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gated. The basic process involves obtaining two differ- 

ent junction depths by a single diffusion. This was 

accomplished by the techniques of (1) partial masking, 

(2) two depositions, (3) etched channels, and (4) oxide 

depletion. 

The first three methods were used for the fabrica- 

tion of compatible field- effect and bipolar transistors. 
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reproducibility, uniformity and predictability. 

The field-effect transistor parameters obtained 

were comparable for all three methods. However, the 

two -deposition process was considered to be the best of 

the three because of its excellent reproducibility and 

the simplicity in its process steps. 



COMPATIBLE FIELD-EFFECT 

AND BIPOLAR TRANSISTORS 

by 

David Ki.n -Poon Cheung 

A THESIS 

submitted to 

Oregon State University 

in partial fulfillment of 
the requirements for the 

degree of 

Master of Science 

June 1968 



APPROVED: 

Assoc ate Professor of Department of 
Electrical and Electronics_ Engineering 

Head of Department of Electrical and 
Electronics Engineering 

Dean of Graduate School 

Date thesis is presented 

Typed by Erma McClanathan for DAAJC,{, 

_141 30r '- 

)6A,771;/1..) 

1 

: gym,' 
-v 



TABLE OF CONTENTS 

I. Introduction. 

II. Theory and Operation of Field- effect 
Transistor.. .....w... ,,, 

III. The Design Considerations of the 
Field- effect Transistor,,... 

Iv. Partial-masking Method, . 16 
1. 16 
2. Thermal Growth of Silicon Dioxide Film.. 17 
3. Partial -oxide Masking................... 17 

V. Two -deposition Method... 

VI, Etched -channel Method..,. 

VII. Oxide- depletion Method... 

VIII. Supplementary Experimental. Methods and Results 29 

1, Material Preparation.............,...... 29 
2. Deposition and Diffusion Evaluation..... 29 
3. Oxidation..... ...,....o.,..o._......... 35 
4. Partial -masking Evaluation.............. 37 
5. Etching Rate of Silicon 38 

IX. Experimental Field- effect Transistor 
Fabrication Methods and Results .. 43 

1. Partial- masking Process.......... . ...d. 43 
2. Two- deposition Process 49 
3. Etched -channel Process.......... 54 
4 Resistivity Measurement.,...WO........... 59 

X. Comparison of the Field- effect Transistor 
Parameters Obtained from the Three Processes.. 60 

XI. Comparison of the Three Processes...,.......... 63 

XLI. Conclusion.... . 66 

Bibliography.. 0.0.. . 73 

............. 

. ,...., . ., ,.... . .... 

., . . 

6 

9 

Partial. -masking_... ,. .... 

19 

22 

25 

... ............o.., 

.. , , .... , 

.. 

.................... 



Appendix I. Breakdown Voltage 
and Resistivity.............. 78 

II. Diffusion Relationships...-. 80 

I11. Junction Depth Evaluation.... 81 

IV. Projection Scheme on 
Estimation of Mask -failure 
Oxide Thickness of 
Boron Diffusions......... o0 83 

V. Method and Sample Calculation 
of Field- effect Transistor 
Parameters................. 84 

VI. Miscellaneous................ 90 



LIST OF TABLES 

Table 

I. Field- effect and Bipolar Transistor 
Parameters 46 

II. Field- effect and Bipolar Transistor 
Parameters (Partial- masking) 47 

III. Steps Involved in Partial -masking Process..... 48 

IV, Field- effect and Bipolar Transistor 
Parameters (Two-deposition)........,....,..... 51 

V. Field -effect and Bipolar Transistor 
Parameters (Two-deposition).. .Y,oW..o.m.00 ao. 52 

VI. Steps Involved in Two- deposition Process...... 53 

VII. Field- effect and Bipolar Transistor 
Parameter (Etched-channel) .................... 56 

VIII. Field- effect and Bipolar Transistor 
Parameter (Etched-channel),..,................ 57 

IX. Steps Involved in Etched -channel Process...... 58 

X. Comparison of Field- effect and Bipolar 
Transistor Parameters Obtained by 
Three Methods............ .0 ...... 62 

XI. Collective Comparison of the Three Processes.. 64 

(Partial- masking) ........... .... 



LIST Of FIGURES 

Figure 

1. Depletion Region of a Reverse -biased 
Junction. ............... ...... 7 

2. Pinch Off of a Field- effect Transistor Channel, 7 

3. Difference Between a Field -effect Transistor 
and a Bipolar Transistor .... ................... 10 

4. Geometry of Field-effect Transistor............ 10 

5 Geometrical Difference Between the Transistors 
Obtained from (A) Partial-masking, (B) Two - 
deposition, (C) Etched- channel, (D) Oxide - 
depletion Methods ............................... 14 

6. (A) Difference between Field-effect Transistor 
and Bipolar Transistor - Etch -channel; (B) 

Gate 1 of F.E.T. is Displaced from the Emitter 
of the Bipolar Transistor by the Etch -depth 

7. Average Concentration of (A) Channel of the 
Field- effect Transistor and (B) Base of 
Bipolar Transistor............................. 23 

8. Different Cases of Impurity Redistribution in 
Silicon Due to Thermal Oxidation............... 26 

9. Diffusion Slopes of 1/2, 1, i, 2 Hour 
31 

10. Diffusion Resistivity Curves................... 32 

11. Surface Sheet Concentration of Deposition...... 33 

12. Average Q// jo 

13. Sheet Concentration 34 

14. Sequential Oxidation........................... 36 

15. Partial- masking Junction Depth Ratio........... 39 

16. Partial -masking Surface Concentration.......... 40 

N + -p 

Xet 23 

Depositions.. 

Curve 33 

........o..,, ............. 

.......... ..................... 



Figure 

17. Etching Rate of Silicon in 20 HNO3 . 

1 HF : 10 H2O .0 ............................. 42 

18. Partial -masking Method 45 

19. Two- deposition Method ............, .............. 50 

20. Etched -channel Method .........,o ............... 55 

21. Field- effect Transistor Characteristic (I) 

(Partial- masking Type) ......................... 69 

22. Field- effect Transistor Characteristic (II) 
(Open Gate, Partial -masking Type) .............. 69 

23. Field -effect Transistor Characteristic (I) 

(Two -deposition. Type) ........................ 70 

24. Field- effect Transistor Characteristic (II) 
(Open Gate, Two -deposition Type) ............. 70 

25. Field- effect Transistor Characteristic (I) 

(Etched -channel Type) ............ ............. 71 

26. Cross -sectional View of Field- effect 
Transistor (Partial- masking Type) 400X 71 

27. Cross -sectional View of Field- effect 
Transistor (Two -deposition Type) 400X 72 

28. Cross -sectional View of Field- effect 
Transistor (Etched -channel Type) 400X 72 

29. Projection Scheme on Estimation of Mask - 
failure Oxide Thickness of a Boron Diffusion... 83 

30. Angle Delineation Magnification................ 81 



ACKNOWLEDGMENT 

The author wishes to express his gratitude 

to Professor James C. Looney for his suggestions 

throughout the course of this thesis. 

Also appreciation is expressed to Mr. Paul 

Cheung for his assistance in preparing the 

manuscript. 



COMPATIBLE FIELD- EFFECT AND BIPOLAR TRANSISTORS 

I. INTRODUCTION 

It was the objective of this investigation to study 

the possibility of obtaining a junction field -effect 

transistor and a bipolar transistor in a compatible cir- 

cuit by using diffusion techniques and various ways of 

controlling the initial surface concentration. 

The design of this compatible field- effect tran- 

sistor and bipolar transistor was such that the process 

of fabrication and the geometry of the bipolar transistor 

were used as the basis for the design of the field- effect 

transistor. In other words, if the additional steps for 

producing the field- effect transistor were deleted, the 

process would be the same as that used in a bipolar tran- 

sistor production, and the result would be two bipolar 

transistors instead of a field -effect transistor and a 

bipolar. transistor. 

The two -gate field- effect transistor was designed 

to have approximately the same geometry as the bipolar 

transistor except that the channel thickness was to be 

smaller than the base region of the bipolar transistor 

and that its channel breakdown voltage was to be higher 

than the normal base -emitter breakdown voltage (see 

Section III), The gate 1. and gate 2 regions of the 

field- effect transistor had the same doping level, 
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junction depth, and thickness as the collector and the 

emitter regions of the bipolar transistor respectively. 

The channel width was determined by the surface concen- 

tration and the diffusion time of the channel diffusion 

cycled The channel breakdown voltage was determined by 

its doping lever Since it was the same diffusion that 

yielded the channel and the base regions, something had 

to be done to the channel region of the field- effect 

transistor during its diffusion process so that it had a 

shallower junction depth and lighter doping level than 

the base region of the bipolar transistor. 

The diffusion of boron into n -type single crystal 

silicon to obtain a p -type region has been studied ex- 

tensively (20, 36, 38, 47). The present technique in- 

volved deposition of boron onto a masked substrate and 

thermal diffusion at an elevated temperature for a given 

time interval to obtain a single junction depth. How- 

ever, to obtain two or more junction depths through one 

single diffusion process, as is required in the field - 

effect and bipolar transistor fabrication, involved more 

than merely deposition and diffusion. Four possibilities 

were studied in this thesis and three of them were found 

to yield good results. 

