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Ferroelectric tunnel junction (FTJ) has attracted considerable attention for its potential applications in nonvolatile memory and 
neuromorphic computing. However, the experimental exploration of FTJs with high ON/OFF ratios is a challenging task due to the 
vast search space comprising of ferroelectric and electrode materials, fabrication methods and conditions and so on. Here, machine 
learning (ML) is demonstrated to be an effective tool to guide the experimental search of FTJs with high ON/OFF ratios. A dataset 
consisting of 152 FTJ samples with nine features and one target attribute (i.e., ON/OFF ratio) is established for ML modeling. 
Among various ML models, the gradient boosting classification model achieves the highest prediction accuracy. Combining the 
feature importance analysis based on this model with the association rule mining, it is extracted that the utilizations of {graphene/
graphite (Gra) (top), LaNiO3 (LNO) (bottom)} and {Gra (top), Ca0.96Ce0.04MnO3 (CCMO) (bottom)} electrode pairs are likely to 
result in high ON/OFF ratios in FTJs. Moreover, two previously unexplored FTJs: Gra/BaTiO3 (BTO)/LNO and Gra/BTO/CCMO, 
are predicted to achieve ON/OFF ratios higher than 1000. Guided by the ML predictions, the Gra/BTO/LNO and Gra/BTO/
CCMO FTJs are experimentally fabricated, which unsurprisingly exhibit ≥1000 ON/OFF ratios (~8540 and ~7890, respectively). 
This study demonstrates a new paradigm of developing high-performance FTJs by using ML.
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1.  Introduction

Ferroelectric tunnel junction (FTJ) is an emerging memory 
device consisting of an ultra-thin ferroelectric layer sand-
wiched by two electrodes with different screening lengths. 
It relies on the polarization reversal to modulate the bar-
rier height and/or width for the electron tunneling process, 
thereby showing ON and OFF states.1,2 Owing to its high 
density, nondestructive readout, fast switching speed, low- 
power consumption, and analog switching capability,3,4 FTJ 
has become a promising candidate device for next-generation 
nonvolatile memory and neuromorphic computing.5,6

The most important performance metric of an FTJ is per-
haps the ON/OFF ratio, as it directly determines the read 
margin.7 So far, a variety of approaches have been employed 
to improve the ON/OFF ratio, such as the integration with 
an semiconducting electrode,8,9 interface engineering10–12 and 

optimization of the ferroelectric layer thickness.13,14 These 
enormous research efforts have led to a record ON/OFF 
ratio as high as 5.1 × 107.15 However, most previous stud-
ies employed intuition- or trial-and-error-based experiments 
to optimize the device parameters of FTJs for high ON/OFF 
ratios. Moreover, only one or very few device parameters 
were optimized in these experiments due to the heavy work-
load. It is thus urgently needed to develop a general strategy 
considering all the device parameters (see Table 1) to guide 
the experiments in search of high-performance FTJs.

Machine learning (ML) offers an opportunity to develop 
such a general strategy. ML is a technique that uses algorithms 
to learn from the data and then apply the learned knowledge 
to make decisions/predictions.25 In recent years, ML has been 
widely applied to accelerate the development of new mate-
rials and devices, such as high-temperature ferroelectrics,26 
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lead-free piezoelectrics with large electrostrains,27 high-per-
formance organic photovoltaic materials,28 and perovskite 
solar cells with high efficiencies.29,30 These examples well 
demonstrate that ML is capable of establishing relationships 
between material/device descriptors and targeted perfor-
mance and further predicting the performance of an unex-
plored material/device.

In this work, we develop an ML-based strategy to guide 
the experiments in search of high-performance FTJs. We 
first establish a dataset consisting of 152 FTJ data points col-
lected from 106 papers published between 2009 and 2021. 

Each data point corresponds to one FTJ sample with its 
device parameters treated as the features and ON/OFF ratio 
treated as the target attribute. Then, multiple ML models 
are trained on this dataset, among which the gradient boost-
ing classification model shows the highest prediction accu-
racy. Combining the feature importance analysis based on 
this model with the association rule mining, it is suggested 
that the utilizations of {graphene/graphite (Gra) (top), 
LaNiO3 (LNO) (bottom)} and {Gra (top), Ca0.96Ce0.04MnO3 
(CCMO) (bottom)} electrode pairs are likely to result in 
high ON/OFF ratios in FTJs. Based on this, we further pre-
dict two unreported FTJs: Gra/BaTiO3 (BTO)/LNO and Gra/
BTO/CCMO, with ON/OFF ratios potentially higher than 
1000. Experimentally, we fabricate the Gra/BTO/LNO and 
Gra/BTO/CCMO FTJs on the SrTiO3 (STO) substrates and 
demonstrate that their ON/OFF ratios can reach ~8540 and 
~7890, respectively, well consistent with our ML predic-
tions. This work thus provides useful guidance for the devel-
opment of high-performance FTJs.

