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ABSTRACT 

Gate oxide uniformity is very important to the electrical wafer test performance such as Breakdown Voltage (BVDSS), Gate Source 
Leakage Current (IGSS), Gate Charge and reliability for vertical trench MOSFETs (U-MOSFETs), particularly in advanced scaling designs 
with compact cell layouts for lower Drain Source On Resistance (RDSON). This study investigates gate oxide formation in a high-density 
N-type 30V UMOSFET with a 0.8 µm cell pitch from Product B. Conventional dry oxidation produces non-uniform oxide thickness, 
especially at the trench corners, leading to degradation of the BVDSS and leakage characteristics (IGSS). To address this, we propose a 
multi-layer thermal oxidation process combining the dry and wet oxidation, achieving improved corner coverage while maintaining a 
target gate oxide thickness of 500 Å. Transmission electron microscopy (TEM) analysis confirms that the multi-layer thermal oxidation 
(dry and wet oxidation) method reduces thickness variation from more than 25% to less than 10% compared to pure dry oxidation. 
Electrical characterization shows enhanced BVDSS, IGSS and stable threshold voltage (VTH) without impacting (RDSON). These results 
demonstrate that the proposed multi-layer thermal oxidation process is an effective approach for fabricating robust gate oxides in 
next-generation, scaled power MOSFETs. It is suggested that trench depth and P-body doping are further optimized to improve the 
balance between breakdown voltage and threshold voltage. 
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1. INTRODUCTION 

The gate oxide is a key component of metal-oxide-
semiconductor field-effect transistors (MOSFET). It is made 
of silicon dioxide (SiO₂) that separates the gate control 
electrode and silicon surface, which serves as a dielectric or 
insulating layer for channel formation. The formation of 
gate oxide in power semiconductor MOSFETs are generally 
categorized into two primary architectures, lateral and 
vertical, which based on their physical structure and the 
direction of current flow through the device, as illustrated 
in Figure 1. Lateral power MOSFETs see Figure 1(a), often 
referred to as Laterally Diffused MOSFET (LDMOS) due to 
their current flowing from source to drain on a flat surface, 
making the gate oxide fabrication relatively simple but 
limiting the performance due to geometry scaling on lateral 
cell pitch, which requires increasing the chip to handle 
higher voltage rating. This lateral structure makes the 
device can easily integrated with analog and digital control 
for low-power applications such as smart power IC, and 
power management [1]. In contrast the vertical MOSFET 
conducts current flows vertically from gate-source at the 
top, through the body and drift region, to drain at the 
bottom. Planar vertical MOSFETs see Figure 1(b) is 
generally an upgrade version of LDMOS which physically 
different in substrate material and has a thicker drift region 
that supports higher blocking voltages [2]. This property 
makes it suitable for medium to high voltage power 

electronics, though at the cost of increased resistance 
compared to U-MOSFETs. Vertical trench MOSFET or U-
MOSFET [see Figure 1(c)] improves performance by etching 
the gate into vertical trenches, allowing current to flow 
vertically through the channel walls. This unique physical 
structure creates the conduction path, which lowers the on-
resistance (RDSon) [3] [4] [5] and enables high density, 
making it ideal for medium-voltage applications such as DC–
DC converters [6] and motor drives. In summary, the 
architectures layout of lateral and vertical power MOSFET 
design distinguish the result on trade-offs between 
resistance, current capability, and voltage handling. The 
challenge of growing gate oxide in the vertical trench or U-
MOSFET has shown significant impact for gate oxide 
thickness uniformity in the scaling of geometry [7] and 
device performance in terms of reliability [8] [9] for 
advance cell pitch for lower RDSON [10] [11]. 