The four different methods to arrive at two or more 

junction depths through one single diffusion process as 



3 

listed in this thesis are given below: 

lm Partial, oxide -masking 

2. Two -deposition 

3, Etched -channel 

4. Oxide depletion 

The first three methods have been investigated and 

they have been applied to the development of the compat- 

ible field -effect and bipolar transistors. The fourth 

method is more critical and has not been investigated 

experimentally. 

The partial oxide -masking method was accomplished 

through partial masking of the channel region of the 

field -effect transistor by a thin layer of silicon di- 

oxide during the deposition of boron. The result was 

that the surface concentration of the channel was smaller 

than the unmasked base region of the bipolar transistor. 

Diffusing for the same time interval, after the partially 

masked deposition for both the field- effect transistor 

and bipolar transistor, gave a smaller channel junction 

depth than the base junction depth and a correspondingly 

smaller average doping level in the channel. region. 

The two -deposition method involved two separate 

deposition processes to arrive at the difference in the 

surface concentration between the channel region of the 

field- effect transistor and the base region of the 
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bipolar transistor. The channel region was masked from 

the boron diffusion during the first deposition process 

which deposited the base region to a given surface con- 

centration. Then it was unmasked and both of the regions 

were deposited a second time. The result was that the 

base region had a higher effective surface concentration 

(being deposited twice, besides the fact that the first 

deposition could be of a higher boron concentration) than 

the channel region which had been subjected to only one 

deposition. Diffusing for the same time interval after 

the second deposition was made, different junction depths 

and doping levels between the channel and the base 

regions were obtained. 

In the case of the etched channel method, the chan- 

nel region and the base regions were deposited at the 

same time and were diffused for the same time interval 

without any partial masking. This resulted in the same 

junction depth and average doping level in both regions 

after diffusion. The channel region was then selectively 

etched with silicon etch such that the channel region was 

indented. In this case, the difference between the 

channel depth and the base region was the depth of the 

channel region silicon being etched away. 

The last method oxide depletion method -- has 

not been investigated. The suggested method was that 

-- 
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the base region and the channel region would be deposited 

at the same time with some oxygen introduced during the 

deposition cycle. Then the oxide layer at the channel 

region grown during deposition would be removed. A heavy 

oxidizing atmosphere would be introduced during diffusion 

such that the boron deposited on the surface would dif- 

fuse out of the channel region surface into the freshly 

grown oxide layer and the surrounding oxidizing gas, 

depleting it of the boron supply, while the boron satu- 

rated oxide layer at the base region would act as a buf- 

fer to decrease the diffusion of the dopant from the 

silicon surface out into the freshly grown oxide layer. 

After diffusion, a difference in the junction depth would 

be obtained. 

After the channel diffusion, the gate 1 region 

(which has the same depth as the emitter of the bipolar 

transistor) and the emitter region were diffused on top 

of the channel or the base region. The samples were 

then metallized with an evaporated aluminum film alloyed 

onto the contact regions prepared from contact -hole 

photo -resist mask -etching steps. 



II. THEORY AND OPERATION 

OF FIELD -EFFECT TRANSISTOR 

In the presence of a reverse bias, a charge deple- 

tion region appears at the junction area of a p -n diode 

(31, 32, 36, 38, 39, 44, 47, 50). In case of a nt -p 

step junction where one side is heavily doped while the 

other side of the junction is lightly doped (Fig. 1), 

this depletion layer thickness (Xm) is given by (35): 

Xm = 104 (2C ,OVt /qN) 2 micron 

6 

(1) 

where N is the net impurity concentration (atom /cm3) on 

the lightly doped side. For silicon, 

Xm = (3,65) 1011 (Vt /N) 2 micron (2) 

The field- effect transistor operated by means of the 

pinching effect of this depletion layer. Two such junc- 

tions at each side of a semiconductor channel (Fig. 2) 

will have the effect of pinching off the channel current 

when the two depletion layers together extend to the 

full thickness of the channel. Therefore the pinch -off 

voltage VP is given as (35): 

(7.52) 10 -16 X2 N volts (3) 

The source -drain current is given by the relationship 

(35) 

Vp = 
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isd = (1- 2/3 (Vsd 
1/2 

7 
VsdXcWcgUcN/3Le amps. 

(at Vg = 0) (4) 

and the maximum transconductance (open channel conduct- 

ance) by (35) 

GO = XcWcgUpNc /Le mhos at Vg = 0 (5) 

The gate breakdown voltage of the field -effect transistor 

is a function of the highest doping level of its channel 

which occurs at the surface. The relationship between 

the highest doping level and the average doping level is 

quite complicated. Such a relationship is described in 

Appendix A -lm 
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III, THE DESIGN CONSIDERATIONS 

OF THE FIELD- EFFECT TRANSISTOR. 

The objective of the design of these compatible 

field- effect and bipolar transistors is that the process 

of fabrication and the geometry of the bipolar transistor 

are to be used as the basis for the parameters of the 

field -effect transistor (Figs. 3 and 4). In other words, 

if the additional steps for producing the field- effect 

transistor are deleted, the process will be the same as 

that used in a bipolar transistor production, and the 

result will be two bipolar transistors instead of a 

field -effect transistor and a bipolar transistor. 

The two -gate field -effect transistor is designed to 

have approximately the same geometry as the bipolar 

transistor except for the depth of the channel region. 

The gate 1 and gate 2 regions of the field -effect tran- 

sistor have the same doping level, junction depth and 

thickness as the collector region and the emitter region 

of the bipolar transistor respectively. (See Figs. 3 

and 4). 

If the channel region of the field- effect transistor 

has the same geometry (channel thickness) and doping 

level as the base region of the bipolar transistor -- in 

other words, if the base of the bipolar transistor is 

used as the channel for the field -effect transistor -- 
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a voltage of five to six volts will be required to pinch 

off this channel.. However, the breakdown voltage occur- 

ring near the surface where the doping level of the base 

is highest is about four volts (1019 at /cm3). This means 

that the source to gate junction will breakdown at the 

surface before the channel even pinches off. 

To decrease the pinch -off voltage, either the chan- 

nel thickness, Xc, or its doping level, , must be de- 

creased (4). The methods of partial -masking, two -depo- 

sition , and oxide-depletion are concerned mainly with 

decreasing the channel thickness. However, in the pro- 

cess of decreasing the channel thickness, its doping 

level is also decreased at the same time. The etched 

channel method deals with the decreasing of the surface 

doping level, but it has the additional effect of de- 

creasing the channel thickness at the same time. 

It will be shown that it is more efficient to de- 

crease the pinch -off voltage by decreasing the channel 

thickness, Xc, than by decreasing the channel doping 

level, Nc, alone. Since the transconductance also varies 

with Xc and a higher transconductance means a better 

field- effect transistor, it is desirable to find the 

parameter which can yield the maximum ratio E of trans - 

conductance to the pinch -off voltage. Such a ratio is 

given as 

c 



E = go/crp = C/Xc 

where C = 8W ü /L c o p e 
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(6) 

Decreasing Xc will, as is shown in the equation, increase 

the ratio (E) of the transconductance to pinch -off volt- 

age, while decreasing the doping level will not yield a 

maximum in E. Therefore it is more desirable to decrease 

the pinch -off voltage by decreasing the channel thick- 

ness, Xc, than by decreasing the doping level, Nc, alone. 

All four processes as listed in this thesis are designed 

primarily to decrease the channel thickness, while the 

etched channel process has the additional feature of 

decreasing the surface doping level, 

Since it is the same diffusion that diffuses the 

channel region and the base region simultaneously, para- 

meters like diffusion time and temperature can not be 

used to influence the variation of the channel diffusion 

depth or its doping level. The surface concentration 

and the substrate geometry are the only parameters avail- 

able for making the channel depth and its doping level 

different from the base region. Three of the four meth- 

ods cited in this thesis have the effect of varying the 

channel surface concentration while leaving the base 

surface concentration unchanged during deposition. 

They are 

e= 

c 
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1, partial masking, 

2, two -depositions, and 

3. oxide depletion. 

The fourth method cited (etched -channel) actually 

used a variation of the substrate geometry at the channel 

region to arrive at the difference in diffusion depth and 

the doping level between the channel and the base regions. 

As a result, its geometry is different from the geometry 

obtained from the other three methods (Fig. 5). 

These four methods are discussed in detail in a 

later section, The geometry of the bipolar transistor 

and the field -effect transistor produced from the four 

methods are given as reference in Fig. 5. 

A Gaussian distribution type diffusion process is 

chosen for all the diffused regions such that a more even 

impurity concentration can be obtained. The Gaussian 

type of diffusion also improved the field -effect transis- 

tor characteristics by lowering the surface doping level 

at the source -drain region such that the source to gate 

junction breakdown voltage is much higher than that 

obtained from the complementary error distribution type 

of diffusion. 

The relationships describing the surface concen- 

tration, impurity distribution, diffusion time, and 



Field- effect Transistor Bipolar Transistor 
Gate -1 

i 

Emitter 

1 

I / 1 

J 

, 

.___ i 
! 

I- 

L___ -rGate- ',------ \ 
\ 

1 l Collector 
\ 

\ Channel 
I 

Base 

I 

Partial -masking 
1 

r- 1 1 1 T 

1 
i 

I_ 

! 