2.  Results and Discussion

We set up a standard workflow for the ML-guided develop-
ment of high-performance FTJs, as shown in Fig. 1. It mainly 
consists of five steps: Dataset construction, ML model train-
ing, important feature extraction, prediction and experiments. 
Below are the detailed descriptions of the five steps and the 
corresponding results.

2.1.  Construction of FTJ dataset

We first searched the papers related to FTJs via Google 
Scholar. As shown in Fig. 2(a), the number of papers related 
to FTJs increases from 452 in 2009 to 1960 in 2021, suggest-
ing that FTJ is a research topic attracting increasing atten-
tion. However, only a small portion of these papers reported 
a complete set of the device parameters (Table 1) and ON/
OFF ratios, which are called the source papers hereafter. 

Table  1. FTJ device parameters (features) influencing the ON/
OFF ratio.

Device parameters

Which factor(s) 
influences the  
ON/OFF ratio References

Substrate Crystal orientation;
Strain;

Film quality…

16

Top electrode Screening length;
Ionic permittivity;
Work function…

17

Ferroelectric material Polarization;
Static permittivity;
Band structure…

18

Bottom electrode Screening length;
Ionic permittivity;
Work function…

19

Thickness of 
ferroelectric layer

Barrier width… 20

Device area Leakage current… 21

Preparation method Film quality… 22

Oxygen pressure Oxygen 
stoichiometry…

23

Temperature Film quality… 24

Fig. 1. Schematic illustration of the workflow for the ML-guided development of high-performance FTJs.
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The evolution of the number of source papers with the year is 
presented in Fig. 2(a), revealing a total number of 106. From 
these 106 source papers, 152 FTJ samples were collected 
(see Table S1). Notably, all of these FTJ samples were based 
on oxide materials while those based on organic and two- 
dimensional materials were excluded due to the very limited 
number of those samples.

Figure 2(b) shows the ferroelectric materials used in the 
152 FTJ samples and their frequencies that are used. The most 
used ferroelectric material is BTO, followed by Hr0.5Zr0.5O2 
(HZO) and BiFeO3 (BFO). All these three materials exhibit 
persisted ferroelectric polarizations even in films with the 
thicknesses down to several nanometers.31–33

Besides, BTO possesses high-dielectric constant, low- 
dielectric loss, and high-breakdown field.34 HZO is an emerg-
ing ferroelectric material compatible with standard CMOS 
processes.35 BFO has a high Curie temperature and exhibits 
multiferroic behavior enabling the electric control of tunnel 
magnetoresistance.36 The above outstanding features of BTO, 
HZO and BFO can explain why they are the three most used 
ferroelectric materials for FTJs.

Figure 2(c) shows the ON/OFF ratios of FTJs based on 
the different ferroelectric materials. The ON/OFF ratios are 
widely distributed, even for FTJs based on the same ferro-
electric material. The thing of interest is how to fabricate an 
FTJ with a high ON/OFF ratio. We therefore focus on FTJs 
with the highest ON/OFF ratios in the respective BTO, PZT 

and BFO families, i.e., Pt/BTO/Nb: SrTiO3 (NSTO),15 Ag/
PbZr0.52Ti0.48O3 (PZT52/48)/La0.8Sr0.2MnO3 (LSMO80/20)37 
and Co/BFO/LNO.38 For the Pt/BTO/NSTO FTJ,15 the low- 
oxygen-pressure fabrication was employed to introduce the 
oxygen vacancies. Consequently, both the oxygen vacancy 
migration and polarization switching could modulate the 
barrier height/width, leading to a giant ON/OFF ratio of 5.1 
× 107. For the Ag/PZT52/48/LSMO80/20 FTJ,37 due to the use 
of Ag top electrode (TE), the Ag ion migration was allowed 
and it synergized with the polarization switching, giving 
rise to an ON/OFF ratio as high as 107. The Co/BFO/LNO 
FTJ38 was fabricated on the LaAlO3 (LAO) substrate, which 
provided a high compressive strain to enhance the tetrago-
nality and polarization of BFO. As a result, the ON/OFF 
ratio was improved to 1.67 × 105. The above strategies to 
achieve high ON/OFF ratios in FTJs focused on the optimi-
zation of only one device parameter, i.e., the oxygen pres-
sure,15 top electrode,37 or substrate.38 However, a general 
strategy considering all the device parameters (see Table 1) 
was still lacking.

We here used ML to develop such a general strategy. We 
constructed two datasets for ML regression and classification, 
respectively. Both datasets contain 152 FTJ samples and nine 
input features: Ferroelectric material, TE, bottom electrode 
(BE), substrate, device area, ferroelectric layer thickness, 
preparation method and oxygen pressure and temperature for 
film growth. In the dataset for regression, the ON/OFF ratio is 

(a) (b)

(c) (d)

Fig. 2. (Color online) (a) Numbers of papers related to FTJs (orange line) and papers reporting the complete device parameters and ON/
OFF ratios (cyan bar) as a function of year. (b) Frequencies of ferroelectric materials used in the 152 FTJ samples. (c) Distributions of ON/
OFF ratios of FTJs based on different ferroelectric materials. The triangle symbols indicate the three FTJs with the highest ON/OFF ratios. 
(d) Numbers of FTJs in different ranges of ON/OFF ratios.
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directly used as the output variable. By contrast, in the data-
set for classification, the samples are divided into two classes: 
Class A and Class B with the ON/OFF ratios of ≥1000 and 
<1000, respectively. Class A (B) can be considered as the 
high-performance (low-performance) class, and the number 
of samples in it is 38 (114), as shown in Fig. 2(d). The label 
of the class is used as the output variable.

