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Abstract—We present a physics-based program-retention 

joint model of charge-trap transistor (CTT). The model 

quantitatively evaluates electrons injection into and escape from 

bulk trap of high-k layer in gate dielectric. Excellent agreement 

between the model results and experiment data from 22 nm 

Fully-Depleted Silicon-on-Insulator (FDSOI) charge-trap 

transistors confirms the model’s validity. Guided by the model, 

a compact retention model enabled threshold voltage shift  

(ΔVTH) drift compensation scheme is proposed and validated by 

experiment. This scheme compensates 97% of current drift and 

corrects all of the tested programmed states into the target range. 

Keywords—Charge-Trap Transistor, Program-Retention 

Model, FDSOI 

I. INTRODUCTION 

There is an increasing demand for embedded memories in 

low-power IoT devices and in-memory computing. 

Conventional embedded memories such as embedded Flash  

and emerging memories such as resistive random access 

memory (RRAM) and  phase change random access memory 

(PCRAM) require extra process steps compared with standard 

CMOS process flow [1,2], which may cause increased cost 

and lowered yield. While the charge-trap transistor (CTT) is 

fabricated by standard CMOS process flow and has decent 

retention [1-3], which makes it a promising candidate for low-

power embedded memories and in-memory computing. 

However, due to the thin interface layer and the lack of 

blocking layer compared to Flash memory [4], CTT exhibits 

threshold voltage shift (ΔVTH) drift during retention [5], which 

hinders accurate data storage and degrades the accuracy of in-

memory computing. Compensating the drift is a potential 

method for addressing this issue. In this work, we propose a 

physics-based program-retention joint model of CTT 

validated by experiments on 22nm FDSOI charge-trap 

transistors (FDSOI CTTs) and a compact model enabled ΔVTH 

drift compensation scheme for mitigating drift using our 

model.  

II. FDSOI CHARGE-TRAP TRANSISTOR 

The schematic and TEM image of measured FDSOI CTT 

are shown in Fig. 1(a) and (b). The gate dielectric is composed 

of an interface layer (IL) and a high-k layer (HL) with traps 

capturing the electrons [6]. During program, electrons are 

injected into the traps in the high-k layer by tunneling when 

applying a positive voltage (Vpgm) on the gate electrode, and 

the source and drain electrodes remain at 0V. As shown in 

Fig.1(c), the transfer curve after program shifts right, showing 

a program-induced threshold voltage shift. Fig. 1(d) shows the 

retention behavior after program. We can observe obvious 

ΔVTH drift during retention. Due to the thin interface layer and 

the lack of blocking layer of the FDSOI CTT, electrons are 

relatively easier to de-trap from traps in the high-k layer 

compared to those in Flash memory, which causes the ΔVTH 

drift. 

III. PHYSICS-BASED PROGRAM-RETENTION JOINT MODEL 

Fig. 2 shows the overall modelling methodology. Given 

the input Vpgm and the initial spatial density of the filled trap 

nt0(x), the electric field (E-field) is calculated by one-

dimensional Poisson equation, assuming an averaged constant 

E-field in the  high-k layer. The trap/de-trap mechanism of the 

trap considers the electrons injection into and escape from the 

trap by tunneling. From the calculated E-field, injection 

current is calculated by tunneling using the Wentzel–

Fig. 1. (a) Schematic illustration and mechanism of FDSOI CTT. (b) 

TEM image of FDSOI CTT. (c) The transfer curve of FDSOI CTT 

before and after program (PGM) shows a positive shift of VTH after 

PGM. (d) The retention behavior after program of FDSOI CTT, 

showing ΔVTH drift. 

