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A STUDY OF RESISTANCE MODULATION
BY CARRIER INJECTION

INTRODUCTION

Electrically-controlled variable resistors are desirable in

various applications. Ideally one can use them in place of the mechan-

ical variable resistors. They possess much faster switching speed

and they can be controlled remotely. Field effect transistors have

been used as voltage-controlled resistors for some time (8). For

JFET, resistance is modulated by controlling the thickness of the

path of the carriers, namely the channel. The gate voltage deter-

mines the thickness of the channel. By varying the gate voltage, the

resistance of the channel is varied. If a voltage is applied across

the channel at the drain terminal, one can see that the slope of the

I-V characteristic is controlled by the gate voltage near the origin.

However, for a constant gate voltage, the slope of the I-V character-

istic of the drain terminal will start decreasing beyond a certain

voltage value. Saturation is defined as the condition that the slope

becomes zero and that the current remains constant and independent

of the voltage applied. Beyond saturation, the control of resistivity

by the gate voltage ceases. For JFET, saturation occurs when the

field, caused by the drain voltage, widens the depletion regions on

both sides of the channel near the drain terminal to an extent that
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the depletion regions shut off the channel. For MOSFET, resistance

is modulated because the gate voltage changes the carrier concen-

tration in the channel (the inversion layer). Saturation occurs when

the potential difference, through the gate oxide to the inversion layer

(the channel), is reduced by the drain voltage to an extent that it is

no longer sufficient to produce the inversion layer and the layer

pinches off near the drain terminal. For both cases, the channel

thicknesses are very narrow. For JFET, it is in the order of
0

microns, while for MOSFET, it is in the order of 25 to 50 A (6,

p. 244-248; 4, p. 5-6).

In the present project, a different approach in modulating

resistance has been attempted. Here, the bulk of a semiconductor

is used as a resistor. Resistance is modulated by controlling the

amount of available carriers in the bulk of the semiconductor.

Photoconductor is an example for this principle (8, p. 654-659). An

external light beam creates electron-hole pairs in the bulk of the

semiconductor and modulates the bulk resistance. However, a light

beam is not the only possible mechanism to modulate bulk carriers

concentration. Carriers can be injected through electronic means or

by applying heat to the bulk to increase the bulk's carrier concentra-

tion. It is also desirable to have the modulating mechanisms built

in the semiconductor for many apparent reasons, such as miniaturizing

physical size and integrating system components, etc. It is even
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more desirable to fabricate such a device by using conventional

integrated circuit technology and by making use of silicon material.

The present work is a preliminary study of the feasibility and

realization of this idea.

The desired device here consists of essentially a high resistiv-

ity bulk silicon substrate with a diffused low resistivity area serving

as carrier modulator. High resistivity is desirable for it is more

sensitive to small change of carrier concentration. In this project,

nearly intrinsic but slightly n-type silicon substrate was achieved

by diffusing gold impurity into the silicon wafer. Gold has been

known as a good compensator for both n-type and p-type silicon. It

also has the merit of large diffusitivity (1, 2, 10).

A double diffused p-n junction was designed to provide the

modulating mechanisms. Figure 1-1 shows the basic design of the

device. The input p-n junction can provide three kinds of mechan-

isms. It can serve as a light emitter, a heater and a carrier injector.

As a light emitter, luminescence occurs either with forward

or reverse bias current flowing through the junction. It can be

justified that part of the emitted photons will travel down and be

absorbed in the bulk and electron-hole pairs will then be produced.

However, for silicon p-n junction, the quantum efficiency of the

luminescence is extremely low (ranged from 10-5 for forward bias

current to 10-6 for reverse bias current). Consequently, the effect
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of this mechanism is neglegible in this project (3, 5, p. 603-608).

As a heater, a large current flowing through the junction can

simply heat up the bulk material. Since the bulk material is nearly

intrinsic, its carrier concentration is sensitive to all temperature.

However, the switching speed of the heating effect is rather slow.

So this mechanism is rather undesirable.

Finally, the third mechanism, which is the main theme of this

project, is to use carrier injection as a means of modulating

resistance. The p-n junction region should be shallow and the p region

be narrow such that when a forward bias current flows across the

junction, carriers can be injected into the bulk region and change the

resistivity of the bulk. A point should be stressed here that the

input terminals and the output terminals of this device are indepen-

dent of each other; therefore, it is a four-terminal device and not

a three-terminal device such as a transistor.

