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Liquid Crystals: the Phase of the Future*
by Dr. S. M. Condren¤¥
Introduction

The goal of many, but far from all, engineering projects is to design a consumer product which fits a particular need.  This particular need could be for a less expensive version of a particular product, for a more functional or convenient replacement for a particular product, or for a more luxurious version of a particular product.  If a person or company can produce a product that meets the demonstrated or perceived need in an economical manner it may be possible to realize a profit from the sale of such an item.  It should be noted that “economical manner” does not necessarily mean “as cheaply as possible.”  For example, an exotic high-performance sports car costs more to manufacture than a typical passenger car.  Although most consumers may not be able and willing to purchase the higher priced sports car, it does not mean that the sports car’s manufacturer is going to go bankrupt since some people are willing to pay a premium to obtain a higher quality (real or perceived) product.

What we are concerned with is the ability to produce a product at a cost that results in a net profit for each item sold.  The difference in the cost of production and the sales price is called the profit margin and should be sufficient to support continued investment in the company (e.g., research and development on new products, more efficient machines, worker training, etc.), return of profits to the company owners, and investments in other businesses.  However, in general, if quality can be maintained, then it is advantageous to produce an item at the lowest cost possible to maintain a high profit margin.

In many cases, the price to produce an item for sale is controlled by the cost of a particular component of the product.  If this component can be replaced by a cheaper component and/or a component which can improve the performance of the product, it may be possible to reduce the cost to produce the product and/or increase the selling price of the product.

Sometimes technological advances offer the ability to reduce the cost to produce a product or increase its value.  If this new technology allows for a significant reduction in costs or a significant improvement in the product to the point where a manufacturer is able to offer a product to the consumer, it is often times called an “enabling technology.”

In this exercise, we will examine a particular product and its enabling technology.  The product we will be examining is an inexpensive wristwatch and the enabling technology is the use of a liquid-crystal display (LCD).  LCDs use liquid crystals to alter the transparency of a region sandwiched between two pieces of glass.  LCDs are not only used in wristwatches, but also in inexpensive clocks, in mobile phone displays, and in laptop-computer displays.  LCDs eliminate the need for moving parts such as watch hands, gears, and motors in traditional watches.  The elimination of these moving parts has dramatically reduced the cost necessary to produce a reliable wristwatch.  This has lead in turn to the reduction in the retail price of the most inexpensive wristwatches to the point where a retail price of less than $2 is commonplace.

We will begin by discussing what liquid crystals are, how they polarize light, and how polarized light is used to make LCDs.  We will then disassemble an LCD wristwatch and examine its components.  We will examine the LCD in detail and then finally reassemble the LCD wristwatch.

Liquid Crystals

Liquid crystals were first discovered over 100 years ago in studies of cholesterol and related molecules.  Liquid crystals are another state of matter in addition to the most commonly encountered phases (gas, liquid, solid); they have greater ordering than more normal liquids but less ordering than crystalline solids.  All phase changes have a characteristic phase transition temperature for a given set of conditions.  Liquid crystals have separate transitions temperatures where they change into “normal” liquids (melt) and change into “normal” solids (solidify).


Liquid crystals have become very common in the last 20 years as displays for electronic devices.  This is the result of the unusual optical and electrical properties of liquid crystals.  The long thin liquid crystal molecules cause light to travel at different speeds along the molecular axis and perpendicular to that axis.  This leads to their ability to rotate the plane of polarized light (see below).
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These long thin molecules also have a tendency to align parallel to an applied electrical field.  This response and their optical properties lead to their applications in various electronic devices ranging from watches and calculators to computers and televisions.

Polarizing Filters and Polarized Light

As shown in Figure 1, polarizing filters are materials that allow only the passage of light waves that are vibrating in a particular plane.  Non-polarized light passing through a polarizing filter becomes polarized: that fraction of the incoming light that is vibrating in the plane transmitted by the polarizer will emerge. Polarized light directed onto a second polarizer, oriented 90o to the first polarizer, will not be transmitted. Many natural substances, including liquid crystal materials, have the ability to rotate the plane of the polarized light.

Light Emitting Diodes


Passage of electrical current through a semiconductor p-n junction can be used to generate light.  Such devices are called light emitting diodes, LEDs.  The wavelength of light emitted can be tuned by varying the composition of the semiconductor.  Today’s technology makes great use of LEDs.  Uses range from polit lights on equipment to digital displays; from light sources for instruments to diode lasers.  They are even used to back light liquid crystal displays (LCDs).  They are not commonly used for watch displays anymore because of their higher power demand as compared to LCDs discussed later.