Table 1 summarizes the U-MOSFET product which 
encounter BVDSS not meeting the electrical requirement and 
some of the product has to revise the Epitaxial (Epi) 
substrate in order to meet the BVDSS requirement, however 
this changes has drawn back on the RDSON performance [12] 
which depends to end-user to define on the application of 
the product. In this work, we focus on the BVDSS 
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improvement for advance cell pitch on Product B which 
require stringent requirement on BVDSS above 30 V without 
sacrifice the RDOSN performance. The N-type U-MOSFET, for 
30 V was fabricated with an advanced cell pitch of 0.8 µm 
(0.2 µm spacing / 0.6 µm MESA) for attractive RDSON 
however the BVDSS performance is below 30 V as shown in 
Figure 2. The RDSON for other products were sacrifice by 
changing the substrate Epi in order to achieve the BVDSS 
according to electrical requirement. 
 
Figure 3 illustrates the cross-sectional profile of the 
UMOSFET, with terminal connections labeled based on the 
top view layout to identify the source, gate and drain. The 
outer ring, also known as the termination ring, is designed 
according to product-specific requirements and design 
rules [13] [14]. The gate oxide within the vertical trench 
source region plays a critical role in channel formation, 
which directly defines key  electrical characteristics such as 
VTH, IDSS and BVDSS [15].  
 
Table 2 summarizes the static characteristic data of the 
fabricated N-type 30 V U-MOSFETs obtained from wafer 
level testing. The process evaluation considered substrate 
structure (single Epi vs. dual Epi with different resistivity 
and thickness), trench depth (1.5–2.0 µm), and gate oxide 
thickness (500 Å and 800 Å, formed by dry oxidation). The 
N-body implant process condition followed the process of 
record (POR) at 1.0×1013cm−2−2, 150 keV.  
 
As shown in Table 2, the measured parameters for gate 
leakage in the forward (IGSSP) and reverse (IGSSN) directions, 
absolute gate leakages (IGSSN-ABS) are all within nominal 
range without major variation. However, the interaction of 
threshold voltage (VTH), breakdown voltage (BVDSS), and 
drain-source leakage current (IDSS), confirm that thinner 
oxides (500 Å) support the 30 V product targets, while the 
thicker oxide (800 Å) demonstrates improved leakage 
suppression, consistent with preliminary requirements for 
future 80 V product developments. 
 
The result shows that BVDSS performance with a 500 Å gate 
oxide does not meet the product requirement, as 
highlighted in shaded red for the 30 V devices, with 
additional failures observed in VTH and IDSS. Based on Epi 
split, a noticeable increased in BVDSS was observed when 
moving from dual Epi to single Epi; however, this 
improvement came at the expense of higher RDSON. By 

increasing the gate oxide thickness from 500 Å to 800 Å, 
resulted in a significant improvement in BVDSS but also 
caused a violation in the electrical characteristic in VTH, 

which exceed the functional limit of 1.5 V for 30 V products. 
For instance, values of 1.98 V and 3.0 V correspond to 
designs intended for 40 V and 80 V products, respectively. 
 
Subsequently, failure analysis (FA) was performed on the 
failed unit with a 500 Å gate oxide. At the source’s location, 
Figure 4(a) reveals that the gate oxide thickness at the 
bottom corner is approximately 25% thinner, leading to 
localized high electric-field stress and degradation of BVDSS 
performance [16]. In contrast, the finger or gate location, 
shown in Figure 4(b) demonstrates a uniform gate oxide 
thickness throughout the trench structure. A comparison of 
the FA profiles between the source and gate regions 

highlights growing concerns regarding the gate oxide 
reliability. As the device scaling advances toward narrower 
cell pitches and higher current densities, the need for a 
robust and reliable gate oxide formation process becomes 
increasingly critical. To address this, several researchers 
have investigated methods to improve trench gate oxide 
uniformity, including trench sidewall plasma treatment 
[17], trench corner rounding using sacrificial oxidation 
prior to gate oxidation [18] [19], chemical vapour 
deposition (CVD) [20], and multi-layer oxidation processes 
[16]. 
 