2.2.  ML modeling results

We first attempted to directly predict the ON/OFF ratio of 
an FTJ based on its device parameters by using the ML 
regression. Seven typical regression models were employed, 
including gradient boosting, ridge, lasso, random forest, 

decision trees, extra trees, and k-nearest neighbors (KNN). 
These models were trained on a training set and assessed on 
a test set. The training and test sets were formed by randomly 
choosing 75% and 25% samples from the 152-sample data-
set, respectively.

Figures  3(a) and 3(b) present the plots of actual versus 
predicted ON/OFF ratios for training and test, respectively, 
obtained from the gradient boosting regression model. It 
is clearly seen that the model fitness on the training set is 
much better than that on the test set. To quantify the model 
fitness, two indicators, i.e., root mean square error (RMSE) 
and coefficient of determination (R2), were calculated. The 
RMSE values for training and test are 482000 and 2455000, 
respectively, while the corresponding R2 values are 0.991 and 

(a) (b)

(c) (d)

(e) (f)

Fig. 3. (Color online) Actual versus predicted ON/OFF ratios for (a) training and (b) test computed by the gradient boosting regression 
model. (c) Accuracies of 12 classification models on training and test sets. The red dotted box indicates the five classification models which 
simultaneously achieve accuracies of >90% on the training set and accuracies of >80% on the test set. (d) ROC curves of the five classification 
models indicated by the red dotted box in c. (e) Confusion matrix and (f) feature importance ranking obtained from the gradient boosting 
classification model.
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0.228, respectively. These results well indicate that the model 
fits the actual ON/OFF ratios very well on the training set but 
its predictive performance becomes much poorer on the test 
set, which is an issue called overfitting. This overfitting issue 
is ubiquitously observed in various regression models (see 
Table S2), suggesting that it may originate from the relatively 
small dataset size and is thus difficult to overcome. The ML 
regression is therefore not suitable to guide the experiments 
on FTJs. This motivates us to turn to the ML classification, 
which may exhibit better performance when the dataset size 
is small.

As described in Sec. 2.1, the FTJ samples with the ON/
OFF ratios of ≥1000 and <1000 were classified into the 
high-performance class (Class A) and low-performance class 
(Class B). The goal of the ML classification was to correctly 
predict the class of an FTJ based on its device parameters. 
Twelve typical classification models were used, including 
linear regression, multi-layer perceptron (MLP), KNN, sto-
chastic gradient descent (SGD), decision trees, extra trees, 
extreme gradient boosting (XGBoost), random forest, adap-
tive boosting (AdaBoost), gradient boosting, bagging and 
balance random forest. These models were trained and tested 
on the training and test sets, respectively (Note: The way to 
construct the training and test sets was similar to that used in 
the ML regression). Figure 3(c) shows the accuracies of the 
12 models on the training and test sets. There are five models, 
i.e., XGBoost, random forest, extra trees, gradient boosting, 
and bagging, simultaneously achieving accuracies of >90% 
on the training set and accuracies of >80% on the test set. 
Among them, the gradient boosting model achieves the high-
est accuracy of 84.2% on the test set. Figure  3(d) further 
compares the receiver operating characteristic (ROC) curves 
and corresponding area under curve (AUC) values for the 
five models on the test set. A ROC curve is a plot of the true 
positive rate (TPR; the ratio of the number of samples which 
are correctly identified as Class A to that of truly high-perfor-
mance samples) against the false positive rate (FPR; the ratio 
of the number of samples which are incorrectly identified as 
Class A to that of truly low-performance samples), and the 
closer an AUC value is to 1, the more accurately the samples 
are classified. It is seen from Fig. 3(d) that the gradient boost-
ing model achieves the largest AUC value of 0.808. Because 
the gradient boosting model exhibits both the highest accu-
racy and largest AUC value on the test set, it is thus the model 
with the highest predictive power. Hereafter, we will focus 
mainly on the results obtained from the gradient boosting 
model (its hyperparameters are listed as follows: the learning 
rate is 0.6, the number of decision trees is 20, the fraction of 
samples randomly fed to each tree is 0.8, the maximum depth 
of the trees is 7 and the maximum number of features used for 
the node splitting is 9).

Figure 3(e) shows the confusion matrix39 for the gradi-
ent boosting model on the test set. The gradient boosting 
model correctly classifies 8 out of 11 high-performance 
and 24 out of 27 low-performance FTJ samples into 

Class A and B, respectively. Interestingly, as seen in Table 
S3, most of the misclassified FTJ samples feature BTO and 
La0.7Sr0.3MnO3 (LSMO) as the ferroelectric material and 
BE, respectively. This may be due to the large variations 
of the reported ON/OFF ratios in the BTO/LSMO-based 
FTJs.

