ECEnN 452 — Semiconductor Devices Lab
Week 7: “Learning Photolithography Using Full GoDielectric Pictures”
Background Reading

The reading for this week consists of two parts.

1. An alignment tutorial that explains how to cgieran aligner and gives step-by-step
instructions on how to align a wafer to a photomask

2. A submission to a journal describing the proje are going to complete in Week 7
— the creation of a full color picture from dielectfilms.
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ABSTRACT

This paper presents a project for teaching thecyplies of microfabrication based
materials processing through the creation of adwllbr image using silicon dioxide films
grown on silicon. The project produces a dramati result and can be done
inexpensively in a laboratory setting that has dasiography, etching, and oxide growth
capabilities. Three different oxide film thicknessare used to create a basis color set
from which a color palette is constructed. A mathg&cal description shows how to
create this color palette based on surface arethefbasis colors within a pixel.
Laboratory procedures are outlined for transformangmage saved in the JPEG format
into photolithography masks. Processing stepsatse described for transferring the
image onto a silicon wafer. Results are showrafspecific color picture.

Keywords: Materials Processing, Fabrication, Thin Films, Eiaty, Lithography,
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INTRODUCTION

Microfabrication is the process of making structur@n the micron scale.
Microfabrication has traditionally been linked tensiconductor fabrication technology
developed by the microelectronics industry but ne®wsed throughout a diverse number
of fields and industries. For example, microfalbiima has been used to produce non-
electronic devices such asm-scale electrostatic motdrand other mechanical devices,
optical components microfluidic deviced etc. Microfabrication has also become very
important in the field of materials science. Nmaterial systems are often investigated
using micron-sized structures or are developed$erin micron-scale devices

Due to the fact that microfabrication was developgtharily by the electronics industry,
much of the teaching involved in this field tends émphasize the construction of
electronic devices like transistors. Building setors in an academic laboratory setting
can be a very long process and typically stretahes several weeks and multiple
laboratory sessions. Students just learning atfmufield often struggle to understand
basic microfabrication principles because they aften simply embedded within a
complex list of instructions for constructing aea&lonic device. This can be especially
true for students without an electronics backgrouhde goal of this paper is to present a
laboratory activity that emphasizes the basic cptscef microfabrication in a single
laboratory session. Implementing this activityjstexpected that students from very
diverse fields of study will better grasp the thiesesic processes used in practically all



microfabrication regardless of end application: intHilm growth, etching, and
photolithography.

In order to highlight thin film growth, etching, @mphotolithography, the laboratory
project presented here involves the creation afllacblor picture using dielectric films.
This procedure relies on the reflection of colanfra thin dielectric film on a reflective
surface. The accurate reproduction of a color ameyuires students to learn and
accurately execute the following procedures: (@ueately grow a silicon dioxide thin
film on a silicon wafer, (b) apply and align thrpkotolithography masks using ultra-
violet sensitive photoresist, and (c) chemicallghesilicon dioxide to specific thickness.
Silicon and silicon dioxide are used because thegy wery common in most
microfabrication laboratories and are inexpensivemgared to other materials.
Production of a picture will also require studetatsinderstand the process of breaking up
an image into small pixels and then using thoselpixo reconstruct the image on a
wafer. This is analogous to the breaking down sutasequent building up process that
goes on in the design (usually on a computer) ofi@on-scaled structure and then its
physical fabrication. The creation of a relativédyge complex picture (several square
inches) can be done in a matter of hours with §taphy and etch steps coming in quick
succession allowing students to easily visualiz& bach process step affects subsequent
steps. The resulting color picture also gives iy wencrete and satisfying outcome for
students learning these processes for the firg. tifthe effects of proper versus improper
alignment and etching can be seen without the tisenaicroscope based on alterations
of a targeted color.

After we provide a brief description of the methad®d to produce a colored image, we
provide outlines of the laboratory activities regdi to produce both the lithography
photomasks necessary for this project and the kfttiligolor images on silicon wafers.

FULL COLOR IMAGE CREATION

A colored image requires a method to produce afdedsis colors and a means of
mixing those colors to produce an arbitrary colaleie. The mixed colors are then
varied pixel by pixel to produce a colored image.

