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3D NAND Metrology Challenges Growing 

Rising costs and gaps in equipment emerge as technology scales; new tools under development. 

APRIL 9TH, 2019 - BY: MARK LAPEDUS (HTTPS://SEMIENGINEERING.COM/AUTHOR/MARK-LAPEDUS/) /4 •••• 
3o NANO vendors face several challenges to scale their devices to the next level, but one manufacturing technology 

stands out as much more difficult at each turn-metrology. 

Metrology_(htq~s://semiengineering.com/knowledge centers/manufacturingLP-rocess/metrologyL), the art of 

measuring and characterizing structures, is used to pinpoint problems and ensure yields for all chip types. In the 

case of 30 NANO, the metrology tools are becoming more expensive at each iteration and the gaps are growing. 

Metrology is different than inspection, which inspects and finds defects in chips. Many chips require both optical and 

e-beam inspection systems. 

This is not so clear-cut for metrology in 30 NANO. It's relatively straightforward to measure today's planar NANO, 

which is more or less a two-dimensional structure. 30 NANO 

(httP-s://semiengineering.com/knowledge centers/memocy./flash-memocy./3d-nand/), the successor to planar NANO, 

is a different story. Unlike planar NANO, 30 NANO resembles a three-dimensional vertical skyscraper in which 

horizontal layers of memory cells are stacked and then connected using tiny vertical channels. Both planar and 30 

NANO are used for storage applications, such as smartphones and solid-state storage drives (SSOs). 

30 NANO is quantified by the number of layers stacked in a device. As more layers are added, the bit density 

increases. Today, 30 NANO suppliers are ramping up 96-layer devices, while 128-layer products are in R&O. Vendors 

also are working on chips with 500 or more layers. 
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Figure 1: 3D NAND structure showing high-aspect ratio (HAR) features such as the channel hole. Source: KLA 

With that in mind, 3D NAND presents some challenges for the metrology equipment in the fab. "While metrology is 

required for process control of planar NAND structures, the measurements are not as difficult relative to the 

challenges faced with high-aspect ratio 3D NAND," said Scott Hoover, principal yield consultant with KLA 

(httP-s://semiengineering.com/entities/kla-tencor/). "The change from 2D to 3D integration introduces new metrology 

challenges, including very high-aspect ratio structures, wafer stress driven bow and vertical gate dimension control." 

The big challenge is to characterize the inner portions of a 3D NAND device, which consists of complex materials, 

multiple layers and tiny channel holes. Then, as you add more layers, the metrology challenges increase "due to a 

higher number of 3D gate stacks and multi NAND string stacks," said Jeongdong Choe, an analyst at Tech Insights. 

All told, metrology is becoming more challenging and expensive in 3D NAND scaling. Compounding the challenges is 

that no single metrology system can handle all requirements. 3D NAND requires an assortment of metrology tool 

types, such as electron microscopes, optical systems and X-ray. Even then, there are some metrology gaps. 

2D to 3D NAND 

The NAND market is undergoing a turbulent period. In 2018, the market fell into an oversupply mode, while product 

prices tumbled throughout the year. 

The NAND downturn has extended into 2019 amid weak server and smartphone demand. For a 128Gbit device, 

contract prices fell 10.8% in the first quarter of 2019, compared to the previous period, according to KeyBanc. In the 

first quarter, prices were down 56% year-over-year. 

On the bright side, the downward pressure on NAND prices allows OEMs to sell high-density SSDs at lower prices. 

"NAND-based SSDs originally were targeted for more of the high end," said Gill Lee, managing director of memory 

technology at 8P-P-lied Materials (httP-s://semiengineering.com/entities/aP-P-lied-materials-inc/). "Now it's a big part of 

notebook computers. SSDs also are targeting even the low-end of storage. So the market for NAND is not only going 

up, it's also covering a big part of the hard disk-drive market." 
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NAND has been undergoing a challenging technology transition. Planar NAND was the mainstream technology for 

years, and today vendors are selling planar NANO at the 15nm/14nm regime. But that's where it runs out of steam. 

To continue increasing density, the industry is moving to 3D NANO, which stacks the memory cells in the vertical 

direction. The latest 3D NANO devices have 96 layers. Intel, Micron, Samsung, SK Hynix and the Toshiba-Western 

Digital duo are working on 3D NAND with 128 layers and above. 

Vendors are taking different approaches here. In a 96-layer device, some are stacking all 96 layers in the same die. 

Others are stacking two 48-layer devices or decks on top of each other. This is called string or tier stacking. 

Making 3D NAND is different from planar NAND. In 2D NAND, the idea is to shrink the cell size using 193nm 

lithography and multiple patterning. Lithography is still used for 3D NAND, but it isn't the most critical step. For 3D 

NANO, the idea is to go vertical, and so the challenges shift from lithography to deposition and etch. 