A set of masks was designed and made, and the devices were

fabricated and tested. A change of resistivity of about one order

of magnitude is observed near the origin of the output I-V character-

istics by varying the injected current level. However, the I-V

characteristics start to level off as the output voltage increases,

and eventually saturation occurs.

In the analysis, a model was proposed to explain both the

resistance modulation and the saturation phenomenon.
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Finally, a comparison with the field effect transistors and

some suggestions for improvement will be presented ,in the last

chapter.
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DESIGN AND FABRICATION

Designs of the Device

Figure 2-1 shows the mask layout that was designed based on

the configuration shown in Figure 1-1. There are two devices on

each pattern, a rectangular one and a circular one. They both have

two output electrodes on each side with the input p-n junction in the

middle. For the rectangular device, the two longitudinal output

electrodes were designed in such a way that the majority of the cur-

rent flows in a straight line path between them. The two electrodes

were also designed to be extended a little beyond the width of the

junction for the purpose of covering as much low resistivity area

as possible. As shown in the figure, the spacing from the electrode

to the diffused p-region is 1 mil , to the junction 1-1/ 2 mil. The

total distance between the two electrodes (measuring from their

inside edges) is 33 mil.

For the circular device, a somewhat different consideration

was made. The two circular electrodes on both sides can be con-

sidered to be point electrodes, and the current was assumed to spread in

circular routes between them. The input junction was designed to

cover the routes of the carrier flow effectively, The figure shows

that the spacing from the electrode to the diffused p-region is
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1 / 2 mil., to the junction 1 mil. The distance between the two elec-

trodes (measuring from the closest points) is 15 mil.

On the pattern to the left of the circular device, there are two

resistors for sheet resistance measurements of the two diffused

layers.

The set of masks includes:

1. A boron diffusion mask.

2. A phosphorus diffusion mask.

3. A contact window mask.

4. A metalization mask.

Fabrication Processes

As it has been mentioned in the Introduction, standard planar

integrated circuit technique was used in the fabrication of the devices.

The following is a description of the fabrication processes. It is

divided into the following steps: material preparation and initial

cleaning, the initial oxidation, the photoresist process (repeated

three times in the complete fabrication process), the boron diffusion,

the phosphorus diffusion, the opening of contact window, the gold

diffusion, and the metalization.

Material Preparation and Initial Cleaning

This step is to prepare the material for the whole process
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and to get: rid of dirt and unwanted impurities on the surface of the

substrate. The material used was n-type silicon wafer which had

already been chemically polished. Pieces of suitable size were cut

for fabrication. Four point probe method was used for resistivity

measurements. The resistivity of the material was about 4. 5 ohm-

cm. The wafer thickness was about 11 mil.

The cleaning was done mainly by soaking the silicon chip in

hot H
2
SO4 solution (with Cr 203

added) for at least 15 minutes to

dissolve whatever chemicals or impurities that happened to be on

the surface and the chip was then rinsed in DI water (deionized

water). When the dirt was not completely removed for the first time,

repeated rinsing in acetone and DI water was applied.

Initial Oxidation

This step is to oxidize the silicon chip surface to prepare for

photomasking and diffusions. The chip was placed into an oxidation

furnace of 1100° C for an hour. During this period, wet oxygen

(oxygen being passed through a water bath at 95° C) was passed into

the furnace at a rate of 0.4 cu. ft.per hour. The resulting oxide
0 0

thickness was slightly more than 6000 A (a minimum of 2800 A

is needed for protection in the diffusion step) (7, p. 30). The chip

was put into 1:4 buffered HF solution for 20 to 30 seconds to dissolve
0

away 800 to 1000 A of oxide thickness on the surface. This was for
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removing the most contaminated surface layer during the oxidation

cycle.

Photoresist Process

The main objective of this step is to open windows on the

oxide layer (SiO2) for the diffusion cycle. Standard photomasking

and oxide etching technique were employed. The photoresist solu-

tion used was a positive type (AZ- 1350). After the process was

completed, the solution was removed by either hot H2SO4 (with

Cr2O3 added) or photoresist stripping solution (A-20). The chip

was then rinsed with DI water.