Basis Colors

Figure shows that light incident on a thin dieliectiim has a reflected and a transmitted
component. The transmitted component travels tirothe dielectric layer and is
reflected by the underlying surface. Construciiverference happens when this light
arrives at the film-air interface in phase with téginal reflected ligft Constructive
interference occurs when the optical path lengttwéen the two paths is an integer
multiple of the wavelength as given by

n(2Lcosg,)=m/, (1)
where n is the index of refraction of the filmL. is the film thickness, , is the
propagation angle in the film, is the free-space wavelength, amdis an arbitrary



integer. If white light is incident on the film will appear a particular color. The
dominant color of the reflected light depends amtthickness of the film. This principle
is well known in the semiconductor field and sihicdioxide film thicknesses are often
determined by comparing their color to those omicoharts.

In order to create pixels of arbitrary color, thtb&knesses of silicon dioxide on silicon
were targeted for use as basis colors. Selecti@me made to provide films that were
adequate for a red-green-blue basis system. Tablerotides the film thickness
corresponding to the chosen red, green, and blsis balors. These values are based on
thermally grown silicon dioxide, which has a retrae index of n=1.46 on a highly
reflective silicon surface. Achieving a true remar is difficult with silicon dioxide and

a red-violet is used for that basis color. Thisomect basis color affects the resulting
color integrity and is addressed later in this pape

Table 1: Silicon dioxide film thickness on silicand resulting color.

Color Thickness
Red -Violet 270 nm
Blue 310 nm
Green 520 nm

Image Representation

The two most common ways of representing color esagith basis colors are RGB
(red-green-blue) mode used in displays and CMYKafegnagenta-yellow-black) mode
used in printing. RGB is an additive color systiat adds the colors red, green and blue
against a black background. For instance, compuotenitors display images by
breaking them down into pixels and assigning edghl @ color and intensity. Mixing
different intensities of the red, green, and blasi® colors produce a color palette. The
pixels are small enough that the eye does notheediscrete basis colors, only the mixed
colors.

CMYK is a subtractive color system that uses thlrsocyan, magenta, yellow, and
black usually printed on white paper. While theBRodel depends on the emission of
light to create color, the CMYK model is based be tight-absorbing quality of ink
printed on paper. For instance, color printeeakrdown a color image into four series
of dots in cyan, magenta, yellow and black. Thesdo a half-tone screen control how
much ink is deposited at a specific location. @mag the size and the intensity of the
dots creates the optical illusion of variationscointinuous color in the image. This
image production method also depends on overlaykst

When using dielectric films to produces a coloregial, we will rely on light reflection
and the addition of red, green, and blue basisrgol@his additive process is similar to
the RBG method however; to produce different lighightness these images borrow



from the CMYK method by changing the surface arethe basis colors in each pixel.
Since the light power cannot be varied, the brighsnis achieved by adding a black area
to the pixel. Thus, the proposed imaging methalhgbrid between RGB and CMYK.

To produce a picture using this hybrid approach,ithage is first broken up into pixels
of total widthw and heighth. The red, green, and blue color valu& G, B are
specified, as they would be used by a computerlalisp Depending on the color
resolution of the screen, these values can vargramularity. For example, a low
resolution screen might only handle a range fromv@hile a higher color screen’s range
would go from O to 255 where 0 would indicate nghti from a basis color and the
highest number would indicate the most light avddafrom a color. If this resolution
range were designateds, a display would be able to produess’ different colors based
on the mixing of the three basis colors.

In display applications the brightness or luminawéethe three colors are controlled

independently. However, our dielectric film schemeduces an arbitrary color by

varying the relative areas of the non-overlappiagi®colors. Since the brightness of the
individual pixel colors cannot be controlled indegently, an alternative color system

similar to HSB (hue, saturation, and brightnessisisd.