Metrology challenges 

The metrology challenges are also different. In planar NANO, vendors take top-down images and other 

measurements of the device, which locates the defects and other issues. In 3D NANO, the films, layers and channels 

reside inside the device. The defects also are buried in the structure. 

Many metrology tools can't penetrate the structure and look inside the device. X-ray tools can penetrate the 

structure, but they are only used in select apps. So, metrology is more difficult for 3D NAND. Yet, the industry uses 

the same metrology tool types for both planar NAND and 3D NANO. These include CD-SEMs, optical CD (OCD) tools, 

overlay systems, TEMs and X-ray. 

A critical-dimension scanning electron microscoP-e 

(httP-s://semiengineering.com/knowledge centers/manufacturinglP-rocess/cd-sem/) (CD-SEM) takes top-down images 

of a structure. Meanwhile, a transmission electron microscope (TEM) transmits a beam through a structure to 

measure a sample. X-ray metrology involves different tool types. 

One OCD tool type is called an ellipsometer. Used in the industry for years, the ellipsometer utilizes polarized light to 

characterize structures. 

Meanwhile, making 3D NAND is a complex process. First, using a deposition tool, a system deposits a layer of 

material on a substrate, followed by another layer on top. The process is repeated several times until a device has 

the desired number of layers. 

The stack requires thin-film measurements to ensure it meets spec. For this, vendors use an ellipsometer and/or a 

reflectometer to make thin-film measurements. Reflectometry uses light to measure films. The decision to use an 

ellipsometer or a reflectometer depends on the material types. 

Ellipsometry is a non-destructive technique that doesn't measure the actual device or film. Instead, it uses a model­

based approach to characterize structures. An ellipsometer system consists of a light source, polarization generator, 

analyzer and detector. In operation, light is transmitted through a polarizer, which then hits a sample in two planes at 

an angle. 

Then, the reflected light enters into an analyzer, which is converted into a signal. From there, the data is crunched in 

a system, which provides thin-film measurements. 

Generally, the thin-film measurement steps are relatively straightforward for today's 3D NANO. "As the stack 

continues to scale toward 128 layers, current technologies in metrology are capable and proven in R&D," said Kevin 

Heidrich, senior vice president of corporate development at Nanometrics. "As device manufacturers move to 256 
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layers and beyond, new improvements in the system are being developed to deal with very thick film effects and a lot 

of light absorption." 

Following the stack deposition process, the device undergoes the high-aspect ratio (HAR) etch step. This is the most 

difficult step in 3D NANO, where an etch tool drills tiny circular holes or channels from the top of the device stack to 

the bottom substrate. A device may have 2.5 million tiny channels in the same chip. Each channel must be parallel 

and uniform. 

"High-aspect ratio etch continues to be the most critical and difficult step in the entire flow," said Yang Pan, corporate 

vice president of advanced technology development at Lam Research (httRs://semiengineering.com/entities/lam­

research/). "At 96 layers and above, not only does the memory hole module get more challenging, but other 

structures such as slits also become critically difficult with layer stacking." 

This is also the most challenging metrology step. The goal is to obtain the "channel hole profiles" of the device. This 

involves a range of measurements, such as the top and bottom CDs of the holes. 

The difficult part is to measure the uniformities and profiles inside the individual holes. At times, some channel holes 

are not uniform and may have a bowing effect. The challenge is to determine where the variations are located and to 

make the measurements. 
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Fig. 2: Channel etch challenges in 3D NAND. Source: Lam Research. 

"New process control challenges are expected, including 3D shape and symmetry of both channel hole etch and the 

word line cut. Vertical stack dimensional control, including gate length and 3D film conformity control, are required," 

KLA's Hoover said. "Finally, with increasing stack height and the move to multi-deck structures, coupled with extreme 

wafer-level bow and in-die stress induced distortion, deck-to-deck channel hole alignment will be challenging." 

For the channel holes, 3D NAND vendors want a tool that can measure the CDs inside a channel hole at each layer. 

So for a 96-layer device, vendors want to measure the CDs at 96 layers. The problem is that no such tool exists, so 3D 

NAND vendors must use the existing tool types. OCD is the most common technique, while TEMs, etch-back SEM and 

X-ray are also options. 
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For the channel hole profile apps, the industry uses an OCD-based system called a spectroscopic ellipsometer, which 

is an ellipsometer with a broadband light source. This tool is used in conjunction with a measurement technique 

called scatterometry. 

The spectroscopic ellipsometer doesn't measure the actual structure, but rather it uses a model-based approach. In 

this process, you first develop a device with certain parameters. Then, you build a physical model of the device. A 

complex process might require multiple models. 