Fig. 2. The overall modelling methodology, where nt(x) is solved 

iteratively with the input Vpgm and the given initial condition nt0(x). 
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Kramers–Brillouin (WKB) approximation. With the constant 

capture cross section σ, the electron injection rate of the trap 

by tunneling is calculated. With the escape time constant τ, the 

electron escape rate from the filled trap is calculated. During 

program, both electrons injection and escape are taken into 

account. During retention, only electrons escaping from the 

trap is considered and the injection current is neglected. With 

the electron injection rate and escape rate, the spatial density 

of the filled trap nt(x) is calculated by iteratively solving 

trap/de-trap differential equation written as 
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where x is the distance from the HL/IL interface in the high-k 

layer, JT(x) the tunneling current, q the charge of an electron, 

σ the capture cross section of the considered trap, Nt the spatial 

density of the trap and τt-g(x) and τt-c(x) the escape time 

constant towards gate and channel respectively. The first term 

on the right hand side of the equation (1) corresponds to the 

electrons injection and the second and third term correspond 

to the electrons escape. The E-field is further updated 

according to the spatial density of the filled trap nt(x). With the 

calculated nt(x) by equation (1), the ΔVTH is obtained by the 

filled trap density nt(x) written as 
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where tHL and εHL are the thickness and dielectric constant of 

the high-k layer. 

Fig. 3(a) and (b) show the energy band diagram of the CTT 

during program and retention and the specific injection and 

escape components. We consider spatially uniform bulk traps 

in the high-k layer falling in two energy levels [7]. The 

tunneling current can be calculated using modified Fowler-

Nordheim (MFN) model [8] with quantum barrier lowering 

[9]. Quantum barrier lowering is given by 

 2/3

0IL IL ILF  = −  (3) 

where ϕIL0 is the potential barrier height of the interface layer 

and the channel without quantum barrier lowering, θ an 

adjustable parameter and FIL the E-field in the interface layer. 

Using WKB approximation, the tunneling current can be 

expressed as either double trapezoidal barrier (DTB) or 

trapezoidal-triangular barrier (TTB) forms, depending on the 

position-dependent barrier shape. For the position where    

ϕIL-ϕHIL-FILtIL-FHLx>0, the potential barrier is double 

trapezoidal and the tunneling current can be written as 
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where An, B1 and B2 are adjustable parameters, tIL the thickness 

of the interface layer, FHL the averaged electric field in the 

high-k layer, ϕHIL the conduction band offset of the HL and the 

IL and the intermediate ϕ1 is written as 

 
1 IL HIL IL ILF t  = − −  (5) 

For the position where ϕIL-ϕHIL-FILtIL-FHLx<0, the potential 

barrier is trapezoidal-triangular and the tunneling current can 

be written as 
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The time constants of electrons escaping from traps to gate 

and channel can be given by tunneling [10] and a field 

dependent τ1(FHL), which are written as 
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respectively, where τ1(FHL) is written as 
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Kτ,g and Kτ,c are derived from WKB approximation assuming 

a trapezoidal barrier shape and double trapezoidal barrier 

shape respectively considering the relatively small E-field in 

the high-k layer. Kτ,g and Kτ,c can be written as 
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where B3 is an adjustable parameter and qϕt the trap energy 

level from the conduction band of the high-k layer of the trap. 

IV. RESULTS AND DISCUSSION 

A. Model Validation 

The program-induced ΔVTH and the corresponding 

retention behavior of different program time and gate voltages 

are measured and calculated in Fig. 4(a) and (b).  

Fig. 3. (a)Illustration of electrons injection mechanisms. Electrons 

tunnel from channel to the traps in the HL. Tunneling current is 

modelled by MFN model with constant capture cross section (σ). 

(b). Illustration of electrons escape mechanisms. Electrons escape to 

gate and channel by direct tunneling. 
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Fig. 4. (a) Comparison between experiment and model of program 

characteristics at different program time and gate voltages (Vpgm). (b) 

Comparison between experiment and model of retention behavior 

after program in (a). 
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The model shows agreement with experiment. Both program 

and retention show logarithmic behavior. The slight deviation 

of retention behavior of the low ΔVTH case may be attributed 

to the simplified assumption of discrete energy levels rather 

than continuously distributed energy levels. The measured and 

calculated incremental step pulse programming (ISPP) curves 

and their corresponding retention characteristics of different 

program pulse width (Tpgm) are shown in Fig. 5(a) and (b). Our 

model accurately captures the behavior of the measured data. 