LCD Watch
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Liquid crystal displays (LCDs) have become quite common in watches due to the low electrical power demands of the LCD panel.  This panel is composed of two polarizers that transmit light in perpendicular directions, a mirrored surface and a layer of liquid crystal material between two glass plates.  The liquid crystal material used is of the so-called twisted nematic type.


If the surfaces of the glass plates that will be in contact with the liquid crystal molecules are rubbed, the liquid crystal molecules orient in the direction of the rubbing.  Figure 2 shows that the molecules have been oriented in the direction in which the adjacent polarizer transmits light, and the intervening molecules gradually rotate their relative orientation to accommodate the 90o change from one glass surface to the other.


In operation, non-polarized light passes through the top polarizer and the top glass plate and enters the layer of liquid crystal material.  This layer of liquid crystal molecules causes the direction of polarization of the light to rotate by 90o before reaching the second polarizer, allowing the polarized light to be transmitted by the second polarizer.  The polarized light then is reflected off a mirrored surface and passes back through the two polarizers and the liquid crystal layer.  This gives a silvery appearance to the panel, Figure 2.
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When a voltage is applied to a segment of the display, the precise alignment of the liquid crystal molecules is lost.  This results in the polarized light from the first polarizer not being rotated by the required 90o to align with the second polarizer.  The second polarizer blocks the passage of light and causes that segment of the panel to appear black, Figure 3.
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Most of the displays in LCD watches are composed of several 7-segment section.  Each 7-segment section can display one number.  The combination of these sections can display the date or time, Figure 4.

Component parts

In addition to the enabling technology of the LCD, there are several other components that are critical to making the watch function properly.  First of all, there has to be a timing mechanism (after all what is a watch that doesn’t keep time worth?).  There has to be a controller to tell the display what time or date to display as well as set the time and date.  There has to be a power source to drive the display, timing crystal, and controller.  And finale, there has to be some means of connecting all of these components together.

Timing crystal

This timing mechanism is a quartz crystal that provides a constant-frequency signal to the electronic circuit in the watch.  When certain crystals, including quartz, are excited with an electric field, they vibrate at a particular frequency.  This vibration can be sensed electronically to provide a means for observing the vibrational frequency of the crystal.

Controller/IC “chip”

The integrated circuit (IC) or “chip” is programmed with the frequency of the crystal and “knows” how many cycles must pass in each second.  Once that number of cycles has passed, it increments the second count by one.  After 60 seconds it increments the minute readout.  After 60 minutes it increments the hour readout.  After 24 hours it increments the date readout, etc.  The IC must tell the LCD what segments need to be turned on or off in order to display the correct digits in the LCD.  The IC also stores the current date and time and has a means for setting them.  This is usually done by connecting two or more “pins,” or leads, from the IC chip together.  Since the IC chip is so small, the pins are connected to tabs on the side of the watch that are pressed to make the contact.

Battery

A 1.5 V alkaline batter is used to supply the power to the LCD, IC chip, and timing crystal.

Printed circuit board

In order to make all of the electrical connections, a printed circuit board is used that is placed in a specific position relative to the other components in the watch.  The printed circuit board consists of several conductive paths made of metal on a plastic substrate.  These paths connect the pins on the IC to the battery, timing crystal, and contact pads for setting the time and date.  The connection to the LCD is a little different than the others since it requires more precise alignment of the conductive paths and the LCD in order to properly address each segment in the LCD. This is accomplished with a specially designed piece of rubber.

Conductive rubber laminate

The conductive rubber laminate is a layered structure of alternating layers of electronically conductive and electronically insulating material.  This arrangement allows for the conduction of electricity in one direction, but not the other.

Prelab
 Questions to Consider:
1. What is meant by the term polarized light?

2. Why is this unusual phase of matter called the liquid crystal phase?

3. What type of liquid crystal molecules are used in watch displays?

4. What condition causes the panel segments to turn black?

5. What color does the panel turn when the temperature of the LCD panel is above the melting point of the liquid crystal molecules?

Experimental Procedures

Part A. Polarization of Light

1.  Polarizing Filters
Examine the two polarizing filters (polarizers) by holding them up to room light with one polarizer in front of the other.  Slowly rotate one polarizer while keeping the second stationary.  Observe the relative intensity of the light and record your observations on the data sheet.
What effect does rotating one polarizer relative to the other have on the intensity of the light?

2.  Light Emitting Diodes and Polarizers

Taking one of the LED-containing keychains and turn the LED on by sliding the switch on the face of the keychain.  Examine the LED with a polarizer by looking at the LED through one polarizer.  Slowly rotate the polarizer.  Observe the relative intensity of the light from the LED and record your observations on the data sheet.