2.3.  Important feature extraction

Prior to using the gradient boosting model to predict FTJs 
which have not been reported so far, we performed the 
important feature extraction for dual purposes. First, one can 
develop some heuristics for the high performance of FTJs. In 
addition, by fixing the values of the identified important fea-
tures to those leading to the high ON/OFF ratios, the search 
efficiency for high-performance FTJs can be improved. 
Figure 3(f) shows the feature importance ranking computed 
by the gradient boosting model. It is interesting to note that 
the BE, ferroelectric material and TE rank the top three most 
important features, which is quite consistent with the physical 
intuition. According to the well-established physical model 
of FTJ,18,40,41 as shown in Fig. 4, the barrier height without 
the presence of polarization is determined by the band struc-
tures of the ferroelectric material and the electrodes. When 
the polarization is taken into account, the barrier height is 
modified by
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where Δfi is the magnitude of barrier height change at the 
interface between ferroelectric and Mi (M1 and M2 denotes 
the BE and TE, respectively), ε0 is the permittivity of vacuum, 
e is the electron charge, Qs is the screening charge density, 
δi and εM,i are the screening length and ionic permittivity of 
electrode Mi while γi is its corresponding normalized screen-
ing length, P is the ferroelectric polarization, and d and εF 
are the thickness and static permittivity of the ferroelectric 
barrier, respectively.

The resistance change arises from the polarization switch-
ing-induced average barrier height change. More specifically, 
when there is no polarization, the barrier height at the inter-
face between ferroelectric and Mi is fi_0, and the average bar-
rier height is f0 = (f1_0 + f2_0)/2. When the polarization is 
oriented upward (downward), f1_0 is increased (decreased) by 
Δf1 while f2_0 is decreased (increased) by Δf2, resulting in an 
average barrier height of f- (f+) (see Fig. 4). Thus, the average 
barrier height changes Δfave upon polarization switching and 
consequent ON/OFF ratio are, respectively, given by
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where m is the electron effective mass in the barrier, and ℏ is 
the reduced Planck constant.

As can be seen from Eqs. (1)–(5), both the polarization 
of the ferroelectric material and the screening lengths of the 
electrodes can influence Δfave, thus affecting the ON/OFF 
ratio. Therefore, the BE, ferroelectric material and TE are the 
three most important factors influencing the ON/OFF ratio.

Then, we proceeded to investigate what values of the 
important features can result in high ON/OFF ratios for 
FTJs by using the association rule mining. One-factor asso-
ciations were implemented, and three parameters: support, 
confidence and lift were calculated to evaluate the association 
rules. These three parameters can be explained through the 
following example.

Table 2. Association rule mining for FTJs with ON/OFF ratios of ≥1000 (i.e., Class A).

Consequent 
This feature is 

used in Class A.

Support 
This is a fraction of all 

data belonging to Class A 
and has feature listed in 

the first column.

Confidence 
This is a fraction of data 
in Class A has feature 

listed in the first column.

Lift 
This is a ratio between 
the confidence and the 

fraction of data in dataset 
has feature listed in the 

first column.

Substrate:
STO
YAlO3 (YAO)
LAO

0.211
0.053
0.007

0.711
0.018
0.022

1.08
2.702
3.378

TE:
Co
LSMO
Gra
Pt
Ag
Au

0.072
0.013
0.013
0.132
0.013
0.013

0.244
0.044
0.044
0.444
0.044
0.044

1.77
0.751
1.689
1.056
0.751
0.676

BE:
LSMO
CCMO
LNO
SrRuO3 (SRO)

0.053
0.053
0.013
0.013

0.178
0.178
0.044
0.044

0.772
2.702
2.252
0.356

Ferroelectric:
PbZr0.2Ti0.8O3 
(PZT20/80)
BFO
BTO

0.007

0.072
0.204

0.022

0.244
0.689

0.844

1.77
1.08

(a) (b)

(c) (d)