In the whole fabrication process, the photoresist cycle was

used four times, one for each of the following steps: the boron

diffusion, the phosphorus diffusion, the contact-window opening, and

the metalization. For the fourth step, acetone was used instead of

H
2
SO4 or photoresist stripping solution in removing the photoresist

solution because the metal is soluble in either H
2
SO4 or A-20.

Boron Diffusion

This step is to diffuse boron impurity through the oxide window

to obtain a p-type region. This process consists of two steps,

namely, the predeposition and the drive-in diffusion of boron

impurity.
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The Predeposition. A gas mixture of dry oxygen (flowing at

0. 2 cu. ft. /hr. ) and nitrogen (flowing at 0. 8 cu. ft. /hr. ) was set to

flow through the boron predeposition furnace at 9 5 0° C. Before the

chip was placed into the furnace, a boron nitride wafer was kept in

the furnace for at least 20 minutes so that it was oxidized to produce

B2O3 which served as the source of boron impurity. The silicon

chip was then kept at a distance of 4 mm away from the boron nitride

wafer by a holder and was placed into the furnace for 20 minutes.

It was taken out afterwards.

Next the silicon chip was washed in hot water for 10 minutes

for removing the boron dopant on the silicon surface. The resulting

surface concentration of boron was about 5 x 10 19 /cm3 J7, p. 30).

Usually, the above method will not result in a uniform impurity

distribution across the whole chip, but it is more convenient to

remove the boron dopant after the predeposition than any other

known method.

The Drive-In Diffusion. The drive-in diffusion is to redistri-

bute the boron impurity to a certain depth. The chip was put into

the boron diffusion furnace at 1100°C for 55 minutes. During this

55-minute cycle, wet oxygen (0. 4 cu. ft. /hr. ) flowed through the

furnace for 40 minutes, followed by dry oxygen. The purpose of the

oxygen flow is to re-oxidize the window so that the window was ready
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for the next photomasking process.

Phosphorus Diffusion

This step is to diffuse phosphorus impurity into the chip for

making the input p-n junction and to produce the output electrodes.

First of all, a photomasking and etching process was per-

formed to open the phosphorus predeposition window. After the

photoresist solution was removed and the chip was cleaned, the drive-

in diffusion of phosphorus impurity followed. They both took place in

the same furnace at 1000°C.

For predeposition, 1:1 phosphorofilm was applied on the surface

of the chip and span for about one or two seconds. The chip was then

baked on a 150°C hot plate for a short while. The above processes

were repeated once. The resulting phosphorofilm on the surface

served as the phosphorus impurity source.

After phosphorus was applied, the chip was placed into the

furnace for 15 minutes with dry oxygen flowing (0.4 cu. ft. /hr. ). The

chip was then taken out and the phosphorus dopant was removed by

the same method as in the boron case (see Boron Diffusion).

The chip was put into the furnace for 25 minutes again for the

drive-in diffusion with a flow of wet oxygen (0. 8 cu. ft. /hr.).
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Contact Window Opening

It was just a photomasking and etching cycle to open

contact windows for metalization (See Photoresist Process for details).

Gold Diffusion

This step is to dope gold into the chip in order to compensate

for the impurities in the substrate.

A thin layer of gold was evaporated onto the back side of the

chip in a vacuum evaporator. The resulting sheet resistance of the

gold layer was about 2.7 ohm-cm. The chip was then put into a

furnace at 1100°C to diffuse gold into the silicon. The diffusion time

for gold is 10 or 15 minutes in a nitrogen atmosphere (flow rate is at

1. 5 cu. ft. /hr. ). After the gold diffusion was completed, the chip

was etched by 4:1 buffered HF solution for a few seconds to remove

the oxide layer grown during the gold diffusion cycle.

Metalization

The surface of the chip was cleaned by hot H2SO4 (with Cr2O3).

An aluminum layer was then deposited on the front surface of the chip

in the vacuum evaporator. The chip was then alloyed in a 530° C

furnace in a nitrogen atmosphere (flow rate at 1. 5 cu. ft. /hr. ) for

5 minutes. Photomasking process and aluminum etching technique
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were then applied to etch away unwanted region of aluminum. The

resulting metal pattern was annealed at 400° C in a nitrogen atmos-

phere (flow rate at 1.2 cu. ft. /hr. ) for 15 minutes.