All the data is measured at subthreshold region of the device.  

The parameters used for the measured device are listed in 

Table. 1. 

B. Drift compensation scheme 

Guided by our model and experiment, a compact retention 

model enabled ΔVTH drift compensation scheme is proposed 

for drift compensation. Since both model calculation and 

experiment gives a logarithmic retention behavior, the 

compact retention model can be written as 

 
, ln( / 1)TH dr effV t  = − +  (12) 

where α and τeff are obtained by fitting of the model calculation 

of retention curve.   

As shown in Fig. 6, given the access time Tac, the threshold 

voltage drift during retention ΔVTH,dr due to de-trapping can be 

calculated by the compact model, thus the compensated 

current Icomp can be obtained from measured current Imeas by 

expression in subthreshold region written as 
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TH dr
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I I
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
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where k is the Boltzmann constant, T the temperature and n 

is a coefficient related to subthreshold slope of the device 

given as 
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where SS is the subthreshold slope of the device. Fig. 7 shows 

the measurement of retention behavior for multiple times and 

the compensated results by the compact model with α = 1mV, 

τeff = 95ms. ISPP and write verify scheme is adopted for 

program and the program stops when the verified current falls 

within the target range. The target current is 72.5nA and the 

target range is set to be ±4nA. Throughout the tested period, 

most of the compensated current states fall within the target 

range. Fig. 8 shows the current distribution with and without 

compensation 210s after program, showing 0.6nA and 22.8nA 

of averaged drift respectively. With the proposed compact 

model and the drift compensation scheme, 97% of the 

averaged current drift is compensated and all of the tested 

programmed states after compensation are corrected into the 

target range. 

V. CONCLUSION 

 A physics-based program-retention joint model of charge-

trap transistor has been proposed, incorporating the 

mechanisms of electrons injection and escape by tunneling. 

The model accurately captures the program and retention 

characteristics in measured 22 nm FDSOI charge-trap 

transistors. Guided by model predictions, a compact retention 

model enabled ΔVTH drift compensation scheme is developed, 

effectively mitigating 97% of the current drift and correcting 

all of the tested programmed states into the target range. These 

results demonstrate that the proposed model offers a 

promising approach for addressing the ΔVTH drift issue in 

charge-trap transistor. 
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Fig. 5. (a) Comparison between experiment and model of ISPP 

curve. Tpgm denotes the program pulse width. (b) Comparison 

between measurement and model results of retention behavior after 

ISPP in (a). 

Fig. 6. Drift compensation scheme to alleviate the ΔVTH drift 

(ΔVTH,dr) during retention. The measurement of current is done in 

subthreshold region to reduce read disturb. ΔVTH,dr is obtained by the 

compact retention model. 

Fig. 7. The measurement of retention behavior for multiple times 

and the compensated results with compact model. The compact 

model fits the experiment results well with α = 1mV, τeff = 95ms. 

Fig. 8. The current distribution with and without compensation at 

210s after program. 97% of current drift is compensated and all of 

the tested programmed states are corrected into the target range. 
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Table. 1 The parameters used for the measured device. 
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Model Parameters

3.33ⅹ10-5 A/(m2V)An

  66ⅹ10   −1B1

1 82ⅹ1010  −1B2

2  3ⅹ1010  −1B3

1 6ⅹ10−  V1/3m-2/3θ

3.0V/1.0V [11]ϕIL0 /ϕHIL

1.1V [12]/2.5V [7]ϕ 1/ϕ 2

5.65ⅹ1019cm-3Nt1

2.00ⅹ1018cm-3Nt2

3ⅹ10−12 sτ0

5ⅹ10-4V-1/2/m-1/2bt

1ⅹ10-14 cm2 [13]σ

0.8nm/2.0nm [14]tIL/tHL


