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A B S T R A C T   

In this work, the impacts of spatially distributed polarization in Ferroelectric FET (FeFET) on the performance of 
content addressable memory (CAM) circuits are investigated. It is found that for CAM operation with large pre- 
charging voltage in the match line, the storage state in FeFET will be changed with the lower polarization near 
drain side, resulting in the strong non-uniformity of polarization along the channel direction. The lateral electric 
field generated by source and drain junction due to short channel effect will further exacerbate this effect. It is 
further shown that this distributed polarization effect may lead to significant circuit performance difference 
compared with uniform polarization situation, and may further degrade the search accuracy especially for multi- 
bit CAM. This work indicates the crucial role of polarization distribution effect in the device-circuit co-optimi-
zation of FeFET.   

1. Introduction 

Content addressable memory (CAM) has drawn significant interests 
for data-centric machine learning (ML) applications due to its high 
parallel pattern matching capability [1,2], while conventional SRAM- 
based CAM suffers from large area overhead [3]. Therefore, various 
emerging non-volatile memories (NVM) have been applied to implement 
more compact cells [4–6]. Among them, HfO2-based FeFET Ternary 
CAM (TCAM) can significantly boost the CAM density due to ultra- 
compact structure [6], with additional advantages of large on–off 
ratio, low write energy [2] and high CMOS compatibility [7–9]. As 
shown in Fig. 1(a) and (b), the pre-charged high voltage of match line 
(ML) would be maintained only when both of two parallel FeFETs with 
distinct threshold values are turned-off under the corresponding search 
line (SL) voltage, which represents the match condition between stored 
data and search data. Moreover, the multi-level states caused by partial 
polarization switching of ferroelectric (FE) enable the realization of 
FeFET-based multi-bit CAM (MCAM) design [10,11]. 

To evaluate the FeFET-based CAM circuit performance, the accurate 
FeFET device model is of great importance. The prevailing FeFET 

models [12,13] are usually established by directly solving the FE model 
with baseline MOSFET model, which are intrinsically a lumped treat-
ment for FeFET with internal metal layer structure [14]. However, for 
FeFET without an internal metal layer in the gate stack, the polarization 
(PFE) and the FE voltage (VFE) may vary spatially in the longitudinal 
direction at a nonzero drain bias as shown in Fig. 1(c), and can also be 
influenced by the lateral electric field at drain or source edges [15]. 
Therefore, the polarization distributed along the channel direction of 
FeFET without internal metal layer is non-uniform, which may directly 
impact the device channel conduction and the FeFET-based CAM circuit 
performance. It is noted that this phenomenon is an intrinsic issue 
caused by the device structure, instead of causing by variation sources in 
FeFET explored by multiple research groups [16–19]. 

In this work, for the first time, the impact of distributed polarization 
in FeFET on the CAM circuit performance is investigated by simulation. 
Different from the FeFET with uniform polarization, the device with 
polarization distribution effect shows the significantly different con-
duction capability considering the high drain bias especially in the 
multi-bit CAM applications, indicating its crucial role in the device- 
circuit co-optimization of FeFET. 
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2. Simulation Method 

To investigate the impact of distributed polarization on the CAM cell, 
the mixed mode simulation in Sentaurus TCAD [20] is carried out. For 
the simulation of FeFET, the schematic structure is shown in Fig. 2(a), 
where the gate stack is composed of a 10 nm-thick FE-HfO2 layer and a 
1.2 nm-thick interfacial layer of AlON [21]. The basic structure pa-
rameters are listed in Fig. 2(a), in which the FE parameters refer to [22], 
where the chosen value of Pr is low to improve reliablity and memory 
window (MW) of FeFET [23]. The Preisach model [24] is utilized to 
describe polarization switching. Besides, the physical models for tran-
sistor include doping-dependent model, thin layer model and high-field 
saturation model for mobility, the Shockley-Read-Hall model and Auger 
model for recombination and old Slotboom model for bandgap 
narrowing. 

For the simulation of CAM cell, different polarization states are 
programmed by the same-width pulses of gate voltage (VG) with 
different amplitudes at first, the corresponding ID-VG curves are plotted 
in Fig. 2(b) and (c). Then the ML is pre-charged to the voltage equal to 
VDD. In the searching phase, the relatively small VG with the related 
amplitudes (VSL) are subsequently applied according to the search 
query. The truth table of TCAM and 2-bit MCAM are listed in Fig. 2(b) 
and (c). As shown in Fig. 2(d), the operation results of the CAM cell are 

dependent on the discharging speed of ML voltage (VML) during the 
search phase, which is directly decided by the conduction current (IML) 
of the parallel FeFET. 