The HSB color system uses the hue and saturatiorhaoacterize the color and the
brightness to scale the color to darker values.e bhghtness of the HSB system is
related to the maximum RGB parameter value. Tler¢® then specified by the ratio of

the various RBG parameters. Since the brightressljusted by adding black area, the
maximum RGB parameter determines the black argavaa by

maxR,G, B)
=(wh) 1- ————~ 2
A\)Iack ( ) res ( )
where wh is the total pixel area. The areas of the pddicgolors depend on the
remaining areawh-Ayac) @and on the relative value between the various R&Bmeters
resulting in

_ maxR,G, B) R
Aea = (W) res R+G+B ' )
_ maxR,G, B) G
Agreen - (Wh) res R+G+B ’ (4)
_ maxR, G, B) B
Ao = (Wh) =220 (5)

With this color system the brightness of a red pigehe same as that of a yellow or
white pixel. In addition, the black area will beraef any of the color parameters are at
the maximum color resolution. This approach alldarsmonochromatic pixels to have
their entire area filled with a single color.



PHOTOMASK CREATION

The actual fabrication of a dielectric based imbggins with the creation of photomasks
that can be used in optical lithography. When frigect is implemented as a teaching
laboratory it could be broken into two parts. Egurt would consist of a single lab

period. The first lab session would consist of gemeration of a set of photomasks
beginning with a digitized image. The second labsgn would consist of the actual

fabrication of the image on silicon wafers. Writhe generation of the physical masks is
very instructive, if available lab time is shorty alternative plan would consist of an

instructor generating a set of masks and studemis\s doing the image fabrication in a

single lab period.

The first step in the generation of a mask setafoimage is the digitizing of the image
into a suitable format such as JPEG. Students thestdecide the size of a pixel and the
color resolutionres to be used. When constructing the sample imageg/rshin this
paper, a picture size of 62.4 mm x 62.4 mm was en@® that it would fit easily on a
100 mm diameter silicon wafer. Individual pixekes were chosen to be 240 x 240
microns resulting in an image of 260 x 260 pixel$he spatial resolution could be
improved by decreasing the pixel size but thiseases the difficulty of the lithography.
The height of the individual pixels remains constahile the widths of the colored areas
are changed according to Egs. 2-5. In the sammpgeés shown in this paper the widths
were rounded to the nearest 10-micron incremetttis flounding limits the number of
individual colors to 2925. Color resolution woulde bmproved by reducing this
increment but with an increase in lithography caewitl.

The three basis colors are produced by first grgvairdielectric layer to the thickness of
one of the basis colors. Green is chosen as thelfasis color because, as shown in
Table 1, it has the largest thickness of the tlofeesen colors. This layer will then be
thinned down to produce the other two basis colof® accommodate the thinning
procedure, the first lithographic mask coverslad green area in the image. The second
mask must cover all the blue and green areas. fAile mask covers the red, blue, and
green areas.

To illustrate how masks should be generated fronBR®@Blor information, Figure 2a
shows four uniformly colored pixels with RGB parasgreof (149,106,43), (102,51,255),
(54,0,202), and (181,60,15)Egs. 2-5 are used to calculate the areas of thelfasis
colors (red, green, blue, black) for each pixaguFe 2b shows the pixels divided into the
four basis colors with the values listed in TableFAgure 2c shows the three masks that
would be used to fabricate these example pixels.



Table 2: Calculated pixel widths for several exasmgmlor combinations.

Pixel Color Green Blue Red Black
(R,G,B) (Eq. 4) (Eq.5) (Eq.3) (Eq.2)
(149,106,43)  50um 20pm 70pm  100um
(102,51,255) 30um 150pum 60um Opm
(54,0,202) Oum 150pum 40pm  50pm
(181,60,15) 40um 10 pm 120pm  70pm

Students involved in generating masks will resizeirt digital image appropriately to
obtain the proper number of pixels. They will theeed to read out the individual R, G,
and B parameters stored with each pixel. Thisasly done using MATLAB. Widths
for the three basis colors are then determinecdah pixel based on Equations 2-5 and
stored in an array. This array must then be erpdd a CAD program that can combine
the information for each pixel into a layout fileitiv all three of the necessary mask
layers. Alignment marks must be added to thess fib allow for physical alignment
during actual fabrication. In the production of thmasks for the image shown in this
paper, Adobe Photoshop was used to resize digitmades. MATLAB extracted RGB
data and calculated color thicknesses for indiigiireels. Files were then imported into
a SKILL program within the Cadence environment tphatformed the actual layout.
Cadence was then used to convert the layout fiiesa GDSII format that can be used
by most mask writers. Alternatively, layout filemn be converted to formats like
encapsulated post-script, readable by high-resmiurinters. For an efficient laboratory
activity, computer codes should be provided to ettsl for the RGB extraction and
manipulation as well as the automated layout of kagers. For more specific
information on the codes we used in this papertaarthe authors.