You put a sample structure of the device in the ellipsometer and the light hits the target. The scattering light is 

measured at various polarizations, and then you compare the experimental results to the model. 

Using a mathematical concept called regression analysis, you obtain the results. 'The best way to explain the OCD 

mathematical signal processing aspect is that we combine the known interaction of light when it gets absorbed by 

different materials in the sample and the known behavior of light when it hits a repeating pattern of geometric 

features to construct some theoretical spectra. We can think of the theoretical spectra as a series of individual dots in 

a graph. We try to 'force' all of these dots to some minimum fitting error so that they coincide with the continuous 

line formed by the acquired spectra," explained Padraig Ti money, a principal engineer of metrology at 

GlobalFoundries (httP-s://semiengineering.com/entities/globalfoundries/). 

Scatterometry is widely used for leading-edge logic. This technique also works for the difficult channel hole profile 

metrology steps in 3D NANO. 'We still focus on ellipsometry and reflectometry for the structure measurements and 

apply a high-fidelity OCD model to the measured spectral data or use complex machine learning," Nanometrics' 

Heidrich said. "Not only do we extract detailed profiles of the etch process with many critical dimensions through the 

stack, but we also determine tilt and other complex profile changes. With tier stacking, layer-to-layer channel hole 

registration also becomes a challenge. Much like super-lattice deposition, the thick nature of the films and high 

absorption will drive new hardware systems." 

With OCD, the measurement times are fast, but is also takes time to build the models. Complex devices require more 

time-consuming models. 

Besides OCD, the industry uses other techniques for the channel hole profile step, such as TEMs or SEM etch-back. 

These tools are used in R&D, but they can also be utilized in production. 

The TEM enables users to measure the actual structure, but this is a destructive technique. A user must cut the wafer 

and examine the cross-section of the structure using a TEM. 

Still, TEMs provide valuable data. "You can characterize the entire HAR channel shape using a cross-sectional TEM. If 

the lamella is thin enough-typically less than 30nm-you can see the individual layers in the TEM image. This allows 

you to characterize not only etch hole shapes, but also the uniformity of the oxide and nitride deposition processes," 

said Larry Dworkin, director of product marketing at Thermo Fisher. "An alternative TEM technique is planar view 

sample preparation. This style ofTEM looks at one 'slice' along the channel hole. Planar view TEM images of 3D NANO 

samples enable high-resolution characterization of the etch and deposition profiles for a specific layer." 

In another approach, Thermo Fisher has developed an etch-back technique using a SEM and a focused ion beam (FIB) 

tool. Like the TEM, the FIB/SEM approach is slow and destructive. 

In an example of this approach, a 64-layer 3D NAND sample is delayered or milled layer by layer using a gas­

enhanced FIB. Then, high-resolution SEM images are recorded at layer 6, 22, and 44. "SEM images can be acquired, 

and hole shapes characterized at specific layers, enabling within-wafer and wafer-to-wafer process control using 
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statistical methods," Dworkin said. 

_(httJ~s://i0.wp.com/semiengineering.com/wP-: 

contentluP-loads/2019/04/NANDMETRO3,P-ng?ssl=1) 

Figure 3: (L) 3D representation of the cell stack indicating in purple where images were acquired; (R) 

Representative SEM endpoint images of a surface upon which metrology is performed after top-down PFIB 

processing. Source: Thermo Fisher 

Meanwhile, following the HAR etch process, a gate is formed using various materials. To measure the composition of 

materials, the industry uses X-ray photoelectron spectroscopy (XPS). Then, the peripheral logic must be connected to 

the control gates. To measure the structure, chipmakers uses atomic force microscopy (AFM), which uses a tiny 

probe to enable measurements. 

What's next? 

As 3D NAND vendors move to 128-layer devices and beyond, the existing metrology tools will be pushed to the limits. 

"Many metrology methods from planar NAND will still play a role in process control for 3D NAND, but these 

techniques are not sufficient to fully monitor the etch and CVD performance of the high-aspect ratio structures like 

the channel hole," KLA's Hoover said. ''The need for inline measurements of 3D shape and tilt for process monitoring 

will require a non-destructive technique. The move beyond 128 layers will bring additional wafer shape requirements 

to handle high wafer bow and increased deck-deck overlay requirements." 

So new metrology tools are required, especially for HAR channel hole profiles. "OCD itself is a good one, but not a 

perfect one. For example, non-destructive X-ray plus OCD/SEM will be a 100% perfect metrology tool," Tech Insights' 

Choe said. 

The industry is exploring new tool types. In R&D, for example, the National Institute of Standards and Technology 

(NIST) and others have been developing a technology called small angle X-ray scatterometry (CD-SAXS). The X-rays 

used in CD-SAXS have a wavelength less than 0.1 nm, according to NIST. 