What effect does rotating the polarizer have on the intensity of the light from the LED?

3.  Water and Polarizers
Now examine a 250 mL beaker of water between the polarizers; lean one polarizer against the back of the beaker and hold the second polarizer.  Place the LED behind the beaker so that its light is directed through the polarizers and the water.  Slowly rotate one polarizer while keeping the second stationary.  Observe the relative intensity of the light and record your observation.


With the beaker of water between the polarizers, what effect does rotating one polarizer relative to the other have on the intensity of the light?

4.  Sugar Solution and Polarizers
Examine a jar of corn syrup between the polarizers; lean one polarizer against the back of the jar and hold the second polarizer.  Place the LED behind the beaker so that its light is directed through the polarizers and the corn syrup.  Slowly rotate one polarizer while keeping the second stationary.  Observe the relative intensity of the light and record your observation.


With the jar of corn syrup between the polarizers, what effect does rotating one polarizer relative to the other have on the intensity of the light?


Why are the results for the corn syrup solution different than for the pure water?

Part B. LCD Watch

1. Disassembly of Inexpensive LCD Watch
The watch is disassembled by first prying off the back plate.  (There are several tiny parts that can be easily lost, so have a 50 mL beaker handy).  Now carefully remove the watch from the case (the watch is all of the material mounted on the white plastic inner case).  The black band and outer case should be set aside.  Figure 5 shows the back of the case with the watch mounted in the case.
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After removing the watch from the case, remove the three tiny screws holding the printed circuit board and battery retainer to the white plastic inner case.  Figure 6 shows the back of the watch after removal of the battery retainer and the circuit board.
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CAUTION:  At this point the two tiny switch contacts, the (+) and (-) battery contacts, and the timing crystal assembly (contained in the metal cylinder to the right of the battery in Figure 5) are loose and can be easily lost.  Carefully place the 3 screws, 2 switch contacts, the 2 battery contacts, and the timing crystal assembly into a 50 mL beaker.

Set aside the battery and the printed circuit board containing an integrated circuit.  Remove the LCD panel from the inner white case by gently pressing the top of the panel from the front (the side away from where the integrated circuit was mounted) of the white inner case.  An electrically conducting pad connects the LCD panel to the printed circuit board.  Place the rubber conducting pad in the beaker.  Set the LCD panel and white inner case aside for use later in the experiment.  Record your observations.  

Comments and observations:

2. Examination of the Components of the LCD Watch
Examine the printed circuit board and locate the quartz timing crystal, the integrated circuit, and the contacts for: (1) the switches, (2) the battery, and (3) the LCD panel.  Locate on the panel: the top and bottom polarizers (thin film on the glass plates), the LCD cell, the contact area of the panel, and the contacts.  Record your observations.


Locate the following electrical components:



___ the quartz timing crystal



___ the integrated circuit



___ the pads for switches that are used to set the date and time



___ the pads for the battery connections



___ the pads for the LCD panel connections



___ the conductive rubber pad for connecting the LCD to the circuit board


Locate on the LCD panel:



___ the top polarizer



___ the mirror and bottom polarizer



___ the LCD cell (the two glass plates with the liquid crystal material



___ the contact area of the panel (the part of the glass plate that extends 

       further than the bottom plate)

___ the contacts (the oxide coated parts of the glass plate that conduct the 

       electrical currents, areas of light brown on the glass)

What components are well designed and what components are poorly designed?  Why?

3. Measurement of the Voltage of Watch Battery
Using a volt-ohm meter, measure the voltage of the battery used to power the watch.  Record the value you measured.


_____ volts

4. Examination of the LCD Panel with a Polarizing Filter

Examine the LCD panel with a polarizer by holding the polarizer above the face of the panel.  Slowly rotate the polarizer.  Record your observation.


Record your observations:

5. Effect of Energy on the Order of Liquid Crystal Molecules

5a. Effect of Electricity on the LCD Panel
Using the 9-V battery and the battery clip with leads, address various segments of the LCD panel: hold one of the battery leads against the contact area at the left end of the panel while rubbing the other lead along the contact are, Figure 7.
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Draw one example of the segments that you addressed.

5b. Effect of Pressure on the LCD Panel


Under pressure liquid crystal materials, such as used in LCD watches, undergo dramatic color changes.  Press, with your finger, the LCD panel against a firm surface and look carefully at the area near your finger.  Now release the pressure.  Record your observations.


Record your observations.