If the feature sizes of the individual areas argdaenough then high-resolution printing
can be used to generate a physical copy of the masad of a photomask writer. This
is the reason that the color areas were roundéd-tmicron increment in the example
shown here. Prints on acetate transparencies pvedeiced by a printer and then were
transferred to chrome on glass masks that coulssbd in a contact mask aligner. To do
this, the transparencies were placed on top ofgolsist-coated chrome on glass masks
and then exposed to UV light. The resist was dgeal and then the chrome etched to
reveal the pattern. Figure 3 shows a close-up wkane of the fabricated masks used to
demonstrate the image process. The mask was nsaug al transparency printed with
3600 dpi resolution. The rough edges are causédeblymited resolution of the printing.

The steps involved in the production of photomaskghis project are listed below. If
the laboratory project called for mask productienvweell as image fabrication, students
would be expected to do the following in a singledratory session:

1. Convert a digitized image so that it had the ddsmember of pixels
Calculations using MATLAB

2. Read in the RGB parameters

3. Convert RGB parameters into pixel widths using Egs.5.




4. Round widths to 10 microns
Layout using CAD software

5. Create three layouts based on the varying widths

6. Add alignment marks to each layout

7. Convert masks into a format readable by a printer
Generation of physical masks

8. Print masks on a transparency using a high resolyiinter

9. Transfer masks to chrome on glass plates

IMAGE FABRICATION

Oxide Growth

The first step towards the creation of real imagessilicon wafers is the growth of a
silicon dioxide layer on a silicon wafer. Studepgsticipating in this lab would need to
calculate growth conditions that would produce eegroxide layer (520 nm). Growth
would then take place in a high temperature tubenate, typically in a steam
atmosphere. For the example images in this pépernitial oxide layer was grown on
100 mm diameter polished silicon wafers. The groeghditions were 1100°C in a steam
atmosphere for approximately one hour. It is caitito get a uniform oxide thickness
across the wafer to have accurate color reproducti@r an entire image. Students can
easily evaluate the thickness of their oxide aftenvth using color charts. If the oxide is
too thin, wafers can be placed back in the furnadacrease the oxide thickness. If the
oxide is too thick, etching can be performed inrojldioric acid to thin the film to the
target thickness.

Photolithography and Etching

Figure 4 shows the processing sequence studertaiselto fabricate the image after
oxide growth. Figure 4a shows a standard photwitaphy sequence consisting of
exposing and developing positive photoresist foddwby etching in buffered
hydrofluoric acid. The etching is timed so that tlesulting oxide layer is 310 nm thick
producing a blue reflection. After etching, stutdenan verify the thickness using an
ellipsometer or other thin-film measurement instemtn or simply look at the film in
white light to confirm the blue color. Severallatg iterations can be made to converge
on just the right thickness. Similar to the figtotolithography sequence, Figure 4b
shows the process used to produce the 270 nm thgerappears red. This second
lithography step requires alignment of the secorabskmto the image etched into the
semiconductor. If alignment is off by even fivecnains (given a ten micron width
increment within a pixel), the resulting color nmgi will be incorrect. Nearly any
positive photoresist can be used for these etcstieys as long as they adhere well to the
silicon dioxide layer. The sample images produgedhis paper were made using
AZ3030 resist.



Blackening Resist

Figure 4c shows the third photolithography sequeéhatuses the third photomask and a
negative photoresist. After lithography, the resisould be heated until it turns black —
providing the black component of a pixel that akofer variation in reflected intensity.
The negative resist used for the example imagisigaper was AZ2020. Baking at
400°C for 10 minutes blackens this resist verya#ffely. Again, this third lithography
step requires accurate alignment of the mask tetitteed images on the wafer.