3. Results and discussion 

3.1. A. The spatially distributed polarization in FeFET 

To investigate the PFE distribution effect, FeFET with an internal 
metal layer is also simulated for comparison, which is also consistent 
with the results by utilizing the currently modeling method of FeFET for 
CAM design. Fig. 3(a) and (b) show the electric field contours after 
program voltage pulse for FeFET with and without an internal metal 
layer. It can be seen that in both devices, channel electric field spatially 
distributes along the channel direction, which is resulted from the im-
pacts of source/drain (S/D) depletion regions [25]. For the FeFET with 
an internal metal layer, due to the role of equipotential layer played by 
the internal metal layer, the distribution of electric field in FE is uniform 
along the channel direction as shown in Fig. 3(a). However, for FeFET 
without internal metal layer as shown in Fig. 3(b), electric field in FE is 
directly influenced by the channel electric field, which is non-uniform 

Fig. 1. (a) Architecture of the CAM array. (b) The basic structure of 2FeFET-based CAM cell [6]. (c) The schematic of FeFET with spatially distributed polarization.  

Fig. 2. (a) Schematic structure of the FeFET simulated in this work with FE 
parameters referred to [22]. Simulated ID-VG curves and truth table for (b) 
TCAM and (c) MCAM. The transfer curves show different threshold voltages due 
to different polarization states, which are programmed by gate voltage pulses 
with the same width and different amplitudes. (d) The waveform of operation 
voltage in CAM application. 

Fig. 3. (a)–(d) Electric field contours for bulk FeFET w/ and w/o internal metal 
layer after programming and pre-charging respectively with gate voltage of 
zero. For programming operation, the voltage of gate and drain are 3.5 V and 0 
V respectively. For pre-charging operation, the voltage of gate and drain are 0 V 
and 1.2 V respectively. Besides, the voltage of source and bulk are always zero 
for both operations. (e) PFE distribution along the channel and the corre-
sponding average value after programming and pre-charging with gate voltage 
of zero. 
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along the channel. Moreover, it can be noticed that the participation of 
lateral electric field generated by S/D junction with the vertical field in 
FE gradually decreases from S/D edge to the center of channel. 

Moreover, considering the special operation of CAM, a high drain 
bias (VD or VML) of 1.2 V would be applied during the pre-charging 
phase. As shown in Fig. 3(c) and (d), the non-uniformity of electric 
field in channel becomes stronger. As shown in Fig. 3(d), since the 
impact of high drain bias is stronger near the drain region, the corre-
sponding change of electric field in FE increases near the drain region, 
leading to the spatially distributed PFE. 

Fig. 3(e) shows the PFE distribution of above two devices after pro-
gram and pre-charge phase. Considering the situation that the duration 
of pre-charge phase is sufficiently long, after programming, PFE of FeFET 
without internal metal layer is spatially non-uniform distributed. The 
stronger depolarization field caused by lateral electric field from S/D 
junction [15] leads to the lower PFE locally. During pre-charging phase, 
depolarization field near drain region increases, and thus the related PFE 
decreases. However, for FeFET with internal metal layer, the electric 
field in FE is always uniform, leading to the same PFE distributed along 
the channel direction without considering variation sources in FE layer. 

3.2. Impact of spatially distributed PFE on FeFET TCAM 

Based on the discussion of spatially distributed PFE in FeFET, its 
impacts on CAM circuit are evaluated. The schematic of search opera-
tion for TCAM is shown in Fig. 4(a), where the discharge process will 
directly influence the final results. Fig. 4(b) shows the transfer charac-
teristics after pre-charging phase with VML of VDD. It can be seen that 
with PFE distribution, the IML is lower, indicating the slower discharging 
speed during search phase. Fig. 4(c) shows the complete discharge 
process of TCAM for mismatch condition. It can be noticed that there is 

an intersect between the VML of two different FeFET devices. At the 
beginning of search phase with relatively large VML, VML of FeFET with 
PFE distribution decreases much slower due to the smaller IML as shown 
in the inset of Fig. 4(c). With the evolution of discharging, VML gradually 
decreases and the IML of FeFET with PFE distribution becomes the higher 
one. Additionally, the difference of discharging process will be more 
significant with the smaller MW. 