5c. Effect of Heat on the LCD Panel


When heated, liquid crystals can melt much like more normal solids.  Upon melting the ordering of the molecules in the liquid crystal display changes from ordered to disordered.  In this case, the disorder is throughout the cell not in certain segments as in the case of an applied voltage.  Therefore, the entire region that is heated turns black.  This is a reversible property, if the heating is not too severe.

To test this property of the LCD panel, gently grasp the LCD panel with crucible tongs and immerse it in 70-80oC water.  The panel should turn black over the entire area that was immersed.  As the LCD panel cools, it should return to its silvery appearance. Record your observations.
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Record your observations.

6. Reassembly of the Watch


Begin reassembly by replacing the white inner case, face down, with the round hole for the battery toward you, Figure 9.  The slots for the switches should be to your left.
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Place the LCD panel in its slot, viewing side toward the tabletop, contact surfaces away from you.  Put the rubber, conducting pad on top of the contacts of the LCD panel and positioned fully to the left.  Return the 2 switch contacts to their slots, the left side of the case (use the 2 lower slots).  Place the longer battery contact in the left slot in the hole for the battery (it should reach near the middle).  This contact with connects to the bottom of the printer circuit board on the top of the white inner case.  The smaller battery contact goes into the slot on the top of the battery hole.  Place the timing crystal in its cavity as shown with the two prongs stuck in the holes as shown in Figure 9.  Place the printed circuit board on top, with the far edge under the retaining clips.  Using the tweezers, carefully place one of the screws in the screw hole in the lower right corner of the printed circuit board.  Using the screwdriver, start the screw in its threads (do not tighten this screw yet).  Place the battery in its cavity while taking care not to nock the battery contacts out of position.  Place the battery retainer on top of the circuit board and start the screw in the upper-left corner in its threads and then start the screw in the lower-left corner in its threads.  If all of the screws have not started easily, try slightly repositioning the battery retainer and printed circuit board to help the holes line up.  After you have all of the screws in their proper holes, you may tighten all of the screws except the one with the battery retainer.


Turn the case over and verify that the watch works.  If it is not working, ask for assistance.  If the watch is working, place the two buttons back through the side of the black case.  The shorter rod goes on the whole on the diagonal and the longer one through the hole at the “9 o’clock” position.  Carefully place the inner white case in the black case, with the tab on the white case in the slot at the top of the cavity in the black case 


Leave the watch in good working order for the next lab group to disassemble!!!
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Figure 1.  Initially unpolarized light passing through a polarizing filter becomes polarized.  The polarized light will not be transmitted by a second polarizing filter turned at 90o to the axis of the first filter.





Figure 2.  The liquid crystal molecules in all segments of the panel are precisely aligned in the absence of an applied voltage.  Therefore, the entire panel appears silvery because light passes through both polarizers, reflects off the mirrored surface, and then passes through both polarizers.
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Figure 3.  The initial alignment of the liquid crystal molecules is lost when a voltage is applied to a segment of the panel.  That segment will then appear black against a silver background.
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Figure 4. Examples of 


7-segment numeric and  


14-segment alphanumeric displays.





Figure 6.  View of the back of the watch with circuit board and battery retainer removed.





Figure 7.  The various segments of a LCD panel can be addressed with the use of a 9-V battery and the leads from the battery clip.  By rubbing the two leads against the contact area of the cell, numbers and characters can be displayed.





Figure 5.  View of the white inner case 


of the watch.





Figure 8. The set up for observing the phase transition of the liquid crystals.  Clamps or crucible tongs are used to hold the LCD panel in the water bath.





Figure 9.  The white inner case of the watch showing the tiny contacts.
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* This experiment is derived from Education Outreach, a publication of the National Science Foundation Science and Technology Center of Advanced Liquid Crystalline Optical Materials, Liquid Crystal Institute, Kent State University, Kent, Ohio, 44242.


¤ Dr. S. M. Condren is a Professor of Chemistry at Christian Brothers University, Memphis, TN.  This laboratory was developed through the Summer Research Program in Solid State Chemistry, which was funded by a grant form the National Science Foundation.  


¥ Further development of this experiment was carried out by Prof. George Lisensky from Belloit College, Dr. Ken Lux from the University of Wisconsin – Madison, and Prof. Wendy Crone from the University of Wisconsin – Madison through the Education and Outreach Program of the Materials Research Science and Engineering Center at the University of Wisconsin – Madison.  Internet resources associated with this laboratory can be found at  http://www.mrsec.wisc.edu/edetc/LC/index.html and http://www.mrsec.wisc.edu/edetc/cineplex/watch/index.html. 
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