Up to here, the whole fabrication process was considered to

be completed. Figure 2-2 shows the photograph of an actual chip.

In comparison to Figure 2-1, one can find that they are mirror

images of each other.
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Figure 2-2. The photograph of a sample chip.
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MEASUREMENTS AND DATA

In the following, the methods and the results of the measure-

ments of the devices are presented. The circuits and instruments

used for the measurements were essentially conventional. The goal

was to measure the devices' current-voltage characteristics.

Figure 3-1 shows the schematic diagram of the circuit used

for measuring and testing the change in resistance. The circuit

arrangement is named as Configuration I. As mentioned in the

Introduction, the output circuit is deliberately isolated to the input

circuit so that the device is not operated as a transistor. The curve-

tracer was used in a modified manner as shown in Figure 3-1, The

output terminals were connected to the collector and emitter con-

nectors of a Tektronix Type 576 curve-tracer for measuring its I-V

characteristics. However, the internal step-generator of the curve-

tracer could not be used as the input power supply because the input

power supply has to be separated and not to be grounded together with

the output circuit. The internal step-generator of the curve-tracer

was kept open, and an external power supply was used. It was con-

nected through the external base connector and the base terminal

of the curve-tracer to the input of the device (see diagram). The

negative terminal of the input power supply is separated from the

ground terminal of the output by a resistor of high resistance
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Figure 3-1. The measurement circuits of configuration I.
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(5 M ohm.), and for all practical purposes the input circuit and

output circuit are completely isolated to each other. The input

current was measured by the voltage across a standard 1K resistor

by a Hewlett Packard Model 412A D. C. Vacuum Tube Voltmeter.

The input voltage, in some occasions, was also measured.

As mentioned in the previous chapter, there are two geometri-

cally different devices on each pattern, namely the circular device

and the rectangular device (Figure 2-1). Also two different gold

diffusion times were applied in the fabrication, namely 10 and 15

minutes. So there are four different kinds of devices. Let us

define C-10 and C-15 to be circular devices With 10 and 15 minutes

of gold diffusion respectively and also define L-10 and L-15 be

rectangular devices with respective gold diffusion times of 10 and

15 minutes.

The circuit mentioned above was applied to all of the four

kinds. Figure 3-2 shows the output I-V characteristics for one of

the C- 15. However, the characteristics are quite typical of all

four kinds of devices. Near the origin, (within a few tenths of a volt)

the slopes of these curves change considerably with different input

currents, and this indicates an obvious change of resistance. How-

ever, as the output voltage increases, the slopes start decreasing

gradually until saturation occurs. It indicates that effective control

from input current to the bulk resistance ceases. Saturation voltage
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can be defined as the voltage beyond which the slope of an I-V curve

settles to a small constant value. In other words, the second deriva-

tive of the I-V curve becomes negligibly small. Part of the satura-

tion points of C-15 are displayed in Figure 3-2 while the rest are

out of scope of the graph.

The change of resistance near the origin was measured from

the slopes of the I-V curves near the origin. An upper limit of the

input current was set at 20 MA for avoiding the resistivity change due

to heating. In Figure 3-2, with the slopes measured at four-tenths

of a volt, an input current of 20 MA reduces the resistance by

slightly more than one order of magnitude. Figures 3-3 a, b, c and

d, show the curves of 1/R vs I. for the devices C-10, C-15, L-10
in

L-15 respectively, where R is the resistance and I is the input
in

current. These curves are similar in their shapes. The ranges of

the change in resistance shown on the curves are also comparable

to one another. Figure 3-4 shows the curve of the saturation voltage

vs input current of C-15. One can see that the saturation voltage also

increases with the input current.

It is expected that the I-V characteristics of a resistor to be

symmetrical about the origin of the output voltage. That was verified

by testing the characteristics of C-15 with a reversed polarity of the

input voltage (Figure 3-5). Both of the characteristics shown in

Figure 3-2 and Figure 3-5 are remarkably close to each other.
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The device indeed was symmetrical in characteristics.