V j 

I 

I 

1 

I 

(B). 2-deposition ! 

! 
I . 

T- F. -1"-T , 

1 1 L 
I 

1 i 

1 L ___] 
, 

1 T , 

1 

, 

___. I :_____ _J 

I 

(A). 

(C). Etched -channel 

L I 

(D). Oxide -depletion 
I 

14 

Fig. 5. Geometrical difference between the transistors 
obtained from: (A).Partial- masking, (B) Two- 
deposition, (C) Oxide -depletion methods. 

rt 

i 
1 

--- 
- - 

1 

F-- 

1 

1 

LI 

: 

J 

J 

rT- - 

Jr 

r 
; T 1 

i Z-' --- 

( 



15 

junction depth are given in Appendix A -2 for reference. 



IV. PARTIAL- MASKING METHOD 

Partial -Masking 

16 

The first method develops from the fact that a thin 

silicon- dioxide layer offers the characteristic of par- 

tially masking the deposition of boron onto the silicon 

substrate (13, 23, 25, 45, 51). The resulting partially 

masked surface concentration is smaller than the unmasked 

surface concentration. 

During diffusion, if both of the regions are dif- 

fused at the same temperature and for the same length of 

time, the region having a higher impurity surface con- 

centration diffuses in deeper than the region with a 

lower surface concentration. Thus two different junction 

depths and doping levels will be obtained. 

In the application to the compatible field -effect 

transistor and the bipolar transistor, the channel region 

is partially masked from the boron deposition. The 

surface concentration and hence the diffusion depth and 

the doping level of the channel region can be controlled 

from practically no deposition of impurity to no masking 

at all by the extent to which the channel region is 

masked. 

In order to understand the mechanism of partially 

masking the boron diffusion by silicon- dioxide film, the 

1, 
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following sections of thermal growth and partial masking 

ability of silicon dioxide film are provided as a brief 

introduction. 

2 Thermal Growth of Silicon Dioxide Film 

Silicon dioxide film is usually formed by thermally 

oxidizing silicon at high temperature in a favorable 

oxidizing atmosphere such as dry oxygen, wet oxygen, or 

steam (12, 15, 16, 18, 19). The only stable oxide re- 

ported at high temperature was silicon dioxide. B. E. 

Deal and A. S. Grove have reported a quadratic form of 

oxide thickness as a function of time as given below: 

2Xo/A = Cl + (t+T)4B/A231/2 (7) 

where Xo is the oxide thickness and (t) is the oxidation 

time. The constants are given in the literature (12). 

Partial -Oxide la 

In the deposition process, boron as an impurity is 

diffused from the high boron concentration gas through 

the oxide layer onto the silicon surface. The diffusion 

can be described by the complementary error distribution 

function with two boundaries, as discussed by Shiro 

Horiuchi and Jiro- Yamaguchi (23). 

The minimum oxide thickness required to completely 

1 

3 
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mask the boron diffusion at a certain concentration, 

temperature, and diffusion time is called the mask -fail- 

ure oxide thickness, and is used as the upper limit for 

the partial -masking oxide thickness. The plot of mask - 

failure oxide thickness obtained from Integrated Circuit 

Engineering (25) which is shown in Appendix A -4 is used 

as a reference in this investigation. 
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V. TWO -DEPOSITION METHOD 

As mentioned in Section IV, the diffusion junction 

depth depends on the surface concentration, diffusion 

time, and diffusion temperature (5, 20, 26, 42, 44, 48, 

52). The diffusion time and temperature have been chosen 

to give the desired base doping level and its junction 

depth. However, surface concentration can be used as the 

parameter for yielding a variable junction depth in the 

channel. 

Assuming the average concentration of boron 
(N so) 

at the silicon surface has not reached its solid solu- 

bility concentration (52), the average surface concentra- 

tion, Nso, will increase with the deposition time. Neg- 

lecting the cooling down and heating up period, each 

successive deposition at the same temperature has the 

affect of increasing the total deposition time, resulting 

in the increase in the average surface concentration. 

The average surface concentration can be described 

by the complementary error function (Appendix A -2). 

and 

Nso(Xjo,t') = Nbc/erfc 2XjoD -1/2 t' -1/2 

Nso(t°) = 1.13 NsXjó D1/2 
t,1/2 

where Nbc is the background N -type doping level, (D) is 
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the diffusion constant of boron in silicon at the cor- 

responding temperature and (t') is the corresponding 

deposition time. Now 

Qso = N X. = 1.13 NsDl 
/2ío1/2 

where Qso is the sheet surface concentration for the 

Gaussian diffusion relationship: 

N(x9td) - Qso®1/2D-1/2td-1/2 exp (-X2/4Dtd) 

= Q 
-1/2 -1/2t 

D 
®1/2 

ex; (-M/4D) 
so d 

and where M = X2 
2 
/td. 

d' 

A smaller sheet surface concentration results in a 

smaller junction depth and it also decreases the gradient 

M /4D in the Gaussian diffusion relationship. In other 

words, diffusing for the same time interval, td, the 

junction depth arising from Qso(t1+t2) will be deeper 

than the junction depth obtained from Qso(t2) if 
tl+t2 > t2 

In the two -deposition process, the channel region 

of the field- effect transistor is masked from the first 

boron deposition by which the base region of the bipolar 

transistor is deposited to an average surface concentra- 

tion 
ÑTSO(t1) 

for (t1) minutes. Then the oxide masking 

the channel region is removed and the second deposition 

cycle is applied to both regions for (t2) minutes. Thus 

so 
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the base region will have an average surface concentra- 

tion of Nso(t1 +t2) from an effective deposition time of 

(t1 +t2) minutes while the channel region, being subjected 

to the second deposition cycle only, will have an average 

surface concentration of Nso(t2) from a deposition time 

of (t2) minutes. After diffusion, the junction depth 

and the average doping level at the base region will ex- 

ceed the channel junction depth and its doping level 

because it has a higher average surface concentration. 
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VI. ETCHED -CHANNEL METHOD 

Not only can the surface concentration be used to 

vary the diffused junction profile, but the actual sub- 

strate configuration can also be used for the same pur- 

pose. The fact that the diffused junction profile fol- 

lows the surface configuration is well known; usually 

this is undesirable. The surfaces of the samples to be 

diffused are polished flat and are kept from any dirt, 

oxide or contaminations. However, these are used in a 

controlled manner in this project to produce the desired 

results. In this case, the channel region is first de- 

posited and diffused with the base region to the same 

depth and doping level. Then it is selectively etched 

down a depth of Xet microns. Since this channel region 

is lower than the base region, after diffusing in the 

gate region which has the same depth as the emitter 

region, the resulting channel will be thinner than the 

base region by a depth of Xet microns (Fig. 6). 

The effective average concentration in this channel 

region is lower than the base surface concentration, as 

is shown in Fig. 7. 

The relationship of the average conductivity with 

the distance etched from the surface is described by the 

ratio (Xc /X.) and the corresponding surface concentra- 

tion as given in Appendix A -1 (26). The surface 

7 
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concentration, No, corresponding to the depth X from 

the pre- etched surface, can be used to find the average 

conductivity of the etched channel region, and it can 

also be used to find the gate -to- source breakdown 

voltage (36, 35, 37, 38, 47) . 
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VII. OXIDE -DEPLETION METHOD 

(3, 13, 22, 39) 

B. E. Deal and E. H. Snow et al. (13) have dis- 

cussed the effect of oxide depletion of P -type impuri- 

ties in silicon. It has long been known that impurities 

redistribute during thermal oxidation of silicon. This 

phenomenon was studied in detail. Diffusion theory 

indicated that the impurity- redistribution characteris- 

tics should depend on three factors: the segregation 

coefficient of the impurity at the oxide -silicon inter- 

face; the ratio of diffusivities of the impurity in 

silicon and in the oxide; and the ratio of the oxidation 

rate constant to the impurity diffusivity in silicon. 

Four classes of redistribution were proposed, and veri- 

fied experimentally. Examples are shown in Fig. 8. 

Fig. 8a shows the case of dry oxygen oxidation of 

boron -doped silicon at 1100 °C. Here the segregation co- 

efficient of boron leads to incorporation of the boron 

in the oxide. As a result, boron is depleted at the 

silicon surface. The concentration of boron in the 

oxide close to the oxide -silicon interface is about 

three times that in the silicon surface region. If on 

the other hand the boron diffuses rapidly through the 

oxide, due to the addition of hydrogen to the ambient, 

the depletion at the surface is much greater, as 
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indicated in Fig. 8b. All p -type impurities deplete at 

the surface during thermal oxidation of silicon. As 

oxidation temperature decreases, the redistribution 

effect increases. Similarly there is a greater effect 

for wet oxidation than for dry (13). 