Fig. 4. (Color online) Schematics showing the (a, b) charge and 
electric field distributions and (c, d) potential energy profiles in an 
FTJ when the polarization of the ferroelectric (F) is oriented toward 
(a, c) TE (M2) and (b, d) BE (M1). In (a) and (b), the “+” and “−” 
signs indicate the positive and negative polarization charges, respec-
tively, while the blue and red areas indicate the electrons and holes 
in the electrodes, respectively. In (c) and (d), f0 indicates the initial 
average barrier height, while f− and f+ indicate the average barrier 
heights for the polarization orientations shown in (a) and (b), respec-
tively. δ1 and δ2 represent the screen lengths of the electrodes M1 and 
M2, respectively. EF denotes the Fermi energy.
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As shown in Fig. 2(d), among the 152 total FTJ samples, 
there are 45 samples with the ON/OFF ratios of ≥1000 (Class 
A). In Class A, 31 samples are based on BTO. Therefore, 
the fraction of samples which are in Class A and simultane-
ously based on BTO in the whole dataset is 31/152, leading 
to a support of 0.204 (see Table  2). The fraction of such  
samples in the Class A is 31/45, leading to a confidence 
of 0.689. The values of support and confidence seem to be 
high. However, based on only these two parameters one 
could not conclude the validity of the rule that using BTO 
as the ferroelectric material in an FTJ is likely to result in a 
high ON/OFF ratio (≥1000). Instead, the high support and 
confidence values may be simply due to the large number of 
the BTO-based samples. To find a more suitable evaluation 
criterion, the lift is therefore resorted to. The lift value for 
BTO is calculated as the confidence divided by the fraction 
of BTO-based samples, i.e., 0.689/(97/152) = 1.08, quite 
close to 1. This suggests that BTO has almost no relation-
ship with a high ON/OFF ratio. If the lift for certain fea-
ture value is higher (lower) than 1, there may be a positive 
(negative) correlation between that feature value and the 
high ON/OFF ratio. For example, the lift for BFO (PZT) is 
higher (lower) than 1, suggesting that BFO (PZT) is likely 
to result in a high (low) ON/OFF ratio (see Table 2).

In terms of the BE, the lift values for CCMO and LNO are 
higher than 1 (2.702 and 2.252, respectively; see Table  2), 
suggesting that they are beneficial to high ON/OFF ratios. 
This is physically reasonable because both LNO and CCMO 
have relatively large screening lengths, i.e., ~0.6 nm42 and 
~1.8 nm,43 respectively, which can enhance the ON/OFF ratio 
based on Eqs. (1)–(5).

Turning to the TE, Co and Gra exhibit lift values higher 
than 1, which are 1.77 and 1.689, respectively. For the Co TE, 
it not only provides a relatively large screening length (~1.5 
Å),44 but also induces charge trapping effect at the Co/ferro-
electric interface,45 both of which contribute to a high ON/
OFF ratio. However, because the charge trapping is an extrin-
sic effect, the Co TE will not be further considered hereafter. 
For the Gra TE, the low density of states near its Dirac point 
and the small quantum capacitance can result in a large Fermi 

level shift upon polarization switching, thus enhancing the 
ON/OFF ratio.46,47

The above results suggest that using electrode pairs of 
{Gra, CCMO} and {Gra, LNO} may be a useful strategy to 
obtain high ON/OFF ratios for FTJs. Using the ferroelectric 
material of BFO may also be useful, but this strategy limits 
the choice of the ferroelectric material. In order to facilitate 
the development of high-performance of FTJs based on vari-
ous emerging ferroelectric materials, we focus on the strategy 
of using electrode pairs of {Gra, CCMO} and {Gra, LNO}. 
New high-performance FTJs based on these electrode pairs 
will be predicted as follows.

2.4.  Prediction

The prediction was performed with the gradient boosting 
model. The electrode pairs were fixed to be {Gra, CCMO} 
and {Gra, LNO}, because they were likely to result in high 
ON/OFF ratio, as identified in Sec. 2.3. In order to highlight 
the roles of Gra, CCMO and LNO, LSMO and Pt having lift 
values close to (or lower than) 1 were used as the control BE 
and TE, respectively. The ferroelectric material and substrate 
were purposely chosen to be BTO and STO, respectively, 
because they have little influence on the ON/OFF ratio as 
suggested by their lift values being close to 1 (see Table 2). 
Other feature values were searched and optimized by using 
the genetic algorithm.

Table 3 lists the performances of six FTJs predicted by 
the gradient boosting model. The Gra/BTO/LNO and Gra/
BTO/CCMO FTJs are the two samples designed following 
the strategy of using electrode pairs of {Gra, LNO} and {Gra, 
CCMO}. While the other four FTJs are the control samples. 
The predicted results show that the Gra/BTO/LNO and Gra/
BTO/CCMO FTJs exhibit the ON/OFF ratios of ≥1000 while 
the control FTJs all exhibit the ON/OFF ratios of <1000. This 
indicates that that the electrode pairs {Gra, LNO} and {Gra, 
CCMO} are beneficial to obtaining high ON/OFF ratios, con-
sistent with the above results of association rule mining (see 
Sec. 2.3). It is also noteworthy that the Gra/BTO/LNO and 
Gra/BTO/CCMO FTJs have never been reported previously. 

Table 3. Six FTJs predicted by the gradient boosting model, among which the Gra/BTO/LNO and Gra/BTO/CCMO FTJs are the two 
samples designed following the strategy of using electrode pairs of {Gra, LNO} and {Gra, CCMO}, while the other four FTJs are the control 
samples.

No. Substrate
Top 

electrode
Ferroelectric 

material
Bottom 

electrode
Preparation 

method

Oxygen 
pressure 

(Pa)
Temperature 

(°C)
Thickness 

(nm)

Device 
area 

(μm2)

Is the ON/OFF 
ratio predicted 
to be ≥1000?