The set of data presented above for C-15 serves as a repre-

sentative of the characteristics of the other devices. They all have

similar characteristics. There are only some minor differences

which are described below. Some devices do not behave as sym-

metrical as the one shown. Although the shapes of the curves on

both sides of the origin are similar, some devices have different

ranges of resistance change. Also the saturation voltages vary in a

large amount. For some circular devices, the saturation voltages

on one side of the origin are only about one tenth of that on the other

side. This can be explained mainly by misalignment during the

fabrication of the devices. They will be discussed later in the

Analysis. The difference between the devices with 10 minutes and

15 minutes gold diffusion time is insignificant. The 10 minutes

devices have a bulk resistance about one-half of that of the 15

minute devices. The small change is not unexpected because gold

impurity diffuses extremely fast and the resistivity change due to

gold doping is highly non-linear. When the gold concentration

reaches a comparable value to the substrate donor or acceptor con-

centration, the substrate resistivity will rise drastically. Beyond

the fast change the resistivity of the bulk varies very slowly.

Apparently both 10 minutes or 15 minutes gold diffusion has gone

beyond that (2).
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In order to compare the characteristics of the devices to the

transistor characteristics, characteristics of configuration Ha or lib

were measured (Figures 3-6 a and b). As shown in the figures,

configuration Ha is an ordinary common emitter transistor using one

of the output terminal of configuration I as the collector, while

configuration In has the other output terminal grounded with the

emitter. From a different angle, configuration lib is configuration I

(Figure 3-1) with the 5 M resistor shorted. Figure 3-7 shows a

comparison of the characteristics of configuration Ha and lib for a

certain device. Except at low input currents where the bulk resist-

ance between terminals A and B plays a part in the characteristics of

configuration lib the two can be considered to be equivalent. Either

one was measured for data collection.

Figure 3-8 shows a comparison of the characteristics of

configuration I and Ha of C-15. They are remarkably close, except

for the region of low input currents or the region near the origin.

For low input currents it is presumably due to the same reason

between configuration Ha and Hb. The important difference is near

the origin. As shown in the figure, the I-V curves of configuration I

all start at the origin while the I-V curves of the transistor do not

start at the same point and the starting points spread from 0. 26 to

0.34 volt. Also they are not symmetrical about the origin for

transistor characteristics.
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Configuration Ila
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(lin)

Figure 3-7. The comparison of the I-V characteristics of
configuration Ha and IIb for a device (C-10).
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In general, not every set of I-V characteristics of configuration

I starts from the origin. However, the starting points of configura-

tion I are always more confined together and much closer to the

origin than that of configuration Ha or Hb. For small output voltage,

we have a clear variable resistor for the device of configuration I

while it is not the case for configuration IIa or Hb.

The AC response of some of the devices were measured.

The :rise time and decay time ranges from 3 x 10-5 to 10-3 seconds.
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ANALYSIS

The intention here is to give a qualitative analysis of the device

operation and to explain the observed phenomena.

Analysis of the Gold-Doped Silicon Substrate

When gold impurity is doped into silicon, it introduces two

energy levels in the forbidden band gap of silicon. The donor level

is located 0.35 ev from the valance band edge while the acceptor

level sits at 0.54 ev from the conduction band edge (2). (The silicon

band gap is 1. 12 ev. ) These two levels will compensate either n-type

or p-type substrate. Interstitial diffusion and substitutional diffusion

are two kinds of diffusion mechanisms of gold in silicon. The dif-

fusivity of interstitial diffusion is much larger than that of substitu-

tional diffusion. Consequently interstitial diffusion dominates because

in this case short diffusion times were applied (10). In the following

it is desired to calculate the resistivity of the gold-doped silicon

substrate. In our case the initial material used was a 4.5 ohm-cm

n-type silicon substrate which has a donor concentration of 10 15

atoms/cm 3 and at room temperature they are all ionized. In

other words, there exist 1015 electrons /cm3. The solubility of gold

due to interstitial diffusion at 1100°C is 3 x 1015 atoms/cm3 (1).