Therefore, this study is aimed to address this critical 
knowledge gap by examining oxide growth behavior at 
trench corners, where thinning occurs, and its impact on 
BVDSS, particularly in aggressively scaled devices (0.8 µm 
pitch) designed for N-type 30 V products with a 500 Å gate 
oxide thickness. To overcome the limitations of achieving 
uniform trench gate oxide at this thickness in advanced cell 
pitch designs, we propose a hybrid oxidation fabrication 
method.  

 

Figure 1. Structure reference for types of Power MOSFET (a) 
Lateral, (b) Vertical with Poly on silicon surface, (c) Vertical with 
Poly in the silicon trench (current and electron flows in opposite 

way) 
 

Table 1. Summary of U-MOSFET product in wafer level test 
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Figure 2. BVDSS represented by drain source current (Id-Vd) for 

Product B, N-Type 30 V 
 
 

 

Figure 3. Cross-sectional view of U-MOSFET structure with 
terminal connection points (source, gate and termination ring) 

 
 

 
Figure 4. (a) Cross-Sectional profile of gate oxide profile review 
on cell location or source location showing gate oxide thinning at 
trench bottom (cell pitch 0.8µm with space CD 0.2 µm and MESA 

CD 0.6 µm), (b) Cross-Sectional profile on gate location shows 
conformal gate oxide structure along the trench side wall (drawn 

trench spacing CD 0.6 µm) 
 

Table 2. Static characteristic of N-Type 30 V product in wafer level test 

 
 
 

2. MATERIALS AND METHODS 

2.1. Fabrication Process and Device Structure 

The fabrication process of vertical trench or U-MOSFET, 
illustrated in Figure 3 and detailed in Figure 1A in Appendix 
1, employs an advanced cell pitch of 0.8 µm, consisting of 0.2 
µm of spacing and 0.6 µm MESA width. Trenches were 
patterned using photolithography and etched to a depth of 
1 µm by plasma etching through an oxide hard mask. This 
was followed by two sacrificial oxide steps, with each oxide 
layers subsequently removed by HF  

 
 
cleaning. The purpose of the sacrificial oxidation is to repair 
the silicon surface damage and improve corner rounding 
prior to final gate oxide growth and polysilicon deposition. 
Table 3 summarizes the advanced cell pitch dimension 
before and after the gate oxidation process. While the 
overall cell pitch remains at 0.8 µm, both the trench (Critical 
Dimension) CD and MESA CD are altered due to silicon 
consumption during oxidation [21] [22] 

Table 3. Advanced cell pitch dimension before and after gate 
oxidation. 
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No Product A         
Process Step 

Cell Pitch 
CD    

 (0.8 µm) 

Trench CD         
0.2 µm  

(Spacing) 

MESA CD               
0.6 µm  

(Silicon) 

1 Oxidation 1           
(Sacrificial / 
Sacox 1) 

0.8 µm 0.250 0.550 

2 Oxidation 2             
(Sacrificial / 
Sacox 2) 

0.8 µm 0.300 0.500 

3 Gate Oxide 
(500Å) 

0.8 µm 0.350 0.450 

 
 
2.2. Thermal Gate Oxidation Experiment 

Following by the sacrificial oxidation and cleaning steps 
described in Section 2.1, the next critical process is the 
formation of the gate oxide inside the vertical trenches. This 
process step determines the interface quality of gate oxide 
and directly impacts the device’s electrical performance on 
BVDSS.  
 
In this study, two thermal oxidation processes were carried 
out based on current furnace process option which 
available in CMOS fabrication environment and the main 
concern is the superior performance of thermal oxidation 
quality [23] [24] [25] . Figure 5 illustrate the setup of trench 
gate oxide thickness 500 Å for N-type 30 V Product B with 
POR scheme single step thermal dry oxidation and multi-
layer thermal oxidation (dry and wet oxidation). Figure 6 
presents the relationship between two types of thermal 
oxidation time and resulting oxide thickness. Figure 6(a) 
shows the correlation for thermal dry oxidation, while 
Figure 6(b) shows the same for combined of dry and wet 
oxidation (with a fix 100 Å dry oxidation before wet 
oxidation). Both graphs include the linear and polynomial 
fits plot, highlighting how process time can be optimized to 
achieve the precise gate oxide thickness using different 
thermal oxidation methods.  
 