In application to the fabrication of the compatible 

field- effect and bipolar transistors, oxide -depletion 

can be used to decrease the surface concentration of 

boron at the surface of the channel region. The sug- 

gested process was to deposit the channel region of the 

field- effect transistor and the base region of the bi- 

polar transistor simultaneously. Oxide growth during 

deposition would be preferable in that, after the depo- 

sition cycle, there would be enough oxide grown on both 

regions such that the oxide left on the base region 

could be used as a buffer to decrease the rate of growth 

of new oxide (during diffusion). The oxide in the chan- 

nel region would be etched away. During diffusion, a 

steam -hydrogen oxidation atmosphere would be preferable 

since there is a greater redistribution effect for wet 

oxidation with hydrogen added to the ambient than for 

dry oxidation with only oxygen as the oxidizing agent, 

as discussed by B. E. Deal (13). During this oxidation - 

diffusion cycle, the boron concentration at the channel 

region would be reduced by the redistribution effect. 
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Hence, it would have a shallower junction than the base 

junction. To obtain variation in the junction depth, 

both regions could be diffused for t1 hours after deposi- 

tion before the oxide in the channel region was removed. 

After removal of the channel oxide, it could be further 

diffused in steam -hydrogen for t2 hours. Thus the junc- 

tion depth in the base region would be 

Xb = [4D1(t1+t2)ln(N51/N)] 1/2 

and the junction depth in the channel region would be 

Xc = [4D1t11n(Ns1 /N) + 4D1t21n(Ns2(t2) /N), 1/2 

where Ns2(t2) would be the relationship describing the 

impurity concentration at the oxide- depleted surface as 

a function of time at the diffusion temperature in steam - 

hydrogen oxidation atmosphere. 
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VIII. SUPPLEMENTARY EXPERIMENTAL METHODS 

AND RESULTS 

1. Material Preparation (28, 38) 

Slices were cut to the (111) crystallographic direc- 

tion from 1.2 ohm cm N -type single crystal silicon. One 

of the surfaces was lapped with 600 grit silicon carbide 

on a Beuhler polishing machine and then polished to a 

mirror finish with one micron alumina powder as a final 

abrasive. They were then degreased in hot acetone and 

chemically polished in diluted CP5. After soaking in 

ct sulfuric acid and rinsing in deionized water, each 

slice was carefully dried in dry nitrogen gas and stored 

in a dust free chamber. They were further treated with 

48% hydrofluoric acid, rinsed in deionized water and 

dried in dry nitrogen gas before oxidation. 

2. Deposition and Diffusion Evaluation 

Several wafers previously prepared were cut into 

chips about 1 cm square and deposited with boron in 

batches of four chips at 950 °C in dry nitrogen (3- 1 /2cfh) 

for 1/2 hour, 1 hour, 1 -1/2 hour, and 2 hour intervals. 

Borosilicate glass which was grown during deposition was 

removed from each of the chips and they were diffused at 

1100`C in wet oxygen for 1 hour, 2 hour, 3 hour, 4 hour, 
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and 5 hour intervals. Junction depth was measured by 1° 

angle lapping; junction staining and measurement with 

calibrated Unitron micrometer under high power microscope 

as discussed in Appendix A -4. 

The results were plotted as shown in Figs. 9 -13 

(each data point was obtained from the average of two to 

12 experimental results). The junction depth varied 

with the square root of the diffusion time as predicted 

by the Gaussian distribution, with different slopes cor- 

responding to different surface concentrations (Fig. 9) 

(Appendix A -2). Initial junction depths were extrapo- 

lated and were used to find the initial surface concen- 

tration Nsc (Figs. 9 -10). 

It was found that the initial surface concentration 

Nsc corresponding to the boron source concentration dur- 

ing deposition was about (1.27) 1020 at /cm3. The deposi- 

tion sheet concentration Qjc was almost directly propor- 

tional to the square root of the time of deposition 

(Appendix A -2). The sheet concentration Qjc for a com- 

plementary error distribution diffusion was given in 

Section V as 

Qjc = 1.13 N D1/2t11/2 

The diffusion constant as calculated from the value of 

Qjo (Figs. 11 -12) was approximately (2.54) 10 -14 cm2 /sec 

corresponding to 990 °C as compared to a theoretical 
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diffusion constant of (11)1.0 -15 cm2 /sec at 950 °C (19). 

This suggested that the experimental boron concentration 

was lower than the theoretical source concentration of 

(2.13) 1020 at /cm3 by a factor of 1.68, if the diffusion 

-15 constant was (9) 10 cm /sec at 950 °C. 

nxidat i_o_n. 

Slices previously prepared were oxidized sequen- 

tially by first oxidizing the whole wafer for t1 minutes, 

then one -fourth of the wafer was masked with black wax 

and etched in buffered hydrofluoric acid (Appendix A -6). 

The black wax was removed and the oxide layer thickness 

was measured by a two -beam interferometer (7) (Fig. 14). 

The wafer was again oxidized for t2 minutes and the 

second quarter of the wafer, in addition to the first 

quarter previously masked, was again covered with black 

wax and etched with buffered hydrofluoric acid. The 

process was repeated until three -fourths of the wafer 

was oxidized. The oxide thicknesses thus corresponded 

to oxidations of 0 min, t3 min, t3 +t2 min, t3 +t2 +t1 min. 

To assure exact oxidation time, in the case of dry oxy- 

gen, dry argon gas was introduced into the furnace first 

until the system reached equilibrium temperature, then 

the argon gas was switched to oxygen for oxidation. 

Argon gas was again introduced after oxidation when the 
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wafer was cooling down to room temperature. 

The oxide thickness curve for dry oxygen at 940 °C 

ana 1100 °C agreed with the data published by Evitts (15). 

4. Partial Masking Evaluation 

Several wafers oxidized as discussed in the oxida- 

tion section were deposited with boron at 943 °C for one 

and one -half hours in an open -tube diffusion furnace with 

a flow of 3 -1/2 cfh of dry nitrogen gas. After deposi- 

tion, the borosilicate glass formed on the surface of the 

wafers in both the masked and unmasked regions was re- 

moved by first boiling in deionized water for half an 

hour and then etched in buffered hydrofluoric acid. 

They were then rinsed in deionized water and dried in 

dry nitrogen gas. The surface sheet resistance was meas- 

ured by the four -point probe technique (48). These boron 

deposited samples were then diffused for five hours in a 

separate open tube furnace set at 1100 °C with a gas flow 

of 0.4 cfh of wet oxygen. Both the deposition and the 

diffusion furnaces were automatically controlled with a 

Pt -Pt+ 13% Rhodium Thermocouple -controller to within 

± 1 °C. The diffused samples were then etched in buf- 

fered hydrofluoric acid to remove the oxide layer grown 

during diffusion. Their sheet resistances and junction 

depths were measured as done before to find their 
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average impurity concentration and the corresponding sur- 

face concentration. The results were plotted as shown in 

Figs, 15 -16, 

It was found that the values for the unmasked region 

(corresponding to an oxidation time of zero minutes and 

an oxide thickness of zero angstroms) was approximately 

the same as the values obtained in the deposition and 

diffusion experiment (see Section 2). The results in 

this section were therefore all normalized with respect 

to the values of one and one -half hours deposition with 

five hours diffusion as presented in Section 2. 

It was also found that the experimental curves 

approached the predicted (25) total masking oxide thick- 

ness of 320 Á asymptotically (see Figs. 15 -16). 

Etching Rate of Silicon 

Wafers of N -type 1.2 ohm -cm silicon previously pre- 

pared and diffused with boron were used to determine the 

etching rate of silicon in an etching solution of 20 

parts HNO3 to one part 48% HF to ten parts deionized 

water. Half of each wafer was masked with black wax and 

the oxide on the exposed half was etched away with buf- 

fered hydrofluoric acid. The wax was removed and the 

wafers were rinsed in acetone and dried. They were all 

dried in dry nitrogen gas at room temperature. They were 

5. 
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etched in the silicon -etch at room temperature for 

several seconds with ultrasonic agitation and rinsed 

immediately in water. The etched depth was measured 

with an interference fringe (wedge) method with sodium 

monochromatic light. The result was plotted as shown in 

Fig. 17. 

It was found that the etching rate was constant and 

was approximately 0.8 microns /min (at room temperature 

and with ultrasonic agitation). 
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IX. EXPERIMENTAL FIELD- EFFECT TRANSISTOR 

FABRICATION METHODS AND RESULTS 

1. Partial Masking Process 

Wafers of 1.2 ohm -cm N -type single crystal silicon 

previously prepared were oxidized at 1100 °C in air for 

1.2 hours to obtain an oxide layer of 0.7 to 1 micron 

thickness. Base holes and channel holes were etched in 

buffered hydrofluoric acid using positive photoresist as 

a mask. A thin oxide layer was grown thermally on both 

regions in dry oxygen at 950 °C for eight minutes. The 

oxide on the source -drain and the base regions of the 

transistors were etched away using a source -drain mask 

photo- resist step. Boron from a source of 40% B203 + 

60% SiO 
2 
was deposited on the wafer at 950 °C in dry 

nitrogen for one and one -half hours. After removing the 

borosilicate glass and five hours of diffusion, a junc- 

tion depth ratio (Xp / Xp) of 0.88 was obtained, with 

a base junction depth of 1.2 microns and a base region 

sheet resistance of 198 ohm /sq. 

An emitter mask was used to etch the emitter and 

gate 1 holes in the oxide of the transistors which had 

grown during the boron diffusion. P2N5 was used as the 

phosphorus source in the emitter and the gate 1 regions 

deposition. The phosphorus deposition was 30 minutes at 

/n 
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950 °C in dry nitrogen. The diffusion was 15 minutes at 

1100 °C in steam. The junction depth resulting from this 

N -type diffusion was 0.96 microns with a sheet resistance 

of 13.5 ohms /sq. 