If uniform distribution of gold is assumed, the gold concentration
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would be 3 x 1015 atoms/cm3. The acceptor level of the gold

impurity serves as a trap to capture the mobile el,.ctron. If one

assumes that all free electrons are captured, one-third of the donor

levels would be filled. From Fermi-Dirac distribution, we have

(6, p.98)

f(E) =
1 1/3 (4.1)1 + exp((E-Ef)/KT)

where f(E) = Probability of the energy level being filled

Energy level

Ef Fermi Energy

Bolzman' s constant

Absolute temperature

This formula yields Ef being 0.55 1 ev from the conduction band

edge, From the equation (6, p. 100)

n. ex4E E.) / )
f KT

where n = Concentration of free electrons

n. = Intrinsic electron concentration

E. = Intrinsic Fermi level

one finds that the electron concentration is 2.59 x 101 electrons/

cm3
. With reference to the relation pn = n.2 where p is the free

holes concentration in valance band, the holes concentration is found

to be 0.815 x 1010 holes/cm3. The resistivity of the material can
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be found by using (6, p. 112)

1

P (n n + p µp)q

Resistivity

Mobility of electrons

Mobility of holes

Electronic charge

This yields a resistivity of 1.28 x 10-5 ohm-cm, which is the

upper limit of the resistivity for the gold-doped substrate. The

specimens in this project were found to be slightly n-type with a

resistivity in the order of 104 ohm-cm. The result shows fair agree-

ment with the predicted value.

Analysis of the Operation of the Carrier-Injection Devices

A model was proposed to explain the operation of configuration

I (Figure 3-1). Configuration IIa and IIb are operated in the same

way as the common emitter transistor. Therefore, no analysis

will be provided. Refer back to Figure 3-2. The I-V characteristics

of configuration I shows that there is a change of resistance near

the origin for different injection levels, but saturation occurs for a

larger output voltage. The model here is intended to explain mainly

this phenomenon.

In configuration I, the output current and input current are
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isolated electrically from each other (please refer back to Figure

3-1). In order to maintain charge neutrality, the input has to inject

carriers in the form of electron-hole pairs. Some of the electron-

hole pairs will recombine and then a steady state is established.

Thus the free carrier concentration in the output current route

increases. However, as the output voltage increases, this situation

is changed and results in an operation very similar to the transistor

operation and therefore saturation occurs. A more detailed descrip-

tion is given in the following.

In Figure 4-1, both the input and output of the device are open.

Under this circumstance, as Figure 4-lb shows, a certain space

charge equilibrium exists across the junction J23 (the junction

between region II and III). In Figure 4-2a, when a voltage is applied

to the input, a large forward bias current flow through the junction

J12 (the junction between region I and II). Under this situation, J23

remains the same. Figure 4-2b shows the distribution of the excess

minority carrier concentration in Region I and II. The minority

carriers in Region II, i. e. , electrons, will diffuse across J23 due to

the concentration gradient and the polarity of the space-charge field

of J23 will push the electrons across. Since Region III is isolated

from Region I and II, in order to maintain charge neutrality in

Region III, equal number of holes must also diffuse into this Region.

The reason is that increase in electron concentration modifies the



Output

Input

n

n

II I n

III

I

p

I

Figure 4-1a.

1019

1017 p

II

103

10

n

Figure 4-1b.

III

n

n

p

38

1010

Figure 4-1. The carrier distribution of an open circuit device.



39

I n I

III
1

Figure 4-2a.

1019

1017

II III

n

n

10

103

Po
10

Figure 4-2b.

p

Figure 4-2. The carrier distribution of the device with input
voltage being applied but output being open.

10



40

electric field in the space-charge region around J23 and in turn,

holes in Region II can get into Region III to restore the space-charge

equilibrium, which has been disturbed by the injected electrons. As

a result, the carriers concentration in Region III near the edge of the

space-charge region of J23 start to build up until a steady state of

injection and recombination is established.

When a very small voltage is applied to the output, the injected

electrons and holes contribute to the output current and the bulk

resistivity decreases. However if the electric field produced by

the applied output voltage is increased to a value comparable to the

field of the space-charge region of J23, the space-charge region of

J23 will be noticeably modified and a different operation will occur.

Figure 4-3 shows the space-charge distribution of the device

if a relatively large voltage is applied to the output. Near Electrode

A, the field due to the applied voltage is additive to the field in the

space-charge region of J23, which makes that part of J23 reverse-

biased. By similar reasoning, portion of J near Electrode B is
23

forward-biased.