For single step thermal dry oxidation process, the resultants 
of gate oxide thickness are validated at 200 Å, 250 Å and 500 
Å. As this is to understand how the gate oxide uniformity 
behaves for thermal dry oxidation scheme. The second 
method is a multi-layer thermal oxidation (dry and wet 
oxidation), the thermal oxidation is grown in two steps (100 
Å plus 150 Å) to reach 250 Å, and in another step two steps 
(100 Å plus 400 Å) to reach 500 Å. And the TEM profile 
structure of each process combination process will be 
presented as final results of vertical trench or U-MOSFET 
gate oxide uniformity. 
 
Figure 7 compares the furnace process thermal profiles for 
achieving a total oxide thickness of 500 Å using two 
methods. Figure 7(a) shows the temperature profile for dry 
oxidation, which involves a rapid ramp-up to a high 
temperature, a steady high-temperature oxidation step at 
950 °C for 90 minutes, and a subsequent cool-down step at 
the end. Figure 7(b) presents the thermal profile for multi-
layer oxidation (dry and wet oxidation), combining initial 
dry oxidation (100 Å) at 950 °C with a very short process 
time (10 minutes) to ensure a high quality Si/SiO2 interface 
formation in the trench and followed by wet oxidation (400 
Å) at 950 °C for (6 minutes) the final oxide thickness 500 Å, 
with additional annealing (1000 °C) for wet oxidation in-

order to avoid on interface traps and density defects, for 
improving oxide quality, and enhancing electrical 
properties [26] [27].  
 
Equation 1 and Equation 2 describe the fundamental 
oxidation reaction for dry and wet processes, respectively 
[28].  

𝑆𝑖 + 𝑂₂ = 𝑆𝑖𝑂₂ (1) 

𝑆𝑖 + 2𝐻₂𝑂 = 𝑆𝑖𝑂₂ + 2𝐻₂ (2) 

 

 

Figure 5. Thermal gate oxidation process for gate oxide target 
500Å for dry oxidation and multi-layer thermal oxidation (dry 

and wet oxidation) with various thickness validation 
 
 

 
Figure 6.  (a) Dry oxidation thickness by process time, (b) Wet 

oxidation thickness by process time (fix 100 Å before wet 
oxidation) 
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Figure 7. (a) Dry oxidation thermal profile for 500 Å, (b) 

Multilayer thermal oxidation (Dry oxidation 100 Å and wet 
oxidation 400 Å) process thermal profile with additional anneal 

process with final total thickness of 500 Å. 

 
3. RESULTS AND DISCUSSION 
 
3.1. Thickness Measurement and TEM Profile Review 
 
Table 4 summarizes the average gate oxide thicknesses 
obtained from TEM profiling under different thermal 
oxidation condition, comparing conventional dry oxidation 
with multi-layer thermal oxidation (dry and wet oxidation) 
process. The measurements include the target oxide 
thickness, as well as the trench bottom and trench sidewall 
thicknesses, to validate process uniformity. These results 
are critical for evaluating UMOSFET device reliability and 
BVDSS performance.  

 

For the dry oxidation process, the 200 Å target thickness 
was achieved with good stability, showing a deviation 
within 5%. However, at the 250 Å target, the oxide thickness 
declined by about 10%, below the target, while at the 500 Å 
target, a significant thinning effect was observed, with the 
trench bottom thickness reduced by more than 25% 
compared to the target, as shown in Figure 2A (in 
Appendix). 
 
In contrast, the multi-layer (dry and wet oxidation) process 
demonstrated improved uniformity within the trench 
profile. At the 250 Å target, the oxide thickness was slightly 
higher than expected, with an average increase of about 
10%. For the 500 Å target, both the trench bottom and 
sidewall thickness remained within the 10% range, as 
shown in Figure 3A (in Appendix).  
 