Contact holes were etched in the various regions 

and aluminum was vacuum evaporated on the surface. The 

metallization pattern was etched with a metallization 

mask photo- resist step in a solution of 80 parts H3PO4 

to 16 parts water to five parts HNO3 at 80 °C. The 

aluminum left on the surface was alloyed into the sili- 

con at 576 °C in dry Argon gas to obtain ohmic contacts 

to the different regions. 

The finished field -effect transistors were tested 

on a Model 1600 KGS100 Micromanipulator with a type 575 

Tektronix Transistor Curve Tracer. Then several typical 

field -effect transistor samples were angle lapped, 

stained, and the junctions were measured by interference 

technique (Figs. 21 -28). 

It was found that the average transconductance of 

the field- effect transistor obtained by this partial 

masking method was 350 micro -mhos with a breakdown volt- 

age of 6.5 volts and a pinch -off voltage of 1.3 volts. 

The different junction depths and their impurity concen- 

tration obtained from resistivity measurements were 

given as shown in Tables I and II. Table III gives the 

steps involved in this process. 
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Table I. Field -effect and Bipolar Transistor Parameters 
(Partial -masking). 

Parameters Symbol Unit Experiment Theo- 
retical 

Transconductance Go micromho 320 369 
@ Vg=0 

Pinch -off current Ip ma 0.205 0.259 
C Vg=0 

Pinch -off voltage Vp volts 1.30 2.01 
C Vg=0 

Gate breakdown 
voltage VBr 

volts 6.5 4.0 

Channel resistance R 
c 

ohms 3.3K 

Gate -1 or emitter 
depth Xg1,Xe micron 0.96 

Channel thickness X 
c 

micron 0.096 

Channel depth Xc micron 1.05 

Channel depth 
(pushing) 

Xc micron 1.05 

S -D or Base depth XSD,Xb micron 1.20 

Base sheet 
resistance ohm /sq 198 RSD'Rbs 

Channel sheet 
resistance ohm /sq 252 Rcs 

S -D sheet 
resistance ohm /sq 198 Rss 

Gate 1 or emitter 
sheet resistance ohm /sq 13.5 Rgls,Res 
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Table II. Field- effect and Bipolar Transistor 
Parameters (Partial- masking). 

Parameters Symbol Unit Values 

Average base concentration 

Average channel concentra- 
tion @ 

X 
= 0.909 

c 

Average channel 
concentration (Rc) 

Channel surface 
concentration 

Average S -D concentration 

Average gate or emitter 
concentration 

Channel surface concentra- 
tion @ VBr = 6.5 volts 

Nb 

c 

Nc 

N 
cs 

NSD 

N 
e 

Ncs 

at /cm3 

at /cm3 

at /cm3 

at /cm3 

at /cm3 

at/cm3 

at /cm3 

(4).(1018) 

(3.9)(1015) 

(8.6)(1016) 

(1.11)(1019) 

(3.3)(1018) 

(6.0)(1019) 

(4.6)(1017) 

Ñc 

, 
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Table III. Steps Involved in Partial -masking Process 

1. Material preparation 

2. Thick oxide growth Air at 1100 °C 12 hr. 

3. Channel and base oxide mask 
photo -resist etching Mask no. 2 base 

4. Thin oxide growth 950 °C dry 02, 8 min. 

5. S -D and base oxide mask 
photo -resist etching Mask no. 1 S -D 

6. Channel and base deposition 950 °C boron 
3 -1 /2Cfh N2, 1 -1/2 hr. 

7. Channel and base diffusion 1100 °C wet 02, 5 hr. 

8. Gate 1 and emitter oxide 
mask photo -resist etching Mask no 3, emitter 

9. Gate 1 and emitter 
deposition 

10. Gate 1 and emitter 
diffusion 

950 °C P N5, 
3 -1 /2Cfh N2, 30 min. 

1100 °C steam and 02, 
25 min. 

11. Contact holes oxide mask 
photo -resist etching Mask no. 4 contact 

12. Aluminum metallization 150 °C vacuum 

13. Metallization pattern mask 
photo -resist etching 

14. Ohmic contact alloying 

Mask no. 5. Met. 

575 °C dry argon, 5 min. 
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2. Two -deposition Process 

The silicon wafers were prepared as before. A thick 

oxide was again thermally grown on the surfaces. In this 

case, the source -drain holes of the field- effect tran- 

sistors were first etched out and deposited with boron at 

950 °C in dry nitrogen at a flow rate of 3 -1/2 cfh. before 

the bases of the bipolar transistors were deposited with 

boron. The borosilicate glass was removed as before. 

Then a base -hole mask was used to remove the oxide cover- 

ing the channel region and the base region of the tran- 

sistors (see Fig. 19). A second deposition was made and 

the borosilicate glass was again removed. The wafers 

were then diffused as was done in the partial- masking 

method at 1100 °C in wet oxygen. Gate 1 and emitter 

regions were diffused in as before. Metallization and 

alloying were treated in the same way as described in 

Section IX -1. The results are shown in Figs. 22, 23, 27 

and Tables IV and V. Table VI shows the steps involved 

in this process. 
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Table IV. Field -effect and Bipolar Transistor 
Parameters (Two -deposition). 

Symbol Unit Exp. Theor. 

G 
o o o o 

I 
P 

V 
P 

VBr 

Rc 

Xg1,Xe 

X 
c 

X' 

X' 
c 

XSD,Xb 

Rbs 

Rcs 
cs 

R 
ss 

R R 
gls, es 

mho 

m.a. 

volt. 

volt. 

ohm 

micron 

micron 

micron 

micron 

micron 

ohm /sq 

ohm /sq 

ohm /sq 

ohm /sq 

275 

0.09 

1.10 

6 

5K 

1.36 

0.11 

1.62 

1.52 

1.60 

205 

300 

205 

9.45 

215.5 @ V 
g 

0.0571 @ V 
g 

0.796 C V 
g 

4.2 

- 0 

= 0 

= 0 

c 

micro 
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Table V. Field- effect and Bipolar Transistor 
Parameters (Two -deposition). 

Symbol Unit 

at/cm3 (2.55)(1018) 

Ñc (3.07)(1015) 0.922 @ 
X = 
c 

Ñt (3.50)(1016) 

Ncs (5.60)(1018) @ X = 0 

ÑSD (2.55)(1018) 

R 
e 

(7.00)(1019) 

Ncs (6.00)(1017) VBr = 6 volt. 

R 
b 



53 

Table VI. Steps Involved in Two- deposition Process. 

1.. Material preparation 

2. Thick oxide growth Air at 1100.0 12 hr. 

3. S -D and base mask 
photo- resist etching Mask no. 1 S -D 

4. First deposition of S -D 
and Base 

950 °C boron, 
3 -1 /2Cfh N2, 1/2 hr. 

5. Channel and base oxide mask 
photo- resist etching Mask no. 2 base 

6. Second deposition of 
channel and base 

7. Diffusion of channel 
and base 

950 °C boron, 
3 -1 /2Cfh N2, 1/2 hr. 

1100 °C wet 02, 4 hr. 

8. Gate 1 and emitter oxide 
mask photo -resist etching Mask no. 3 emitter 

9. Gate 1 and emitter 
deposition 

10. Gate 1 and emitter 
diffusion 

950 °C,P2N5, 
3 -1 /2Cfh N2, 35 min. 

1100 °C, steam and 02, 
25 min. 

11. Contact holes oxide mask 
photo -resist etching Mask no. 4, contact 

12. Aluminum metallization 150 °C, vacuum 

13. Metallization pattern mask 
photo -resist etching Mask no. 5, Met. 

14. Ohmic contact alloying 575 °C, dry argon, 5 min. 
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3. Etched- Channel Process 

A thick oxide was again grown on the surface of the 

wafer. The base region and the channel region oxide was 

etched away by photo -resist masking. A one -hour deposi- 

tion of boron was applied to the wafers, and they were 

diffused for three hours after removal of the borosili- 

cate glass. A channel region mask was used to cut the 

oxide hole instead of the source -drain mask as in the 

partial -masking method. A silicon etchant of 20 parts 

HNO3 to one part 48% hydrofluoric acid to ten parts of 

water was used to etch a dip in the channel region. The 

wafers were then diffused again for one more hour in 

steam to make the total diffusion time four hours. 

Steam was used to grow a thick oxide on the base region 

in a shorter time. Again the gate 1 and emitter regions 

and metal contacts were added, and the field- effect 

transistors were metallized and tested as before. The 

results obtained are shown in Figs. 24, 25, 28 and 

Tables VII and VIII. Steps involved in this process are 

given in Table IX. 



 

1) Thick oxide growth 

r- 

II 

55 

7) Etch gate-1 and emitter 
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Fig. 20. Etched-channel method. 
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Table VII. Field- effect and Bipolar Transistor 
Parameter (Etched- channel). 

Symbol Unit Exp. Theor. 