Evaluating the Image

Upon completion of the color image students cam thegin the assessment of their
lithography and etching results. This can first dene without a microscope by
comparing the colors produced on their wafer tes¢hfmr a known good image. For this
exercise color bars are very useful that indicatih the basis colors used and the mixing
of these in simple combinations. Figure 5 showag-gcale picture of an original image
in JPEG format and an image fabricated on a siligafer using the process described in
this paper. Even though it is not possible to eevarious colors in this gray-scale
picture, the different shades demonstrate thetglidi generate various different colors
through area mixing. Basis colors are shown atttipe bottom, left, and right of the
image. A color bar indicating mixing is shown ke toottom of the image. It is best to
compare the created image to a similar one onieosilwafer because the fabricated
image will not exhibit a perfect color match to theginal digitized image. There are
two primary causes of this color discrepancy. tFofsall, each pixel was divided into 24
possible bars limiting the total number of disticolors. Furthermore, the basis colors
that were used are not exact color matches togeskn, and blue. In particular, the
dielectric layer that is intended to produce redhilexs a significant amount of blue
resulting in a color that is closer to magenta.

After color comparisons are made students can #neduate the image under a
microscope. Alignment accuracy should be readipaaent for the different colored
regions within a pixel. Any inaccuracies in aligemh should be correlated to changes in
the color palette in the macroscopic view. Figarshows a close-up of the fabricated
image from Figure 5 indicating a typical pixel \aion for an image and the distinct
color regions that should be apparent.

CONCLUSIONS

This paper outlines laboratory exercises that desnate the basic principles of
microfabrication in a dramatic way. These exegisensist of the fabrication of a color
image with thin films of silicon dioxide on silicon Students from a wide variety of
technical backgrounds will be able to completel#iieexercises in one or two sessions.
These exercises could be inserted into existingafabrication based laboratory courses
or serve as stand alone training activities. Thkegve to teach the following specific



principles:

Thin film growth

Mask layout

Photolithographic patterning including multiple rkadignment
Chemical etching

Thin film interference

arLONE

At Brigham Young University for example, these exses have been used to introduce
lithography to students in a graduate optoelectomlass that includes a significant
microfabrication laboratory component. Althougle ttlass was taught as an electrical
engineering class, students from the chemistrysigshy and mechanical engineering
departments also participated. Creating the dieteanages proved to be the most
memorable activity for most students during the ester. Even students who had been
previously introduced to lithography and etchingh@epts in other classes commented
that they only truly understood these principlegratompleting the imaging lab. In the
future, this lab exercise will be implemented iB¥U’s undergraduate semiconductor
devices course that emphasizes the constructient@nsisitor. Students will construct
dielectric based images before beginning any tsémsifabrication to ensure that they
have a fundamental understanding of the materi@sessing. The activity will also be
used to train new users of BYU’s cleanroom facilitya short course designed to give
new users of the facility the greatest exposurprteessing in the least amount of time.
Other academic institutions could use the outliaetivities in a similar way. They could
be implemented into microfabrication courses taughelectrical engineering, physics,
chemical and chemical engineering, or materialsadegents. The activities could also
be used to train technicians in industrial cleantspintroducing the basic concepts of
microfabrication.
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Figure Captions

Figure 1: Schematic diagram of interference effeats thin film of thickness L.

Figure 2: Photomask fabrication process. Ther{dividual pixels are (b) divided into
individual basis colors. Three (c) photomasksfakeicated based on the areas of basis

colors shown in (b).

Figure 3: Close up view of a photomask used to yred dielectric image. The dark
features are openings in the photomask; the ligdtufes are chrome.

Figure 4: Process flow required for the productida dielectric based image.

Figure 5: Gray-scale pictures of (a) the originmage in JPEG format and (b) the
fabricated color images on a silicon wafer.

Figure 6: Close-up gray-scale picture of the faiigd image illustrating the red, green,
blue, and black regions that make up individuabcepixels.



