beyond the scope of classical compact
models, is highly demanded for reliable circuit optimization.
In this work, a self-consistent Poisson-Schrodinger solver is
employed to provide the physical foundation for cryogenic
compact modeling with quantum correction. To characterize
the leakage behavior beyond the instrument detection limit,
gate-induced drain leakage and retention time are
experimentally extracted from 2T-eDRAM cells. The
resulting compact model is applicable across a wide range of
temperatures and operating conditions, and incorporates
multi-device variability to enable 4-bit cryogenic computing-
in-memory (cryo-CIM) in an eDRAM architecture.

II. DEVICE MODELING

A. Potential Calculation

A self-consistent Poisson-Schrodinger solver incorporating
the material-aware sub-band density-of-states (DOS) [5] is
first developed to obtain the quantum-mechanical carrier
density profile across the silicon body at cryogenic
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Fig. 1. Pros and cons of cryogenic device operation and the proposed DTCO
framework based on 14-nm FinFET technology. While low-temperature
operation benefits eDRAM design, disorder-induced variability, incomplete
leakage modeling, and retention uncertainty require a disorder-aware
compact model for multi-bit CIM optimization.

temperatures [Fig. 2(a)], serving as the calibration reference
for the quantum correction detailed later in this section.

For compact modeling, the band-tail DOS is assumed to
follow an exponential distribution characterized by Ty. These
disorder effects, together with dopant freeze-out and bandgap
variation, collectively contribute to a Vi, shift:

. quop'tsi Qit aTz (1)
ion 2 COX COX 2q(T+ﬂ) ’
where the sign is chosen according to the carrier type, and o
and S are the Varshni coefficients for bandgap variation.
Here, n, = (-1+\/ l+2g")/2§ is the incomplete ionization
coefficient with £=2g d’a(NdOp/NC’V) exp(|EC,v-Ed,a|/q VT). To
obtain an analytical solution to the Poisson equation, the
doping-related term coupled with incomplete ionization is
approximated by a Vi-shift due to light doping [6]. Then, the
total charge density consists of two terms, i.e., free carrier
density (Nr) governed by thermal voltage Vi =kgT/q, and
band-tail state carrier density (Nt) characterized by Vip =
kgTy/q related to the band-tail width. This dual-thermal-
voltage formulation enables a unified room-to-cryogenic
description: Nr dominates at high temperatures while Nt
dominates at cryogenic temperatures. For simplicity, the
density is approximated in separated temperature regions,
yielding a unified Poisson equation:

Po(x -V
—g;(z ) =A;- exp (—iﬁ v Ch) R (2)
where A4; is the density-related prefactor, and the index i
denotes either the free-carrier (¥;=Vy) or trapped-carrier
(V;=V1a) branch. Based on Y. Taur’s method [7], Eq. (2) is
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Fig. 2. (a) Carrier density profile across the silicon body solved by the self-
consistent Poisson-Schrodinger solver. (b) Normalized carrier density near
the surface; inset shows the voltage-dependent quantum ratio. (¢) Quantum-
corrected potential derived by singular perturbation method, calibrated to (b),
for compact model implementation.

transformed into a transcendental equation for the parameter
By, which is related to the center potential:

F=U, - [lan - ln(cos Bp) +n.B, taan] =0, (3
where U, = (Vgs-Vth-AVth-Vch)/ZVi is the normalized gate
1 .
voltage, 17, = 2Cgi/Coy, and B,= EiyctSiexp[((pO-Vch)/Z Vi] is

the normalized surface potential parameter. Considering the
dominant factors in the above-V, and below-Vi, regions, the
intermediate variables B, and By, are expressed as:

U,
B,= In|l+exp (RO- arctan (—g>>] /Ro, @)
e
1 12
_ .a2U,
By = [E W2, e g)] , s)

where B, and B, denote the corresponding approximate
solutions, respectively, and W(-) denotes the Lambert-W
function. A Schrdder correction is applied to improve the
accuracy of B, near the threshold transition:

F(B,)F (B.)