Go micro mho 400 385 @ Vg = 0 

I 
P 

moao 0.72 0.776 @ V 
g 

= 0 

Vp volt. 2.20 2.02 @ Vg = 0 

VBr volt. 6.5 4.2 

R 
c 

ohm 2.97k 

X ,X 
1 

micron 1.48 

X 
c 

micron 0.16 

X' 
c 

micron 1.48 

X' 
c 

micron 1.48 

XSD,Xb micron 1.19 

Rbs ohm /sq 205 

Rcs ohm /sq 305 

Rss ohm /sq 205 

Rgls'Res 
ohm /sq 9.46 

es 

o g 
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Table VIII. Field- effect and Bipolar Transistor 
Parameter (Etched -channel). 

Symbol Unit 

Nb 

Nc 

R! 
.T E 

lV 
c 

Ncs 

NSD 

Ne 

Ncs 
cs 

at/cm3 (2.3)(1018) 

(6.16)(1015) 

(403)(1016) 

(6.55)(1018) 

(2.3)(1018) 

(7)(1019) 

(4.6)(1017) 

= 

0 

= 

0.882 

6.5 volt. 

@ 

@ X = 

@ VBr 

X " 

c 

" 

" 
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Table IX. Steps Involved in Etched -channel Process. 

1. Material preparation 

2. Thick oxide growth 

3. Channel and base oxide mask 
photo -resist etching Mask no. 2 base 

Air at 1100 °C, 12 hr. 

4. Channel and base 
deposition 

5. First channel and base 
diffusion 

6. Channel oxide mask 
photo -resist etching 

950 °C, boron, 
3 -1 /2Cfh N2, 1 hr. 

1100 °C, wet 02, 
3 -1/2 hr. 

Mask no. 6, channel 

7. Channel silicon etch Silicon -etch, 
Rm. temp. 20 sec. 

8. Second channel and base 
diffusion 

1100 °C, steam and 02, 
1/2 hr. 

9. Gate 1 and emitter oxide mask 
photo -resist etching Mask no. 3, emitter 

10. Gate 1 and emitter 
deposition 

950 °C, P2N5, 
3 -1 /2Cfh N2, 35 min. 

11. Gate 1 and emitter diffusion 1100 °C, steam 02, 
27 min. 

12. Contact holes oxide mask 
photo- resist etching Mask no. 4, contact 

13. Aluminum metallization 150 °C, vacuum 

14. Metallization pattern mask 
photo -resist etching Mask no. 5, Met. 

15. Ohmic contact alloying 575 °C, dry argon, 
5 min. 



Resistivity Measurement 

The resistivity of the different regions in all 

59 

three processes were measured by the four -point probe 

techniques on test wafers which were sequentially masked 

such that each diffusion covered only half of the region 

formerly diffused. 

4. 
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X. COMPARISON OF THE FIELD- EFFECT TRANSISTOR 

PARAMETERS OF THE TRANSISTORS OBTAINED FROM 

THE THREE PROCESSES 

The results obtained were comparable in all three 

processes, as shown in Table X. The range of transcon- 

ductance G 
o 

varied from 275 to 400 micro -mhos. The aver - 

age transconductance Go was about 300 micro -mhos for all 

three processes. 

The efficiency E of the two -deposition process was 

the highest in this particular case, as was predicted by 

its smallest channel. thickness Xc (0.11 micron) as com- 

pared to the other two (according to equation 6 in 

Section I:1', page 8). The mobility was estimated with 

the relationship as given from equation 6 (based on Go, 

V , and X 
c 

obtained experimentally), and was found to be 

around 330 cm2 /seem This value of mobility agreed very 

well with the value obtained from the channel doping 

level based on Rc and Xc (see Appendix A -6 and Table X) 

(1, 9, 43). 

The values of Nc and Ncs obtained from using the 

resistivity measurements and the method introduced by 

Irvin (26) differed from the values obtained from cal- 

culations using the channel resistance, channel thick- 

ness, and breakdown voltage by a factor of about 10. 

This difference may be because of impurity redistribution 

p 
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during the gate 1 diffusion when some boron was pushed 

out of the diffusing gate 1 region into the channel, such 

that the resulting channel thickness and effective chan- 

nel doping level was much higher than should be obtained 

during a normal single junction diffusion. Such an im- 

purity-redistribution effect can be seen as a bulging out 

at the channel region in the vicinity of the gate 1 

region as shown in the pictures in all three cases. 

The concentration as obtained from R 
c 

and X 
c 
was in 

good agreement with the open channel transconductance, 

pinch off voltage, pinch -off current, and the mobility 

in all three cases (see Table X). 
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Table X. Comparison of Field -effect and Bipolar 
Transistor Parameters Obtained by 
Three Methods. 

Symbol Unit P-M Two -Dep. Et.-Ch. 

Co 
Ip 

Vp 

VBr 

R 
c 

Xg1,Xe 

Xc 

X' 

Xc 

XSD,Xb 

Rbs 

Rcs 

Rss 

Rgls'Res 

Nb 

No 

N' 

Ncs 

NSD 
Ne 

Ncs 

Ng2 
E 

(E) (Xc) 

micro -mho 

maa. 

volt. 

volt. 

ohm 

micron 

micron 

micron 

micron 

micron 

ohm /sq 

ohm /sq 

ohm /sq 

ohm /sq 

at/cm3 

at/cm3 

at/cm3 

at/cm3 

at/cm3 

at/cm3 

at/cm3 

at/cm3 

10-6/ohm-V 

cm/ohm-V 

cm2/V-sec 

cm2/V-sec 

320 

0.205 

1.3 

6.5 

3.3k 

0.96 

0.096 

1.056 

1.056 

1.20 

198 

252 

200 

13.5 

(4) 1018 

(3.9)1015 

(8.6)1016 

(1.1)1019 

(3.3)1018 

(6)1019 

(4.6)1017 

(4.5)1015 

246 

(2.36)10-9 

278 

280 

275 

0.09 

1.1 

6.0 

5k 

1.36 

0.11 

1.42 

1.52 

1.60 

205 

300 

205 

9.45 

(2.55)1018 

(3.07)1015 

(3.5)1016 

(5.6)1018 

(1.7)1018 

(7)1019 

(6.00)1017 

(4.5)1015 

250 

(2.75)10-9 

323 

350 

400 @ Vg =O 

0.72 @ Vg =O 

2.2 @ Vg =O 

6.5 @ vg=0 

2.97k 

1.32 

0.16 

1.48 

1.48 pushing effect 
1.48 

205 

305 

205 

9.46 

(2.3)1018 

(6.16)1015 

(4.3)1016 
base on Rc,Xc 

(6.5)1018 

(2.3)1018 

(7) 1019 

(4.6)1017 
base on VBr 

(4.5)1015 

182 

(2.91)10 -9 

342 

350 
base on N 

e 

,p 

119 
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XI. COMPARISON OF THE THREE PROCESSES 

As is shown in Table XI, both the partial -masking 

and the two -deposition processes involved 14 steps as 

compared to 15 steps in the etched -channel process. 

There was a total of five photo -resist mask -etching steps 

in all the three processes. A common set of photo -resist 

masks was used for the partial -masking and the two -depo- 

sition processes. In the case of the etched -channel pro- 

cess, a channel mask was used instead of the source -drain 

mask as was used in the other two processes. The first 

two methods produced field -effect transistors of the same 

geometry and similar doping levels when the junction 

depths were the same. In the etched -channel method, the 

bump in the gate 2 region was replaced by a dip on the 

surface of the channel. The gate 2 region in the etched - 

channel case was displaced (downward) by the distance of 

the dip on the channel surface (Fig. 25). 

In comparing the difficulties in obtaining repro- 

ducible results, the two -deposition process excels the 

others in reproducibility because it does not involve 

any precise thin oxide growth or any etching- depth. Its 

deposition and diffusion processes can easily be repro- 

duced, and are very straightforward. 

In the partial -masking process, difficulties arose 

mainly from the problem of obtaining a uniform thin 
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Table XI. Collective Comparison of the Three Processes. 

Process required P -M Two -D Et -Ch 

1. Material preparation x x x 

2. Thick oxide growth x x x 

3. Channel and base oxide mask 
photo -resist etching x x 

4. Thin oxide growth x 

5. S -D and base oxide mask 
photo- resist etching x x 

6. First deposition of S -D and base x 

7. Channel and base oxide mask 
photo- resist etching x 

8. Second deposition of channel 
and base x 

9. Channel and base deposition x x 

10. First channel and base diffusion x 

11. Channel and base oxide mask 
photo- resist etching x 

12. Channel silicon etch x 

13. Second channel and base diffusion x 

14. Channel and base diffusion x x 

15. Gate 1 and emitter oxide mask 
photo -resist etching x x x 

16. Gate 1 and emitter deposition x x x 

1.7. Gate 1 and emitter diffusion x x x 

18. Contact holes oxide mask 
photo- resist etching x x x 

19. Aluminum metallization x x x 

20, Metallization pattern mask 
photo -resist etching x x x 

21. Ohmic contact alloying x x x 

Total number of steps involved 14 14 15 
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oxide in the absence of pin holes. Pin holes occurred 

wherever the surface was contaminated. Thus, surface 

cleanliness is very important in this process. In grow- 

ing a thin oxide with dry oxygen gas, the period that the 

samples were in the furnace was very short (eight min- 

utes), Any variation in the furnace temperature or the 

moisture content of the dry oxygen gas was reflected in 

the thickness of the oxide and therefore contributed to 

irreproducibility. 