For the reverse-biased portion of J23, the carrier distribution

is shown in Figure 4-4. In this case, holes are not able to diffuse

into Region III because the field which opposes the diffusion is

strengthened by the applied voltage. At the same time, the density

of electrons to be swept across the junction J23 is greater because
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III

Figure 4-4. The carrier distribution near the reversed-
biased portion of J23.
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the slope of the electron distribution is Region II becomes larger.

Under this condition, no excess carrier concentration can be built

up to help reducing the bulk resistivity outside the space charge

region. The electrons which are injected in Region III flow through

the external circuit to the forward-biased region of J23 near Elec-

trode B; and the carriers' flow complete the circuit by passing

through mainly Region II by recombination of holes. The recombina-

tion takes place most likely in the region near Electrode B. One

must bear in mind that all injected electrons have to be recombined

with holes to maintain charge neutrality.

Near the forward-biased portion, however, excess minority

carrier concentration is built up at both sides of the junction.

Because of the charge neutrality requirement, same distribution of

excess majority carrier concentration is also built up. This carriers'

building-up will help to reduce the resistivity of the bulk near the

forward-biased portion of J23.

In other words, we can break the output current into two com-

ponents as shown in Figure 4-3. Current component I is defined

as the one flowing through Region II. Current component II is then

defined as the one flowing through the bulk of the substrate. Current

component I is determined by the slope of the electron concentration

in Region II. The slope is determined by the carrier injection from

the input and not affected by the output applied voltage. Consequently
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component I easily saturates and becomes independent of the output

voltage beyond a certain point.

For current component II, since the bulk area outside the

reverse-biased portion of J23 has no excess carrier concentration

built-up, the resistivity of that portion is unchanged. So even if the

area of the bulk outside the forward bias portion of J23 were turned

into an ideal conductor, the total reduction of resistance would be

limited by the area near the reverse-biased portion because the

portion is in series with the area near the forward-biased portion.

If we assume the forward and reverse biased portions are evenly

divided, the lower limit of the resistance is one-half of the original.

So we can conclude that component II is relatively unimportant and

is overshadowed by component I. Ideally one should suppress

component I and make component II as large as possible because

component II is directly associated with the change in resistivity.

Since component II is only a small portion of the total current, the

expected device operation of resistance change plays an insignificant

role in the total operation.

Let us compare the situation that output is open to the situation

of a large output voltage. In the former situation, electron-hole

pairs are injected uniformly and they recombine uniformly. While

in the latter case, the output voltage separates the injection of

electrons and holes. The electrons flow through the external circuit
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to meet the holes for recombination. Most of the recombination takes

place only near the forward-biased portion of the junction. This

current component (component I) which overshadows the desired

devices operation defeats the original purpose of the project.

In order to compare the operation of current component I to the

transistor's operation, one can consider the Electrode A as

"collector", Region II as "base" and Electrode B as "emitter".

There are some differences between this operation and the conven-

tional transistor's. The so called "emitter" in our case does not

cause the concentration gradient in the base region. As explained

earlier, the gradient is caused by forward biased current flowing

through J12. Also the "base" is rather long in this model. There

are some similarities, such as the biasing and the saturation. The

similarity in saturation explains the I-V characteristics of the

device, which is very close to the transistor characteristics when

the voltage is higher than a few tenths of a volt. We also can use

the properties of a transistor to explain some other observed

phenomena.

As mentioned in Measurements and Data, many devices show

deviations from the expected symmetry of characteristics about the

origin. For an ordinary transistor, if collector and emitter have

different internal series resistances, interchange of emitter and

collector terminals would provide different characteristics. Here,
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misalignments can cause difference in the spacings between elec-

trodes and the edge of J23. Let us define SA, SB as spacings between

the edge of J23 and Electrodes Aand B respectively. Difference

between SA and SB represent difference in internal resistance for

the "emitter" and the "collector". An interchange of Electrodes A

and B would certainly cause different characteristics. Especially

for the circular devices, where SA and SB are smaller than those

of the rectangular devices. Misalignment should cause more

pronounced effect in the circular devices.

In conclusion, this model seems to provide a very reasonable

explanation of most of the observed phenomena. Since this project

is intended to be a preliminary study on the feasibility of designing

an electrically-controlled variable resistor, a detailed mathematical

analysis will not be attempted.