1 STO Gra BTO LNO PLD ~1 ~700 4.8 ~7850 Yes

2 STO Gra BTO CCMO PLD ~1 ~700 4.8 ~7850 Yes

3 STO Pt BTO LNO PLD ~1 ~700 4.8 ~200 No

4 STO Pt BTO CCMO PLD ~1 ~700 4.8 ~200 No

5 STO Pt BTO LSMO PLD ~1 ~700 4.8 ~200 No

6 STO Gra BTO LSMO PLD ~1 ~700 4.8 ~2000 No
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In order to confirm their high performances, the Gra/BTO/
LNO and Gra/BTO/CCMO FTJs as well as the control sam-
ples (Pt/BTO/LNO, Pt/BTO/CCMO, Pt/BTO/LSMO, and 
Gra/BTO/LSMO) were experimentally fabricated following 
the predicted feature values shown in Table 3. The next sec-
tion will present the experimental results.

2.5.  Experiments

Guided by the ML prediction, ~4.8 nm-thick BTO films were 
epitaxially grown on the STO substrates with three different 
BE layers: LNO, CCMO and LSMO. All the BTO/LNO, 
BTO/CCMO, and BTO/LSMO samples exhibit smooth sur-
faces (see Fig. S1). Figure 5(a) shows the synchrotron X-ray 
diffraction (XRD) (002) scans of these three samples. Sharp 
(002) peaks along with fringes from the LNO, CCMO and 
LSMO layers are observed, demonstrating their good epitaxy 
qualities on the STO substrates. However, the BTO layers in 

the three samples exhibit (002) peaks with different positions 
and intensities, suggesting different strain states and epitaxy 
qualities. The out-of-plane lattice parameters of BTO (cBTO) 
are calculated to be 4.099 Å, 4.070 Å and 4.249 Å, for the BTO/
LNO, BTO/CCMO, and BTO/LSMO samples, respectively.

To further reveal the BTO structures in the three samples, 
scanning transmission electron microscopy (STEM) was 
performed. Figures 5(b)–5(d) show that the BTO layers in 
all the samples exhibit tetragonal structures, but the out-of-
plane and in-plane lattice parameters (cBTO and aBTO, respec-
tively) are different. In the BTO/LNO sample (Fig.  5(b)), 
cBTO is observed to be 4.125 Å, consistent with the XRD 
result, while aBTO is observed to be 3.935 Å. This aBTO value 
is smaller than that of bulk BTO (~3.992 Å),48 suggesting 
that BTO is subjected to a 1.43% compressive strain. This 
compressive strain is provided by the LNO layer exhibiting 
an aLNO of 3.981 Å, and it in turn leads to the slight elonga-
tion of cBTO.

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

Fig. 5. (a) Synchrotron θ-2θ XRD (002) patterns of BTO/LNO, BTO/CCMO, BTO/LNO samples. Inset shows the stacking of different 
layers. Cross-sectional STEM images of (b) BTO/LNO, (c) BTO/CCMO and (d) BTO/LNO samples. Local PFM phase (top) and amplitude 
(bottom) loops measured on the bare BTO films with (e) LNO, (f) CCMO and (g) LSMO bottom electrodes. PFM out-of-plane phase images 
recorded after writing different box-in-box areas in (h) BTO/LNO, (i) BTO/CCMO and (j) BTO/LSMO films using +4 V/−4 V, −6 V/+6 V 
and +4 V/−4 V, respectively.
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In the BTO/CCMO sample (Fig.  5(c)), cBTO and aBTO 
are observed to be 4.088 Å and 3.966 Å, respectively, while 
aCCMO is only 3.730 Å. The large difference between aBTO 
and aCCMO suggests that the strain is almost fully relaxed, 
leading to a relatively short cBTO. In addition, incoherent 
interfaces between BTO and CCMO and dislocation-like 
defects in the BTO layer are observed (Fig.  5(c)), con-
tributing to the strain relaxation. These defects also cause 
low BTO peak intensity in the XRD pattern, as shown in 
Fig. 5(a).

In the BTO/LSMO layer (Fig.  5(d)), cBTO and aBTO are 
observed to be 4.233 Å and 3.925 Å, respectively, indicat-
ing that BTO is subjected to a quite large compressive strain 
of 1.68%. Such large compressive strain is attributed to the 
small aLSMO (3.941 Å) and the coherent interface between 
BTO and LSMO.

The above XRD and TEM results confirm that epitaxial 
BTO films with the same tetragonal phase but different lat-
tice parameters are successfully grown on the STO substrates 
with three different BE layers: LNO, CCMO and LSMO.