In the etched -channel process, the temperature and 

concentration of the silicon -etch solution was very 

important, Variation in temperature and variation in 

the amount of silicon being etched each time would cause 

variation in the resulting etched -channel depth unless it 

was compensated by the time for which the samples were 

etched. Therefore it would be advisable to change the 

etching solution often. Agitation during etching silicon 

prevented a uniform etching rate on the surface of the 

sample. It was found that the surface was rough after 

etching in hand -stirred agitation. The resulting junc- 

tion profile after the emitter diffusion was not flat 

because the diffusion junction followed the profile of 

the surface. When ultrasonic agitation was applied, the 

resulting junction was reasonably smooth and flat. 
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XII. CONCLUSION 

It was shown in this thesis that it was possible to 

obtain a compatible field -effect transistor and a bipolar 

transistor by the partial oxide masking method, the two - 

deposition method, and the etched -channel method. The 

flexibility and simplicity of these three methods were 

also demonstrated. A fourth method, the oxide -depletion 

process, was suggested but had not been studied experi- 

mentally.. Capabilities of the above methods were not 

limited, however, to the fabrication of the compatible 

field- effect and bipolar transistors alone. Any circuit 

which required a variable junction depth alongside a 

fixed junction depth can be adapted with any of these 

three methods. 

The best method was the two -deposition process. 

Its procedures were straightforward. Its deposition sur- 

face concentration could be well controlled. Its channel 

thickness and its channel resistivity was independent of 

the base. Its reproducibility was the best. 

The reproducibility of the other two methods was 

good, although the growth of thin oxide in the partial - 

masking method was tricky; and the etching process in 

the etched -channel method had to be done with care. 

When the oxidation process of the thin oxide growth was 

under control, and when the samples were prevented from 
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contamination by handling with great care, the yield of 

the partial- masking method was increased. Cleanliness 

and care in wafer handling was essential to all the pro- 

cesses described in this thesis. In the case of the 

etched -channel method, control on the strength of the 

etching solution, temperature, and agitation were the main 

factors affecting the reproducibility. 

The field- effect transistors fabricated from all 

three methods in this investigation had similar charac- 

teristics. The impurity (boron) concentration at the 

source -drain region as measured from its resistivity was 

(2,3)1018 to (4.0)10 
18 

at 
3 

/cm3. At the channel region, 

the impurity concentration (boron), as estimated from the 

channel resistance and its channel thickness, ranged from 

(2.5)1016 to (3.5)1016 at /cm3, with the channel thickness 

ranging from 0.10 to 0.16 microns. The gate 1 impurity 

level (phosphorus) was about (7)1019 at /cm3, while the 

gate 2 region had an impurity level of (4.5)10 15 at 3 /cm3. 

The transconductance, pinch -off current and pinch -off 

voltage agreed very well with the theoretical calcula- 

tions based on the channel resistance values measured 

experimentally. These values were used to estimate the 

hole-mobility of silicon and was shown to be about 

340 cm2 
2 
/sec. and agreed with expected values. 

An impurity redistribution effect was observed at 
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the vicinity of the gate 2 region represented by a thick- 

ening of the channel locally, and thereby greatly in- 

creased the average channel doping level Ñcm As a re- 

suit, there was a difference between the values of 

channel doping level as obtained from Irvin's work (26) 

and the values as calculated from the channel resistance. 

The former values were found to be about ten times higher 

than the latter values. 

The source -drain to gate 1 breakdown voltage was 

about 6.5 volts in this case. It may be desirable to 

increase this breakdown voltage by further decreasing the 

surface concentration during the channel region deposi- 

tion. However, in increasing the breakdown voltage, the 

resistivity in the channel will be increased and the 

channel thickness will be reduced. This reduction in the 

channel thickness may not be desirable. 
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Vert. 0.1 ma /cm Hor. 1 V /cm Gate 0.1 V /step 
Fig. 21. Field- effect transistor characteristic (I) 

(Partial- masking type ) 

Vert. 0.1 ma /cm Hor. 2 V /cm (Open Gate) 

Fig. 22. Field -effect transistor characteristic (II) 
(Open Gate,Partial- masking type) 
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Vert. 0.05 ma/cm Hor. 1 V/cm Gate 0.1 V /step 

Fig. 23. Field-effect transistor characteristic (I) 
(Two- deposition type ) 

Vert. 0.1 ma/cm Hor. 2 V/cm (Open Gate) 

Fig. 24. Field-effect transistor characteristic (II) 
(Open Gate,Two- deposition type) 

r-- -°--- . ----;I~-rt. 

.11 '. - 

[r EEE 

'.i 1!I I ill 
za'/-y_ .-, 'ii:i 

YUe..nyñ-`.'+y.tlT 
lei 97 ''II ^l. 

'r ` 
_l'IIII`I ~c ( 1111111 

s . 

_i 
I IIII , 

11 

--- 
.- _ f {- - _. i+iï,. y 

L _ _ r 

hr.°-+ta 

t. 

nw 

t. r......w ,.-=Z.---ae- , 

ilir..c - - _ r,4vt:,..6:7irl'--, '---.`,4.7L_..-.s 

- 



71 

Vert. 0.05 ma /cm Hor. 1 V /cm Gate 0.2 v/step 

Fig. 25. Field- effect transistor characteristic (I) 

(Etched -channel type ) 

Fig. 26. Cross- sectional view of field -effect 
transistor (Partial- masking type) 400x 
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Fig. 27. Cross-sectional view of field-effect 
transistor (Two- deposition type) 400X 

Fig,28. Cross-sectional view of field-effect 
transistor (Etched -channel type ) 400X 
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APPENDIX I 

Breakdown Voltage and Resistivity 

The breakdown voltage (35, 36, 37, 38, 48) of the 

channel is determined by its doping level 
Ncs 

at the 

surface (highest), assuming the gate 1 region is doped 

heavier than the channel.. The relationship is given in 

reference (38). 

In general., Vbr can be approximated by: 

Vbr = (5m65) 10_9 
(Nc)0.657 

.... Nc/ (2)1017 at /cm3 

Vbr 
= (1.786) 10-3 

(Nc)0.221 

(2) 1017 / Nc/ 1019 at/cm3 

The relationship between the average doping level 

and the surface impurity concentration is discussed in 

reference 26. To find the surface impurity concentra- 

tion, first, the average conductivity is calculated from 

the sheet resistance measurement. 

= (4.5) 10 -4 VXc/I 
Pc 

Xc in micron 

V in volts 

I in amp 

p in ohm -cm 

The average conductivity can be used to find the surface 

impurity concentration Ncs by referring to Irvin's 

resistivity plots (26) if the background concentration 

ac = 
1/pc 

Cb is known. in this case Cb is (4.5) 1.015 at /cm3. 



79 

The concentration from Cb = 1015 at /cm3 is added on to 

the concentration from Cb = 1016 at /cm3 and the sum is 

multiplied by 0.45 to obtain the estimated concentration 

at (4.5) 1015 at /cm3 background doping level. 

From the value of Ncs, the average conductivity 

corresponding to the junction depth ratio (Xgl /Xc) was 

read from the graph. The reciprocal of conductivity 

(resistivity) can be used to find the average doping 

level of the channel from Irvin's plot of resistivity of 

p -type silicon at 300 °K as a function of acceptor or 

donor concentration (26). 

g 



80 

APPENDIX II 

Diffusion Relationships 

The gaussian distribution can be described by the 

relationship: 

N(x,t) = Q 1n(-X2/4Dt) / (i7Dt)1/2 

where Q is the sheet concentration in at/cm 

D is the diffusion constant in cm2 /sec 

t is the diffusion time in hours. 

Q = N(xj,t)X. 

where N is the average doping level 

X is the distance in cm 

X. is the junction depth. 

The complementary error function distribution is given as: 

N(x,t) Ns erf x/(4Dt)1/2 

The two distribution functions are plotted as shown in 

Fig. 8. 

For the complementary error function distribution 

the total impurity concentration can be arrived at by 

integrating the error function complement and is given 

by: 

Q = 1.13 Ns(Dt)1/2 

where D = (4) 10 
-1.3 

cm2 /sec at 950 °C 

and D = (9) 10 -14 cm2 /sec at 1100 °C. 

= 
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APPENDIX III 

Junction Depth Evaluation 

Since the diffused junction depth was very shallow 

(1.5 microns) a one degree angle delineation magnifica- 

tion was used. The sample was mounted on a block tilted 

at an initial angle of 1 ° and polished with 0.3 micron 

alumina powder to expose the diffused region. A drop of 

p -n junction stain consisting of 5 CuSO4 (saturated) to 

1 HF (48 %) was applied to the exposed region under infra- 

red irradiation. The n- region was stained to a copper 

color while the p- region remained dark. 

A filar eye -piece equipped with a Unitron micrometer 

(calibrated with interference fringes from a two -beam 

interferometer) was used to measure the junction depths, 

using the relationship given below: 

X. = 17.5 d/M 

where d is the horizontal distance measured by the micro- 

meter and M is the magnification of the filar eye -piece 

(calibrated with interferometer). 

Fig. 30. Angle delineation magnification. 