DISCUSSION AND RECOMMENDATIONS

Discussion

Firstly, we would like to discuss the region where effective

resistivity modulation happens. It is interesting to note that the

spacings SA and SB are not included in the region.
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2

The explanation

is given below.

If we assume J23 is a one-side step junction, the width of the

space-charge region can be calculated by the formula (6, p. 159)

K e
1

W = (5-1)q n

where W = The width of the space-charge region

K = Dielectric constant of silicon

E = Permittivity of free space
o

43' = Built-in potential (assumed to 0. 4 V)

n = Concentration of free electrons in Region

III (2. 59 x 1010 /cm 2; refer to Analysis)

which yields W 100 microns. Since the spacing SA and SB ranges

from 12.5 microns to 25 microns, there is no question that the space

charge region will reach the two electrodes. As far as the variable

resistor is concerned, only the shaded region shown in Figure 5-1

is resistivity-modulated.
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1/ I \ Effective area

Not as effective (P region being wider)

Figure 5-1. The region of effective resistivity modulation
of the device.
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Next, let us discuss the spacings SA and SB with respect to

the device efficiency and optimization. As mentioned above, the

device beyond a few tenths of a volt acts similarly to a transistor

and the spacings become part of the route for current component I

in Analysis. As we know that the internal series resistance play

a part in determining the saturation voltage for a conventional

transistor (6, p. 234-236), the spacings play the same role as the

internal series resistance of the device. One would expect that the

larger the spacings are, the higher the saturation voltage becomes.

However, the efficiency of the device decreases with increasing

internal series resistance. More experimentation on spacings and

series resistance is needed to optimize the device efficiency and

the saturation voltage.

A factor in the experimental measurements, which should not

be overlooked, is heat produced by both the input and output currents.

In many cases gradual changes in characteristics were observed

for a short period of time before they were stabilized. It can be

explained by the temperature change in the device. This is the

reason for setting an upper limit on the input current to avoid exces-

sive heating. The maximum power consumption is in the order of

10-2 watts.

Concerning the material selection as mentioned in the Introduc-

tion, high resistivity substrates are needed so that there is room for
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variation of resistivity. In this project, this is achieved by compen-

sating the low resistivity materials with gold. The compensation is

very efficient. However, the high concentration of traps introduced

by the gold impurity also shortens the minority carrier lifetime of

the substrate. The minority carrier lifetime is inversely propor-

tional to the density of traps (6, p. 140). The success of the project

is affected by the depth of penetration of the injected minority

carriers in the bulk which in turn is affected by the length of the

minority carrier lifetime. The diffusion length D t , where Dnn n

is the diffusivity of minority carriers, and tn is the lifetime, gives

a limit of the penetration depth of the injected minority carriers.

Therefore, it is suggested that noncompensated material should be

studied, for the way to eliminate traps is to use non-compensated

material.

Comparison and Recommendations

As far as making a current-controlled variable resistor is

concerned, it provides the desired result in a small range of voltage

near the origin. Beyond the range, the device shows saturation.

The extent of the useful voltage region of this device is comparable

to those of the JFET and MOSFET used as voltage-controlled variable

resistors. The range of the resistance modulation for this current-

controlled variable resistor is about one order of magnitude which
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is not as effective as the MOSFET. Also the ratio of input current

and output current for the present device is about 103 and it is

obvious that the efficiency is low. However, this project is only a

preliminary attempt and no optimization has been made.

From the previous discussion, two recommendations have

already been made in optimizing the spacing factor and employing

non-compensated traps-free substrates. Another suggestion is to

try some of the lower resistivity materials. However, the shortcom-

ing of the carried injection variable resistor is that the input injec-

tion would certainly be affected by the output field and saturation is

difficult to avoid. If an efficient light emitting material such as

GaAs is used instead of silicon, there is a chance that the light

emitted from J12 is much more efficient in terms of electron hole

pair generation than the electronic injection. The amount of the

electron-hole pairs created by light absorption will almost be inde-

pendent of the output voltage and saturation should not occur in such

a small voltage. It is recommended to explore the light emitting

device in order to achieve the large voltage range of operation,

which is the original motivation of this project.
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