, 2 - ’ 6
[F (B = F(B.)F (B ©
where all derivatives are evaluated at B,. The corrected
branch B, and the below-Vy, branch By, are then connected
using a smooth stitching function:

1 2
Bp,j = 5 Bac,j+Bb,j - (Bac,j - Bbd) +5B N 53 «1 (7)

where j € {s, d} denotes the source or drain terminal. By
substituting density parameters of N¢ (Vi = Vr) and Nt (Vi =
Vta), the potential can be expressed at both low-7 and high-
T. Fig. 3(a, b) shows good agreement between analytical and
numerical results under different voltages and temperatures.

Bac :Ba -

B. Current Expression

The normalized terminal charge is defined as Qij=
BS’; tan(BS,)j The free-carrier and band-tail charge
components are then synthesized into an effective charge:

2 2

0. = \/ (VT'eree,j) + (VTA'Qtrap,j) (8)

eff Vi + Via ’
which provides a continuous transition from free-carrier-
dominated transport at room temperature to band-tail-state-
assisted transport at cryo-7. The carrier transport is further
described by a semi-empirical 7-dependent mobility model
incorporating phonon and surface-roughness scattering:
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Fig. 3. Compact model calibrated to experimental data for parameter
extraction. Agreement between numerical and analytical results for B, at
different (a) Vys and (b) 7 with errors in the insets validating the accuracy of
compact model. (c) shows the fitting results for output curves, and (d-f) show
the corresponding transfer characteristics at Vg4 of 0.05V, 0.4V and 0.8V.
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Fig. 4. (a) 2T-eDRAM cell schematic and operation waveforms. (b) SN
discharge curves at various Viq at 10 K, exhibiting retention time governed
by band-to-band tunneling (BTBT), trap-assisted tunneling (TAT), and deep
sub-Vy leakage regimes. (c) Retention-to-/,¢ mapping validated against
measurements. (d) 7 and Viiq dependence of measured retention time.

where g, is the low-field mobility, Uy-U, are fitting

coefficients, and m;-m; are empirical mobility-degradation
exponents. The effective smooth overdrive voltage is defined

a5 Vyerr=Vier + In |14 exp (Ry- Vs~V — Vi) )| /Ry, where

Visand R; control the low-bias offset and threshold
smoothness, respectively. The current is finally expressed as:

lgs =1y (G5 — Gg) + Igipr, (10)
where Gj = Qefﬁj+nc-Q§fﬁj, and the prefactor Iy is as follows:

w
Iy =t 16Cs (i + A/ + vl (1

Besides, the quantum confinement effect (QCE) is critical
in the degradation of on-state current (/o) in ultra-thin-body
devices [8]. Due to QCE, the charge centroid shifts away from
the Si/SiO; interface, weakening the effective gate control.
By combining the density-gradient method with singular
perturbation analysis [9], the peak position of the carrier
distribution can be predicted and used to describe the
effective charge-centroid shift. A quantum-confinement
correction factor is then defined as



(2)

Experimental Monte Carlo
107 measurement simulation
@10 K Symbol: meas.
V4=0.6 V Line:
= compact model
S ,:
2 /
~ ASS ASS|
———— / "
A . SS/V, variations impact I g in
Extended region the deep sub-V,; regime
10_14M ”u | m U M ‘ Num.= 200
0 . 0.4 0.8
Ves Ve V)
(C) Symbol: meas. B(Iy

)

=

10710 .]__,i[lg;,mgd,il 77777777777777777 -Iﬂ‘:;:A(n‘Eﬁ“.exp( dg
—_ 4 3
SRS
-S -:":&Dﬂ.a TN
10K 300 K
10—12
-1.2 0.9 -1.2 09 —0.6 -1.0 —0.7
Ves (V)

Fig. 5. Measured /4~ Vs of multiple devices at 10 K with off-current floor at
1 pA. (b) Model fitting with 200 Monte Carlo curves, enabling statistical
prediction beyond the measurement limit. (¢c) GIDL characteristics under
varying Vs and temperatures (77-300 K), dominated by BTBT.