Overall, the experiment results indicate that the multi-layer 
thermal oxidation (dry and wet oxidation) approach is more 
effective in achieving uniform trench gate oxide formation 
at advanced scaling dimensions. In particular, this method 
successfully addresses the significant non-uniformity 

observed with the conventional dry oxidation process at the 
500 Å target thickness.  
 

Table 4. Gate oxide TEM profile thickness summary in average 
value (refer to appendix 2 and 3 for TEM profile) 

No Condition Gate oxide 
thickness, 

Å 

Trench 
bottom 

thickness, 
Å 

Trench 
side wall 

thickness, 
Å 

Remark 

1 Dry 200 209 201 + 5% 
2 Dry 250 223 225 - 10% 
3 Dry 500 314 434 - 25% 
4 Dry + Wet 250 255 274 + 10% 
5 Dry + Wet 500 491 550 +/- 10% 

 

3.2. Electrical Characteristic 

Table 5 presents the measured electrical parameters of 
UMOSFET devices fabricated on different wafer substrate 
Epi type using the multi-layer thermal oxidation (dry and 
wet oxidation) process with different trench depths (1.1 
μm, 1.3 μm, and 1.5 μm) and gate oxide thicknesses (500 Å 
and 800 Å). The table compares the threshold voltage (VTH), 
breakdown voltage (BVDSS), leakage currents (IGSSP, IGSSN, 
IDSS), and the effect of different P-body implant conditions.  

For devices with a 500 Å gate oxide, the threshold voltage 
(VTH) values were consistently stable across all trench 
depths, ranging from 1.55 V to 1.86 V, which is within the 
expected design window. The leakage currents (IGSSP and 
IGSSN) remained in the order of 10⁻⁹ A, indicating that gate 
oxide integrity was maintained even at deeper trenches. 

The breakdown voltage (BVDSS) showed clear dependence 
on wafer substrate thickness and trench depth. At a trench 
depth of 1.1 μm, BVDSS reached values up to 34.68 V, while at 
1.3 μm, the breakdown voltage slightly decreased (≈ 32–33 
V). Interestingly, at 1.5 μm trench depth with thicker wafer 
substrate epitaxial T5.2, the BVDSS recovered and in some 
cases exceeded 33.44 V, suggesting that deeper trenches 
can enhance electric field distribution provided the gate 
oxide remains uniform. It is worth mentioning that with a 
500 Å gate oxides, all trench depths achieved value above 
30 V, which notable improvement compared to the earlier 
results is presented in Table 1.  

The introduction of a thicker oxide (800 Å) at the 1.1 μm 
trench depth led to a significant increase in breakdown 
voltage, reaching 38.53 V, which represents the highest 
BVDSS across all measured conditions. This confirms the role 
of oxide thickness in suppressing premature breakdown 
and improving device robustness. 

The drain leakage current (IDSS) remained within the low 
10⁻⁹ A range for all conditions, confirming minimal impact 
from trench depth or oxide variation. This result validates 
the earlier TEM findings (Table 3), where the dry + wet 
oxidation process provided consistent trench oxide 
coverage, thereby reducing the risk of leakage-induced 
breakdown. 

In summary, the electrical results in Table 5 validate the 
structural findings in Figure 4 and Table 4, demonstrating 
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that the multi-layer thermal oxidation (dry and wet 
oxidation) process produces consistent gate oxide quality 
and improved BVDSS performance, especially when 
combined with optimized trench depth (1.1–1.5 μm) and 
thicker oxide formation (800 Å) 

Figure 8(a) shows the transfer (Id–Vg) and Figure 8(b) 
shows the gate leakage (Ig–Vg) characteristics of UMOSFET 
devices fabricated with dry-only and dry + wet oxidation 
sequence, both using a 500 Å gate oxide thickness.  

In Figure 8(a), the Id–Vd characteristics define the drain-to-
source leakage and BVDSS by applying a drain voltage with 
the source grounded. The I-V curves clearly indicate that the 
multi-layer oxidation process yields lower leakage and 
sustains higher breakdown voltages compared to dry 
oxidation, reflecting enhanced oxide robustness at the 
trench corners where electric field crowding is most 
critical.  