CD-SAXS is a non-destructive technique. In operation, X-rays hit a sample and the scattered electrons are captured 

and the data is crunched. 

CD-SAXS has some challenges, namely cost. The throughputs are slow for leading-edge logic devices, so it might be 

better suited for memory. 
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"3D NAND is an ideal structure to measure with CD-SAXS. The X-ray scattering strength depends on the square of the 

height of a structure, so very tall structures (such as 3D NAND and DRAM) scatter hundreds to thousands of times 

stronger than finFETs. This improves the throughput enough to make CD-SAXS measurements of the overall shape of 

3D NAND channel holes very interesting," said Joseph Kline, a materials engineer at NIST. "Also, since the 

transmission of CD-SAXS goes through the entire wafer, there are no penetration problems with measuring tall 

structures. This does introduce the complication that any buried layers in the stack will also contribute to the CD­

SAXS signal and must be incorporated into the scattering models." 

CD-SAXS won't solve all problems for 3D NAND. It's also unclear if OCD can do the entire job for future devices. So, it 

will take a range of tools to do the job. 

Still, the metrology community must continue to innovate. In the future, 3D NAND vendors plan to develop devices 

with 500 layers and perhaps beyond, meaning the metrology and other fab tool sectors must keep pace. That won't 

be easy in a competitive and cyclical business environment. 
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8 comments 

n Peter Manoj Says: 

April 9, 2019 at 6:01 pm (https://semiengineering.com/3d-nand-metrology-challenges­
growing/#comment-203897) 

Good article but was expecting views from memory companies . 

Reply 

n Mark LaPedus Says: 

April 10, 2019 at 11 :03 am (https://semiengineering.com/3d-nand-metrology-challenges­

growing/#com ment-204203) 

Hi Peter. Good point. I will do that next time around. FYI. Many memory and logic companies keep their 

fabrication techniques secret. They don't want to tip their competitors and give them an advantage. For 

example, Samsung and others will discuss the NAND parts, but they won't talk how they are made. It's a 

proprietary. Believe me, I've asked them. However, for this article, I made some basic assumptions. Many 3D 

NAND companies use the same process steps. The general fab techniques are known. 

Reply 

n Gil Russell Says: 
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April 11, 2019 at 6:57 pm (https://semiengineering.com/3d-nand-metrology-challenges­

growing/#comment-204652) 

Great article Mark. Thanks for the hard work of putting this together. 

Will you be able to include Fab Cycle times in a future report? Very touch subject but it would be a very 

well read article. 

-Gil Russell, Webfeet Research 

Reply 

n Priya Mukundhan Says: 

April 15, 2019 at 9:01 am (https://semiengineering.com/3d-nand-metrology-challenges­

growing/#com ment-205850) 

Thanks Mark. Good article. 

I would also like to include that since you are discussing metrology challenges: one of the important steps in 

the process is the high aspect ratio (HAR) channel etch. A deep etch requires masking layers to have certain 

characteristics. Amorphous Carbon hard mask which is widely used for this step needs to be monitored 

accurately, reliably and repeatability. This cannot be done with traditional optical tools because of the 

inherent material property limitations. 

Reply 

n DNRSays: 

April 15, 2019 at 12:03 pm (https://semiengineering.com/3d-nand-metrology-challenges­

growing/#comment-205905) 

How are the fundamental changes in semi-materials (channel core and word line, in your image) there 

affecting the metrology needs? 

As I understand it, the doped semi-materials are also changing drastically .. how is metrology responding to 

the change? 

Reply 

n Priya Mukundhan Says: 

April 15, 2019 at 1 :56 pm (https://semiengineering.com/3d-nand-metrology-challenges­
growing/#comment-205945) 

The fundamental change in hard mask, for example is that it is opaque/semi-transparent. With picosecond 

ultrasonic technology, you can accurately measure these films whether it is amorphous Chard mask (AHM) 

or metal-doped AHM. This is a unique differentiated capability of the technique. As Mark points out, bowing, 

sensitivity to hole CD etc.is definitely an area of exploration with acoustic methods. 

Reply 
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n GJ. Parker Says: 

March 9, 2020 at 2:28 pm (https://semiengineering.com/3d-nand-metrology-challenges­
growing/#comment-327464) 

"CD-SAXS is a non-destructive technique. In operation, X-rays hit a sample and the scattered electrons are 

captured and the data is crunched." 

ah, i don't think electrons are collected. just the scattered x-rays. 

Reply 

n Mark LaPedus Says: 

March 10, 2020 at 7:32 am (https://semiengineering.com/3d-nand-metrology-challenges­

growing/#comment-327690) 

Hi G.J. Thanks for the clarification. 

Reply 
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