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Abstract— Early failure has been observed during CDM ESD 
stress on high-voltage tolerant nLDMOS-SCR devices in a 
standard low-voltage CMOS technology due to the gate oxide 
(GOX) degradation. In this work, we propose a special p+/n+ 
differential doped gate which boosts the CDM ESD failure 
current level with a factor of 3 to 9.  
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I.  INTRODUCTION 
In order to develop cost-effective System-on-Chip (SoC) 

solutions, it is important to implement High-Voltage (HV) 
tolerant devices using standard CMOS technologies for varied 
applications, such as display and LED drivers, flash memories, 
automotive applications etc. However, HV-tolerant devices are 
usually very sensitive to ESD events [1]-[6]. The Laterally 
Diffused nMOS (nLDMOS) Silicon Controlled Rectifier (SCR) 
device is widely considered as one of the more reliable ESD 
solutions [4]-[6]. Some previous studies indicated that HV-
tolerant nLDMOS (or nLDMOS SCR) would easily suffer 
from gate oxide damage or degradation during CDM ESD 
stress or constant voltage long-term stress [5]-[7]. The root 
cause of the oxide degradation has been already related to 
higher electrostatic potential on Si surface below the gate to n-
well overlap region, inducing gate electrons tunneling and 
further subsequent hot carrier injection degradation of the gate 
oxide [7].  Reducing the gate to n-well overlap length in 
nLDMOS structures helps to relieve the oxide deterioration. 
However, it causes higher voltage overshoot during CDM ESD 
or VFTLP stress [5]. The higher voltage overshoot could 
damage the transistors to be protected in functional circuits.  

The purpose of this work is to provide a solution which 
prevents gate oxide degradation under VFTLP stress, without 
increasing the voltage overshoot of nLDMOS SCR device. The 
proposed differential doped gate structure is fully compatible to 
standard CMOS technologies [8], [9]. In addition, TCAD 
simulations illustrate the different device physics of nLDMOS 

SCR devices with different gate doped types. This 
understanding is crucial for the ESD design and the 
optimization of nLDMOS or nLDMOS SCR devices. 

II. DEVICES AND EXPERIMENTS 

A. Device Structures 
A conventional nLDMOS SCR device has been 

implemented with grounded gate in a standard 130 nm CMOS 
technology with ~2 nm SiO2 gate oxide (GOX), 1 µm channel 
length (LCHAN), 0.5 µm gate to N-well overlap length (LGN) and 
50 µm channel width. The gate of the conventional device is n-
type doped, and it is used as a reference in this work. In order 
to prevent hot carrier generation and subsequent gate oxide 
degradation, a differentially doped gate is proposed for an 
improved nLDMOS SCR device, as shown in Fig. 1. At the left 
side of gate, the gate is n-type doped above the p-well region, 
forming an n-type channel from n+ source (at cathode) to n-
well drift region which is connected to the n+ drain (at anode) 
during normal transistor operation. At the right side of gate, the 
gate is p-type doped above the n-well drift region and also 
extends above the STI structure.  
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Fig. 1: Schematic cross-section (not to scale) of the proposed nLDMOS-
SCR device with p+/n+ differential doped gate. The GOX is ~2 nm SiO2, 
the channel length (LCHAN) is 1 µm, the gate to n-well overlap length (LGN) 
is 0.5 µm, and the channel width is 50 µm. 
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Figs. 2a and 2b show the band diagrams and e- density 
along the depth (y) direction near the STI overlapped with 
different doped gates, which are n-doped and p-doped 
respectively, in the nLDMOS SCR devices. With a p-type 
doped gate in Fig. 2b, very low electron (e-) density (minority 
carriers) can significantly suppress the possibility of e- 
tunneling from gate to n-well and also the majority carriers 
(hole; h+) will not be pulled from the low potential gate to the 
high potential n-well. Therefore, the proposed solution prevents 
hot carriers generation and subsequent gate oxide degradation. 
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Fig. 2: Schematic band diagram and electron (e-) density (refer to the 
vertical cut line in Fig. 1) in the gate to n-well overlap region of a) the 
conventional nLDMOS-SCR device with n+ doped gate and b) the 
proposed nLDMOS-SCR device with p+/n+ differential doped gate. The 
mechanisms relating to GOX degradation are depicted in a). A very low e- 
density eliminates the possibility of e- tunneling from gate to n-well in b). 