To further analyze the IML difference after pre-charging phase, the ID- 
VD curves of FeFET devices are simulated with various VG under rela-
tively fast VD sweep to avoid extra PFE back-switching, as shown in Fig. 4 
(d). For low VD, the IML difference is negligible. This is because that the 
channel conduction is mainly modulated by average PFE. According to 
Fig. 3(e), although the PFE non-uniformly distributes in FeFET without 
internal metal layer, the average PFE across FE layer is approximately the 
same to that of FeFET with internal metal layer. The slight current dif-
ference with low VD implies that the prevailing model method of FeFET 
is reasonable and applicable for memory applications. However, for high 
VD, the IML difference is distinct. Due to the increased effect of drain- 
channel coupling, the channel conduction is directly dependent on the 
region near drain junction. Based on the discussion in part A, the PFE 
near the drain region is lower for FeFET without internal metal layer, 
leading to the obviously lower IML, which indicates the necessity of 
device-circuit co-optimization considering PFE distribution effect for 
CAM application. 

3.3. Impact of spatially distributed PFE on FeFET MCAM 

Furthermore, the PFE distribution impact is investigated for MCAM 

Fig. 4. (a) Search operation of TCAM. (b) The impacted ID-VG curves due to the 
distributed PFE. The VSL of FeFET are represented by the dashed vertical lines. 
Different (c) discharging process and (d) ID-VD caused by the PFE distribution. 

Fig. 5. (a) Search operation of 2-bit MCAM. (b) For storage state “10”, the 
impacted ID-VG curves due to the distributed PFE. The VSL of the discharging 
FeFET when searching state “01” and state “11” are represented by the dashed 
vertical lines with blue and red respectively. The corresponding discharging 
FeFET devices are circled in the inset respectively. Different discharging process 
caused by the PFE distribution for (c) state “10”, (d) state “00”, (e) state “01” 
and (f) state “11”. 
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application. To simplify the discussion, a 2-bit MCAM cell is evaluated, 
where the schematic of search operation is plotted in Fig. 5(a). As shown 
in Fig. 5(b), for intermediate state with partially switched PFE, the IML 
difference is significant under the same VSL, which can be approximately 
an order of magnitude due to the PFE distribution effect. The different 
channel conduction will directly influence the discharging process, 
leading to the deviated search results. According to the truth table as 
shown in Fig. 2(c), to comprehensively evaluate the impact of PFE dis-
tribution, the search operation for state “10” and “00” are simulated at 
first, which represent different threshold values caused by different 
switched PFE. Compared Fig. 5(c) with Fig. 5(d), due to the more distinct 
IML difference for intermediate state, the difference of discharging pro-
cess for state “10” is more significant. Besides, owing to the much lower 
IML of FeFET with PFE distribution, when searching “01” and “11” for 
state “10”, an obvious degradation of search delay is observed. Espe-
cially for searching “11”, when the search time is limited, the final result 
might be identified as match condition mistakenly. Then the search 
operation for the rest storage states, including “01” and “11”, are plotted 
in Fig. 5(e) and (f), further indicating the distinct impact of PFE distri-
bution for intermediate storage state “01”. Hence, the search accuracy of 
CAM will be reduced due to the significant search delay. 

Moreover, the comparison of ML discharging current between FeFET 
with and without PFE distribution effect for a 2-bit MCAM is shown in 
Fig. 6. Due to the similarity between the results for storage state “00” 
and state “11”, storage state “10” and state “01”, only the IML compar-
ison for state “00” and “10” are plotted. It is demonstrated that the 
evaluation of FeFET-based CAM by the prevailing modeling method will 
lead to the severe deviation for intermediate state. 

4. Conclusion 

This work simulates and investigates the impacts of spatially 
distributed polarization on the performance of FeFET-based CAM. 
Compared with the uniform polarization situation, the PFE distribution 
may induce the larger VTH and smaller current under a high drain bias in 
FeFET. For CAM operations with relatively larger drain bias than the 
conventional memory applications, the PFE distribution will lead to 
significant difference in circuit performance, showing its crucial role in 
the device-circuit co-optimization. 
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