Figure 8(b) shows the Ig–Vg characteristics under both 
positive and negative gate bias. This evaluation is crucial for 

evaluating gate oxide reliability under stress conditions, 
elucidating charge trapping mechanisms, and identifying 
leakage pathways. The results demonstrate that devices 
fabricated with the multi-layer thermal oxidation (dry and 
wet oxidation) process exhibit consistently lower leakage 
currents than dry-only oxides for both polarities, 
confirming improved gate oxide integrity.  

These trends are in strong agreement with the measured 
parameters summarized in Table 5. Specifically, Table 5 
shows that multi-layer thermal oxidation (dry and wet 
oxidation) consistently achieves higher BVDSS values and 
significantly reduced gate and drain leakage currents (IGSS 
and IDSS) relative to dry oxidation alone. The correlation 
between the electrical curves in Figure 8 and the 
quantitative data in Table 4 validates the advantage of the 
multi-layer oxidation process: the inclusion of a wet 
oxidation step improves oxide uniformity and passivassion 
interface traps, leading to reduced leakage, enhanced 
reliability, and overall superior device performance at the 
500 Å gate oxide level. 

 
Table 5. Static characteristic data of UMOSFET 

 

 
 

 
Figure 8. (a) BVDSS represented by drain source current (Id-Vd) 

characteristic with force drain voltage to source, (b) IGSS 
represented by Gate source leakage current (Ig-Vg) 

characteristic. 
 

4. CONCLUSIONS 

In this study, we investigated the wafer fabrication process 
and optimized the 500 Å gate oxide thicknesses for N-type 
30 V U-MOSFETs with an advanced cell pitch of 0.8 µm. The 
objective was to achieve the target BVDSS of 30 V, by 
ensuring excellent gate oxide uniformity at a thickness of 
500 Å, thereby delivering high performance and long-term 
reliability. The optimized process incorporated sacrificial 
oxidation steps to repair surface damage and create 
rounded trench corners before the final gate oxidation, 
thus improving the oxide integrity in areas exposed to high 
electric fields. 

Two thermal oxidation strategies were compared between 
pure dry oxidation and a multi-layer thermal oxidation 
(dry and wet oxidation) process. TEM profile analysis 
revealed that the dry oxidation process produced 
consistent thinner oxide from the trench sidewall towards 
the bottom corner, struggling to achieve 500 Å thicknesses. 
This resulted in a noticeable non-uniformity and under 
grown oxide at trench bottoms. In contrast, the multi-layer 
thermal oxidation (dry and wet oxidation) approaches 
provide much better gate oxide thickness control and 
uniformity across the trench profile, effectively minimizing 
the gate oxide thinning at the trench corners. 
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Electrical characterization data confirmed the advantages 
of the multi-layer thermal oxidation method, exhibiting 
higher breakdown voltage (BVDSS) and lower gate leakage 
current (IGSS). Using this multi-layer thermal oxidation 
scheme, the devices achieved superior leakage 
performance without sacrificing breakdown capability, 
demonstrating its robustness for N-type 30V U-MOSFETs 
(Product B). Furthermore, the multi-layer thermal 
oxidation scheme is scalable and applicable to higher gate 
oxide thickness requirements for 40 V, 60 V, 80 V and 100 V 
products. 
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Supplementary Appendix 1 
 
 

 
Figure 1A: Fabrication of UMOSFET for Gate Oxide Module with advanced cell-pitch sizing dimension before and after gate oxidation 
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Supplementary Appendix 2 
 

 
Figure 2A. (a) Dry oxidation for 200 Å, (b) Dry oxidation for target 250 Å, (c) Dry oxidation for target 500 Å 
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Supplementary Appendix 3 
 
 

 
Figure 3A. (a) Dry oxidation (100Å) plus wet oxidation (150Å) total target 250Å, (b) Dry oxidation (100Å) plus wet oxidation (400Å) 

total target 500Å 

 