B. ESD Verification 
To investigate the ESD robustness, these devices were 

stressed by 100-ns TLP with 2 ns rise time and 2-ns VFTLP 
with 200 ps rise time. For both stress types, the ESD stress was 
applied to the anode, while the cathode and gate were 
grounded. The device DC leakage current was monitored after 
each stress step. A 10 % increase in leakage current was 
considered as device failure. 

III. RESULTS AND DISCUSSION 

A. TLP and VFTLP Verification Results 
Fig. 3 shows the VFTLP IV characteristics of the nLDMOS 

SCR devices with the conventional n-type doped gate and the 
proposed differential doped gate. The proposed device boosts 
the failure current It2 level up to a factor of 3. On the other 
hand, the leakage current (Ileak) evolutions of these two devices 
also show a significant difference. The nLDMOS SCR device 
with only n-type doped gate has a progressive Ileak increase 
which suggests a GOX damage. However, the one with p+/n+ 
differential doped gate shows an abrupt Ileak increase which 
suggests thermal failure [5]. The nLDMOS SCR devices with 
different LGN of 0.25 and 1 µm are also compared and the 
results are shown in Fig. 4.  
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Fig. 3: VFTLP IV curves and corresponding DC leakage current evolution of 
the nLDMOS SCR devices with same LGN of 0.5 μm but with different gate 
structures. The n+ doped gate shows a progressive leakage deterioration, but 
the differential gate shows an abrupt leakage increase. 
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Fig. 4: Failure current It2 as a function of the LGN for the nLDMOS SCR 
devices with the conventional and proposed gate structures submitted to 
TLP and VFTLP stresses. The It2 values are regardless of LGN for TLP 
stress in both devices; however, VFTLP It2 values are significant 
difference in these two different gate doped type devices. 
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The TLP results show similar It2 levels (3 A) in the devices 
with different LGN and different doped gates. But, the VFTLP 
results show significantly different It2 dependency on LGN in 
the nLDMOS SCR devices with different gate structures. For 
the one with p+/n+ differential doped gate, the It2 levels only 
slightly drop from 10.4 A to 8.9 A as LGN increased from 0.25 
to 1 μm. However, they drastically drop from 10 A to 1 A in 
the devices with n+ doped gate. The drastic VFTLP It2 
decrease for the latter one has been proven that the early failure 
for long LGN device is attributed to GOX overstress inducing 
GOX deterioration [5]. Therefore, the devices with p+/n+ 
differential doped gate indeed prevent such GOX deterioration 
during VFTLP stress. 

B. Physical Understanding 
Besides CDM ESD (or VFTLP) stress, the conventional 

nLDMOS SCR ESD devices also show GOX degradation 
under off-state constant voltage stress [7]; therefore, TCAD 
simulations are used to further study the impact of different 
doped type gates on GOX deterioration. Fig. 5 shows the off-
state gate Ileak varied with increasing drain (or anode) voltage. 
The devices with the differential doped gate show ~50 times 
less gate Ileak compared with the conventional device. This is 
firstly attributed to the very low e- tunneling current from p-
type gate to n-well in the proposed nLDMOS SCR device. In 
addition, the lower electrostatic potential on Si surface inside 
the n-well also contributes the lower gate Ileak of the proposed 
device in Fig. 6.  It shows that even with a higher anode stress 
voltage, the device with differential doped gate has only less 
than half surface potential in the n-well close to the STI edge 
compared to the conventional device.  
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Fig. 5: TCAD simulated gate leakage currents as a function of drain 
voltage for the nLDMOS SCR devices (LGN= 0.5 μm) with the 
conventional and proposed gate structures during the off-state bias 
condition which is gate and cathode terminals are grounded. 