(a) (b)

(c) (d)

(e)

Fig. 6. (a) J-V characteristics and (b) retention behaviors (read at 0.3 V) of the Pt/BTO/LNO, Pt/BTO/CCMO and Pt/BTO/LSMO devices. 
(c) J-V characteristics and (d) retention behaviors (read at 0.3 V) of the Gra/BTO/LNO, Gra/BTO/CCMO and Gra/BTO/LSMO devices. In (b) 
and (d), symbols of upward and downward triangles indicate the LRS and HRS, respectively. (e) Summary of the ON/OFF ratios of six FTJs.
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To characterize the ferroelectric properties49 of the BTO 
films, piezoresponse force microscopy (PFM) was per-
formed. The voltages were applied to conductive Pt tips in 
contact with the bare films, while the bottom electrodes were 
grounded. Figures  5(e)–5(g) show the PFM amplitude and 
phase hysteresis loops of the BTO films on the LNO, CCMO 
and LSMO bottom electrodes, respectively. All the amplitude 
loops exhibit a butterfly shape and the phase loops exhibit 
sharp ~180° switching, demonstrating the occurrences of fer-
roelectric polarization switching in the BTO films.

The ferroelectricity was further investigated via the 
PFM imaging. Box-in-box areas in the BTO/LNO, BTO/
CCMO and BTO/LSMO films were scanned with tip biases 
of +4 V/−4 V, −6 V/+6 V and +4 V/−4 V, respectively. 
Figures 5(h)–5(j) show the sharp phase contrasts between the 
areas written with positive and negative tip biases, indicating 
that the ferroelectric domains in the two areas are oriented to 
the downward and upward directions, respectively. In addi-
tion, Figs. 5(h) –5(j) also show that the as-grown BTO/LNO 
and BTO/LSMO films are self-polarized with polarization 
pointing upward, while the as-grown BTO/CCMO is self-po-
larized with polarization pointing downward. The different 
self-polarization orientations may arise from different strain 
gradients,50,51 interfacial built-in fields52,53 and screening 
charges54 in these samples.

Besides the PFM studies conducted on the bare BTO films 
(Pt tips acting as the TE), the PFM hysteresis loops were also 
measured on the Gra-electroded BTO films (see Fig. S2). 
Both butterfly-shaped amplitude loops and square phase 
loops showing ~180° switching are observed in the Gra/
BTO/LNO, Gra/BTO/CCMO, and Gra/BTO/LSMO devices, 
confirming that the polarization of BTO can be switched in 
all these devices.

Six FTJ devices were constructed by depositing Pt TE 
and exfoliating Gra TE on the BTO/LNO, BTO/CCMO and 
BTO/LSMO films. The current density–voltage (J-V) loops 
of these devices were measured using the dc voltage sweep 
mode. The voltages were applied to the TEs while the bottom 
electrodes were grounded. Figure 6(a) shows the J-V loops of 
Pt/BTO/LNO, Pt/BTO/CCMO and Pt/BTO/LSMO devices 
in semi-logarithmic scale. All the devices exhibit bipolar 
resistive switching behavior with the SET transition occur-
ring in the negative voltage regime, and their high and low 
resistance states (HRS and LRS, respectively) are observed 
to be stable (Fig. 6(b)). The ON/OFF ratios (read at 0.3 V) 
of the Pt/BTO/LNO, Pt/BTO/CCMO and Pt/BTO/LSMO 
devices are ~255, ~16 and ~10, respectively. These ON/OFF 
ratios are all below 1000, consistent with the ML predicted 
results (see Table 3).

Besides the different ON/OFF ratios, another interest-
ing difference among these devices is also observed during 
the first half cycle of the voltage sweep. Specifically, the  
Pt/BTO/LNO and Pt/BTO/LSMO devices exhibits an initial 
LRS, which is switched to an HRS when the 0 → 4 V scan is 
first applied (Figs. S3(a) and S3(c)) but remains in the LRS 

when the 0 → −4 V scan is first applied (Figs. S3(d) and 
S3(f)). However, the Pt/BTO/CCMO device remains in the 
initial HRS when the 0 → 4 V scan is first applied but exhibits 
the resistance change when the 0 → −4 V scan is first applied 
(Figs. S3(b) and S3(e)). These results can be well correlated 
with the initial polarization directions in the three devices. 
In the Pt/BTO/LNO and Pt/BTO/LSMO (Pt/BTO/CCMO) 
device, the initial polarization direction is upward (down-
ward) (Figs. 5(h)–5(j)), and hence the polarization switching 
and associated resistive switching occurs only when the 0 → 
4 V (0 → −4 V) scan is first applied. These results in turn 
suggest that the resistive switching is caused by the ferro-
electric polarization reversal. J-V curve fittings were further 
performed, revealing that the resistive switching mechanism 
in these FTJs is the polarization modulation of tunnel barrier 
(see Fig. S4 and Table S4 for details).