X

p
Yoce TV /2 (12)

where x, is obtained via a Schrdder iteration similar to Eq. (6),
and v is a fitting parameter. The quantum-corrected drain
current is then expressed as /4 4 = yQCEIo'(Gs — Gy) +IgpL-
As shown in Fig. 2(b, c¢), QCE is T-dependent and becomes
more pronounced at low-7. Based on this model, the
simulated 7-dependent transfer and output curves show
excellent agreement with the experimental data in Fig. 3(c-f),
validating the compact modeling framework for cryogenic
circuit design.

III. DRAM CELL RETENTION AND LEAKAGE ANALYSIS

A. Cryo-eDRAM Retention Characterization

Fig. 4(a) depicts the schematic of the 2T-eDRAM
configuration. The measured retention time at 10 K is shown
in Fig. 4(b), where three leakage regimes can be identified
depending on the dominant leakage mechanism. Among them,
the trap-assisted tunneling (TAT) regime exhibits the best
retention performance and is considered to be related to
substrate and interfacial defects. To understand the impact of
different leakage mechanisms, a mapping relation between
leakage and retention is established [Fig. 4(c)], allowing the
identification of the optimal operation region for the studied
device. The temperature dependence is further examined by
measuring the retention time at different temperatures [Fig.
4(d)], which shows a sharp degradation above 150 K.

B. Multivariate Analysis and Statistical Prediction

A multivariate analysis is further performed to capture the
variability in cryogenic FETs. Disorder associated with band-
tail states induces large carrier-density fluctuations at low
temperature and is considered the primary origin of the
observed statistical distribution [10]. For accurate circuit
prediction, the compact model is calibrated against
experimental data including statistical effects, showing good
agreement in Fig. 5(a,b). In addition, Fig. 5(c) reveals strong
Vas-dependent GIDL at large negative Vi, with only a mild
temperature dependence attributed to the variation of the
silicon bandgap. Since GIDL strongly affects the leakage
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current, it is also critical for weak-cell analysis and contributes
to the retention-tail distribution [11].

IV. MULTI-BIT COMPUTING-IN-2T-EDRAM

A. 4-bit 2T-eDRAM cryo-CIM

To leverage the low leakage current and high mobility of
FinFET devices at cryogenic temperatures, the proposed
cryo-DTCO flow is used to enable multi-level storage in a
single cell and thereby improve storage density. The readout
currents, which correspond to multiple storage states of a
single 2TOC cell, demonstrate remarkable linearity across 15
distinct non-zero states [Fig. 6(a)]. Together with the off-state,
these states enable 4-bit storage and 4-bit analog CIM in
FinFET-based 2T-eDRAM arrays at low temperatures. Fig.
6(b) demonstrates the retention time of 15 states. It can be
observed that the retention time is approximately 300 ms for
all states, sufficient to complete real-time applications. Fig.
6(c) illustrates the cryo-CIM circuit architecture, which
includes the FinFET-based 2T-eDRAM array, write wordline
(WWL) decoder, input and write drivers, DACs, sample-and-
hold (S&H) units, ADCs, negative-feedback current write-
verify (NF-CWV) module, and control circuitry. The DACs,
feedback controller, and ADCs constitute the NF-CWV
module. The main operations performed in the cryo-CIM
circuits are as follows:

1) Write operation: The WWL decoder activates a
specific row with high voltage on WWL. Once a row of cells
is activated, the write driver applies one of the 16 voltage
levels to the write bitline (WBL) to program a 4-bit state.

2) Read operation: Similar to the write process, the
corresponding row is selected through the read bitline (RBL).
The current is sensed from the read wordline (RWL), sampled
by the S&H, and then digitized by the ADC.