With very low e- tunneling current and lower surface 
potential in the n-well, the device with differential doped gate 
shows differences of e- and h+ current distributions from 
conventional device, as shown in Figs. 7a~7d. Fig. 7a shows 
that the n+ doped gate can provide e- tunneling current. These 
high energy tunneling e- can further induce the impact 

ionization (II) to generate more e- and h+ carriers, increasing 
the total e- and h+ current density, as shown in Figs. 7a and 7c. 
Fig. 8 shows the impact ionization plots of these two devices. 
Compared to the impact ionization in the conventional device 
in Fig. 8a, the impact ionization is lower in the nLDMOS SCR 
device with differential doped gate (Fig. 8b). It is because of 
the relatively low e- and h+ current density, as shown in Figs. 
7b and 7d.  
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Fig. 6: TCAD simulated Si surface electrostatic potential versus 
horizontal distance in the nLDMOS SCR devices (LGN= 0.5 μm) with the 
conventional and proposed gate structures submitted to the DC voltage of 
around 10 V stressed at the anode node during the off-state bias condition.  
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Fig. 7: 2D TCAD simulated a) and b) electron (e-) current density and c) 
and d) hole (h+) current density for the nLDMOS SCR devices (LGN= 0.5 
μm) with the conventional and proposed gate structures submitted to ~10 
V anode stress voltage during off-state bias condition. 
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Fig. 8: 2D TCAD simulated impact ionization (II) plot for the nLDMOS 
SCR devices (LGN= 0.5 μm) with a) the conventional and b) the proposed 
gate structures submitted to ~10 V anode stress voltage during off-state 
bias condition. 

C. Discussion on Long-term GOX Reliability 
Based on the above simulation results, the proposed p+/n+ 

differential doped gate can enhance the off-state GOX 
reliability of HV tolerant nLDMOS (or nLDMOS SCR) 
devices. In this part, the on-state GOX reliability will be further 
discussed. Figs. 9a and 9b show the on-state current 
distributions of the devices with the n+ doped and p+/n+ 
differential doped gates, respectively.  
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Fig. 9: 2D TCAD simulated total current density for the nLDMOS SCR 
devices (LGN= 0.5 μm) with a) the conventional and b) the proposed gate 
structures submitted to ~2 V anode stress voltage when gate is biased at 
1.32 V of the on-state bias condition. 

The gate terminals are biased at 1.32 V and the drain 
terminals at ~2 V for these two different devices. The device 
with differential doped gate shows a very low current density at 
the Si surface inside the n-well, as shown in Fig. 9b. The on-
state current seems to be blocked out from the Si surface inside 
the n-well. In addition, the on-state electrostatic potential on Si 
surface inside the n-well also shows a lower surface potential in 
the device with differential doped gate, as illustrated in Fig. 10. 
With a lower current density and surface potential, the 
proposed differential doped gate could also improve the on-
state GOX reliability of HV tolerant nLDMOS (or nLDMOS 
SCR) devices. However, the maximum impact ionization 
location will not locate at the n-well close to STI. It will move 
to the edge between p-well can n-well due to the large on-state 
current from source to drain terminals in the on-state nLDMOS 
devices. Therefore, the impact of differential doped gate on 
GOX reliability needs to be investigated in the future.  

IV. CONCLUSION 
This work proposes a differential doped gate structure to 

suppress GOX degradation in HV tolerant nLDMOS SCR ESD 
devices. The VFTLP results show an enhancement of the It2 
levels by the proposed differential doped gate. The VFTLP It2 
levels boost ~9 times in the extreme case with LGN of 1μm 
which can get lowest voltage overshoot under the VFTLP 
stress. The in-depth physical study further indicates the 
improvement on off-state GOX reliability in the devices with 
the proposed differential doped gate. The reasons can be 
attributed to a very low e- tunneling current from p-type gate to 
n-well and a lower electrostatic potential on Si surface inside 
the n-well in the proposed nLDMOS SCR device. They indeed 
prevent such GOX deterioration during VFTLP stress. Finally, 
on-state GOX reliability may also be impacted by the gate 
doped type. With a lower current density and surface potential, 
the proposed differential doped gate could also improve the on-
state GOX reliability of HV tolerant nLDMOS (or nLDMOS 
SCR) devices. 
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