Figure  6(c) shows the resistive switching behaviors of 
the Gra/BTO/LNO, Gra/BTO/CCMO and Gra/BTO/LSMO 
devices, with the stabilities of HRS and LRS demonstrated 
in Fig. 6(d). The SET transition occurs in the positive voltage 
regime for all the Gra-electroded devices, which is differ-
ent from that observed in Pt-electroded devices (see com-
parison between Figs.  6(a) and 6(c)), the origin for which 
is explained in Fig. S4 and Table S4. Moreover, compared 
with their respective Pt-electroded counterparts, all the Gra-
electroded devices exhibit larger hysteresis windows. The 
ON/OFF ratios (read at 0.3 V) of the Gra/BTO/LNO and 
Gra/BTO/CCMO devices are ~8540 and ~7890, respectively, 
which are well above 1000. However, the ON/OFF ratio of 
the Gra/BTO/LSMO device is ~113, still below 1000. These 
ON/OFF ratios (Fig. 6(e)) are well consistent with the ML 
predicted results (see Table 3). Note that the area and thick-
ness of the Gra TE can have certain effects on the ON/OFF 
ratio, but they will not change the ON/OFF ratio significantly 
(see Fig. S5 for evidence).

Through the performance comparison among the above 
six FTJ devices, it is thus experimentally confirmed that 
FTJs with {Gra, CCMO} and {Gra, LNO} electrode pairs 
can achieve high ON/OFF ratios of ≥1000. Why the {Gra, 
CCMO} and {Gra, LNO} electrode pairs are favorable have 
been explained in Sec. 2.3 and the enhanced barrier height 
modulations with these electrode pairs are demonstrated in 
Table S4. However, using the Gra TE or the CCMO (or LNO) 
BE solely is not a sufficient condition for an ON/OFF ratio 
of ≥1000.

3.  Conclusion

We have demonstrated an ML-based strategy capable of 
guiding the experimental development of high-perfor-
mance FTJs. Various ML models were trained on a data-
set containing 152 FTJ samples, among which the gradient 
boosting classification model achieved the highest predic-
tion accuracy. Based on the feature importance ranking 
given by the gradient boosting model and the association 
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rule mining, it was extracted that the utilizations of {Gra, 
LNO} and {Gra, CCMO} electrode pairs were likely to 
result in high ON/OFF ratios in FTJs. By using these elec-
trode pairs and applying the genetic algorithm to search 
other feature values, two previously unreported FTJs: 
Gra/BTO/LNO and Gra/BTO/CCMO were predicted to 
exhibit ON/OFF ratios higher than 1000. Guided by the 
ML predictions, the Gra/BTO/LNO and Gra/BTO/CCMO 
FTJs were experimentally fabricated. They exhibited ON/
OFF ratios as high as ~8540 and ~7890, respectively, well 
consistent with the predicted results. Our study therefore 
demonstrates that ML is a particularly useful tool to guide 
the experimental development of FTJs with high ON/OFF 
ratios. It should be emphasized that ML can also be used to 
investigate other important performance metrics of FTJs, 
such as retention, endurance, speed, and energy consump-
tion, given that sufficient data are available. Besides, the 
applications of ML can be extended to the development of 
other memory devices, such as resistive switching devices, 
phase change memories and magnetic tunnel junctions, 
which will stimulate great interest in the community of 
information materials and devices.

4.  Experimental Section

Device Fabrication: Pulsed laser deposition (PLD) with KrF 
excimer laser (λ = 248 nm) was used for the film depositions. 
First, LNO (~30 nm), CCMO (~20 nm) and LSMO (~30 nm) 
BE layers were epitaxially grown on different STO (001) sub-
strates at different temperatures of 600°C, 670 °C and 720 °C, 
respectively, and under the different oxygen pressures of 15 
Pa, 10 Pa and 20 Pa, respectively. Then, ultrathin BTO films 
(~4.8 nm) were grown on the LNO, CCMO and LSMO BE 
layers at 700°C under an oxygen pressure of 1 Pa. Afterward, 
the deposited films were cooled to room temperature at a rate 
of 10°C/min in an oxygen atmosphere of 1000 Pa.

To construct the FTJs, Pt TEs (diameter: 16 μm) were 
fabricated on the BTO/LNO, BTO/CCMO and BTO/LSMO 
films by optical lithography followed by sputtering and lift-
off. In addition, Gra top electrodes were fabricated on the 
three films by mechanical exfoliation using sticky tapes. 
After fabricating these TEs, six FTJs, i.e., Pt/BTO/LNO, Pt/
BTO/CCMO, Pt/BTO/LSMO, Gra/BTO/LNO, Gra/BTO/
CCMO and Gra/BTO/LSMO were constructed.

Structural and electrical characterizations: Crystalline 
phases of the films were investigated using the synchrotron 
XRD (Shanghai Synchrotron Radiation Facility). The X-ray 
wavelength was 0.687 Å. The microstructures were further 
studied using a Themis Z STEM (Thermo Fisher Scientific) 
operated at 200 kV. Cross-sectional TEM samples were pre-
pared following a conventional procedure consisting of cut-
ting, grinding, polishing and ion milling.

Atomic force microscopy (AFM) and PFM were per-
formed on an integrated scanning probe microscope (Asylum 
Cypher) to characterize the surface morphology and 

ferroelectricity, respectively. In PFM, both images and hys-
teresis loops were acquired in the DART (dual a.c. resonance 
tracking) model with an AC driving voltage of 0.8 V. Room-
temperature resistive switching characteristics of the six FTJs 
were measured with a source meter (Keithley 6430) and a 
home-made probe station.
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