3) Parallel CIM operation: The input driver applies
voltages corresponding to 1-bit inputs ‘0’ and ‘1’ to the RBLs.
The MAC result is accumulated as /rwr on each RWL,
sampled by the S&H, and digitized by the ADC.

During programming, NF-CWV is employed to reduce
state overlap caused by device non-uniformity. The
programmed current is read back and compared with the
target level, and the write condition is iteratively updated until
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TABLE 1. COMPARISON WITH PREVIOUS WORKS
Specificati This TCAS-I TIEDM ISSCC | ISScC
pecilication | ok | 2023 [13] | 2020 [14] |2024 [15]] 2023 [16]
Technol / 14 nm 45 nm 22 nm 28 nm 28 nm
iy | FinFET | a-IGZO | aIGZO | CMOS | CMOS
eDRAM | eDRAM | eDRAM | eDRAM | eDRAM
320%320
Array size 512x128 | 128x128 | 512x512 |256x160| (8x12
subarrays)
. Analog . . . .
Stored weight . Binary Binary Binary | Binary
(4-bit)
Array precision 4, Analog, | Ternary, 8, 5/9, 4/8,
(W/1/0) 417 8 16 81,22 13
Energy efficiency a a o
(TOPS/W) 242381; 4;'2; ’ 323;'15; 18.1° 36.2°
(8bx8b) ' ’ :
Area efficiency a a a
(TOPS/mm?) 1111';’ (())61 lzb’ 60'9745b’ 16.2° 0.63°
(8bx8b) : ’ .
Lo 0.3 >10 1.3x10¢ | 4x107
Retention time (s) @I10K | @300K N/A @300K | @ 300K
Process maturity High Medium | Medium High High

2CIM array only; PCIM array + peripherals

the target window is reached. Its effect on the 16 storage-state
distributions is evaluated at the distribution leve [Fig. 7(a)].

B. CIM evaluation on retention/power/area/accuracy

To evaluate the multi-bit storage and CIM capability, this
work analyzes the storage density and neural-network (NN)
accuracy of the SLC, MLC, TLC, and QLC cases. The NN
evaluation follows [12] and considers ResNet18, LeNet, and
ResNet50 on CIFAR10, MNIST, and ImageNet, respectively.
The Irwr of the multi-bit case is assumed to follow a Gaussian
distribution, with the mean and variation extracted from
measured devices. The error distribution of CIM results on
RWLs is then obtained by Monte Carlo simulation, followed
by a PyTorch evaluation of NN accuracy. The NF-CWV effect
is evaluated at the distribution level. The storage density
increases by 2x, 3%, and 3.9x from SLC to MLC, TLC, and
QLC, respectively, while the ResNet50/ImageNet accuracy
drops from 71.6% to 12.5%. With NF-CWYV, the ResNet50/
ImageNet accuracy is potentially improved by 57.5%, with
only 1.4% density overhead [Fig. 7(b)]. This work achieves
simultaneous high area/energy efficiency and high
robustness/process maturity compared to SOTA [Table I].

V. CONCLUSION

In summary, this work presents a disorder-aware compact
model for deep-cryogenic FinFETs, incorporating band-tail
states and quantum confinement effects, targeting the deep-
subthreshold regime beyond classical modeling. The leakage
characteristics are validated against experimental data, and the
correlation between device leakage and cell retention is
verified through 2T-eDRAM retention measurements.

380

Leveraging variability-aware statistical analysis, the compact
model enables 4-bit analog computing-in-memory in
cryogenic eDRAM. The inter-level overlap caused by device
variability is identified, and an NF-CWV scheme is proposed
to alleviate it with minimal density overhead. The cryo-CIM
macro achieves an area efficiency of 14.9 TOPS/mm? with 3
orders of magnitude longer retention time than at room
temperature, demonstrating a practical design-technology co-
optimization framework for reliable cryogenic high-
performance computing.
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