J 

x 
i 0 `,.- y ----+ 
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x = y tan 8` For small angle tan 8°,:.-;v8°/180° 

y = d/10 -3M where d in mm 

y in micron 

M = Magnification 
of eye -piece 

e = 1` 

X = ( îid) 1.03/180M 

= 17.5 d/M in micron 
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Appendix :IV (25). Projection scheme on estimation of 
mask -failure oxide thickness of a boron diffusion. 

1.00r 

0.80 
0.60- 

0.401 
o 

U 

0.20- 

0.10 

ú0.08- 
0.06 

4-) 

r(1)0 
0.04 - 

X 
o 
0.02 +- 

0.01 
10 

°C 

950 °C 

46i 

900°C, 

B203 source 

Substrate 

20 40 60 80 100 200 400 

in minutes Time 

A 
1 

= 0.37 cm/50°C 

A2 = 0.49 cm/50°C 

A 
3 

= 0.80 cm/50°C 

p12 = 0.12 cm/50°C 

023 = 0.31 cm/50°C 

A34 = 0.33 cm/50°C 

P 
4 

= 1.13 cm/50°C 

A 
5 

= 1.47 cm/50°C 

6 
= 1.82 cm/50°C 

A6 = 0.36 cm/10°C 

A 45 
= 0.34 cm/50°C 

A 56 = 
0.35 cm/50°C 

Fig. 29. Projection scheme on estimation of mask - 

failure oxide thickness of a boron 
diffusion (from I.C.E.) (25). 
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APPENDIX V 

Method and Sample Calculation 

of Field- effect Transistor Parameters 

(1) Partial -masking Method: 

We = 10 mils Go exp = 320p, mho 

L = 1 mil Vp exp = 1.3 volts @a Vg = 0 

Xc = 0.096 micron 1p exp = 0.205 ma 

R 
c 

= 33kQ 

X' = 1,056 micron 
c 

X 
e 

= 0.96 micron 

Xb = 1.20 micron 

Using channel resistance and 

pc = 
TA 

= (3.3) 103 (10)(0.096)/(1)Q-cm = 0.317Q-cm 

Ñ 
c 

= 8.6x1016 

pp = 280 cm2 /v -sec from the plot of carrier 

mobilities in silicon (1) 

Go = cippNc XcWc /L = 369 micromho 

Vp = qÑc X2 /8Eeo = NeXT (18.8) 10 -16 volts 
c 

= 2.01 volts 

c c 

(Xc in micron) 

lp = GoVp/3 = 0.369x2.01/3 ma = 0.259 ma 

p 

-- 

.... 
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Using resistivity measurement values: 

V /Ib = 44 0 /sq 

V /Ic = 56 Q /sq 

Xe /Xc = 0.96/1.056 = 0.909 

pb = (V/Ib) (4,5) (Xb) 10-4 Q-cm = (2.375) 10-2 SZ-cm 

ab = 42.1 mho /cm 

Referring to silicon resistivity plot (26) 

Nb = (4) 1018 at /cm3 

Nbs = (1.4+1.2)(0.55) 1.019 at/cm3 

Nbs = (1W31) 1.019 at/cm3 

p 
c 

= (2.66) 10-2 Q-cm 

= 37.6 mho /cm 

Ncs = (1.2+1.0) (0.55) 1019 at/cm3 = (1.11) 1019 

Nc = (3.3) 1018 at/cm3 

At Xe/Xc = 0.909 ax/x 

c 

px/x = 7.7 .. 1015 
c 

= 2.0 ... 1016 

Nx/xc = (1.7+7.0)(0.45) 

at/cm3 

= (1.3) 10-1 

= (5) 10-1 ... 

... 1015 

1016 

/ xx c = (1.7) 1015 ... 1015 

= (7.0) 1015 ... 1016 

1015 at/cm3 = (3.9) 1015 

at/cm3 

VBr C Ncs = (1.11) 1019 at/cm3 

p 
e 

= (1. . 297 ) 10-3 Q-cm 

a e 
= 771 mho/cm 

Ne = (6) 1019 at/cm3 

4 volts (Fig. 31) 

àc 
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R 
es 

= (2.1) 1020 at/cm3 At Ce = 1018 at/cm3 

The efficiency, E, can be found as 

E = Go /Vp micro-mho/volt = 246 micro -mho /volt 

(E) (Xc) = C = 8Wcc cup /Le = (8.51) 10 
-11 

uP 

mho -cm /volt 

C = (246) 10 -6 (0.096) 10 -4 mho -cm /volt = 

(2.36) 10 -9 mho -cm /volt 

The estimated mobility is 

= C/(8.51) 10 -12 cm2 /v -sec = 278 cm2 /v -sec 

wp = 280 cm2 /v -sec from mobility plot (1) 

(Rc = (8.6) 1016 at/cm3) 

(2). Two -deposition Method: 

We = 10 mils Go exp = 275 micro -mho 

L = 1.0 mil Vp exp = 1.10 volts 

Xc = 0.11 micron Ip exp = 0,09 ma 

R 
c 

= 5.0kß 

X' = 1..47 micron 
c 

X 
e 

= 1.36 micron 

Xb = 1,.60 micron 

pc = 0.55 S2-cm Nc = (3.5) 1016 at /cm3 @ Rc = 5k2 

= 350 cm2 /v -sec from Motorola (1) 

G 
0 

= 215.5 micro -mho 

V = 0.796 volts 
p 

I = 0,0571 ma 
p 

kp 

kp 
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Using resistivity measurement: 

V /Ib = 45,5 Q /sq 

V /Ia = 66.6 Q /sq 

Xe /X = 0.922 

pb 
= (3.28) 10 -2 Q -cm 

ab = 30.5 mho /cm 

Ñb = (2.55) 1018 at /cm3 

p 
c 

= (4.26) 10 
-2 

Q -cm 

ac = 23.5 mho/cm 

Ncs = (5m6) 1018 at/cm3 

LVc = (1.7) 1.018 at/cm3 

= (8) 10-2 ... 1015 x/xc 

_ (4) 10®1 000 1016 

Nx/x = (3.07) 1015 at/cm3 
c 

= 12.5 ... 10 px/xc 
15 

= 2.5 ... 1016 

VBr C (5.6) 1018 at /cm3 = 4.5 volts 

pe = (1.022) 10 -3 Q ®cm 

ae = 818 mho /cm 

Ne = (7) 1019 at /cm3 

(205) 1020 at /cm3 Res = 

E = 250 micro -mho /volt 

at CB = 1018 at/cm3 

C = (2075) 10 -9 mho -cm /volt 

µ. = 323 cm2/v-sec µ, (from Motorola (1)) = 

350 cm2/v-sec 
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(3). Etched- channel Method: 

We = 10 mils Go exp = 400 micro -mho 

L = 1 mil Vp exp = 2.2 volts 

Xc = 0.16 micron Ip exp = 0,72 ma 

R. 
c 

2097 kQ 

X' 
c 

= 1,48 micron 

X 
e 

= 1.32 micron 

Xb = 1,48 micron 

Using channel resistance: 

pc = 0.475 Q-cm Ne = (403) 1016 at/cm3 

= 350 cm /v-sec 2 
(from Motorola (1)) 

G 
o 

= 385 micro-mho 

V = 2.02 volt 
p 

I = 0,776 ma 
p 

Using resistivity: 

V /Ib = 4505 Q /sq 

V /Ic = 67.7 Q /sq 

Xe /X° = 0.,892 

pb = (3003) 10 
-2 Q cm 

ao = 33 mho /cm 

Nb = (2.3) 1018 at/cm3 

pc = (4.02) 10-2 S2-cm 

ac = 24.8 mho/cm 

Ncs = (6,55) 1018 at/cm3 

e 

= 

!. 



ieïc = (1.8) 1018 at /cm3 

mho /cm . °. 1015 x /x 
c 

Nx/x 
c 

= 

= 

(1.65) 

(7.00) 

(6016) 

10 ®1 

10 ®1 

1.015 

89 

Px/x = 2.06 Q-cm ... 10 
c 

15 

mho /cm ... 1016 

Px /xc = 1.43 Q cm . °. 1016 

at/cm3 

VBr = 4.5 volts @ Ncs = (6.55) 1018 at/cm3 

Pe = (1.25) 10 3 Q-cm 

ae 
= 889 mho/cm 

R = (7) 1019 at/cm3 

Nes 
= (2.5) 1.020 at /cm3 at CB = 1018 at /cm3 

E - 182 micro- mho /volt 

C = (2.9) 10 -9 mho -cm /volt 

= 342 cm2 
2 
/v -sec 1 (from Motorola (1)) = 

350 cm2/v-sec 

e 

_ 

c 

c 

µP 
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APPENDIX VI 

Miscellaneous 

1. Buffered hydrofluoric acid........4 NH4F(Sat) : 1 HF 

2, Silicon- etch_ y... .20 HNO3 : 1 HF(48 %) : 10 H2O 

3, Aluminum -etch,.,...,.., 80 H3PO4 : 16 H2O : 5 HNO3 
3 

at 80 °C 

4. Boron source 40% B203 
2 3 

60% Si02 
2 

5. Junction- staun........5 CuSO4(sat) : 1 HF(48 %) 

6. Photo- resist........AZ1350 positive photo- resist 

from Shipley 

7. Phosphorus -source.....- .P2N5 

+ 


