






























































































































































































Here we assume that optical index, n, does not vary with the wavelength. 

Indeed, for ,\1 close to ,\2 , n will not change much even for dispersive materials 

and the assumption that n is effectively constant is reasonable. We obtain the 

following relationship: 

(7.2) 

Substituting (7.2) into any one of the simultaneous equations (7.1) we can find 

the optical thickness. Since we already know n for certain wavelengths in Chap-

ter 4, we can determine the film's thickness, d. 

If the etching rate were constant, then only the initial and final thicknesses 

and the etching time would need to be known to determine the etching rate. 

However, we can not conclude that the etching rate is constant. Measurements 

must be at many intermediate steps. 

The method mentioned above has some limitations, i.e., prior to etching the 

thickness of the born film must be uniform and not excessive or else we could 

not clearly see the fringes when we measure the reflectance of the sample. Also 

if the etching rate is very high (micrometers/minute), the optical method is not 

a good method to measure the thickness of the film. Instead, for samples with 

high etch rates we can use a stylus method to measure the change in thickness. 

The following is the procedure we used for the stylus method. We applied to 

the boron coated surface of the silicon wafer, several strips of Kapton tapes, each 

one partially overlapped by another. During etching we could periodically take 
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the sample briefly out of the etching bath, remove off one strip of Kapton tape 

so that another step would be exposed and return the sample to the solution. 

We then found the etching rate at several intermediate times by using the stylus 

method to measure the heights of the steps. This method does not limit the 

original thickness of the boron film so that we can utilize thick boron films on 

silicon wafers in the test. Since the scan range of the stylus instrument is more 

than 100 µm the slope of the step- causing by the etching under the tape will 

not influence the measurement of its height. 

Using the above routine we can find the thickness of the boron film after 

each etching so that the etching rate can be found. On the following page there 

is a table which indicates the etching rate against boron film for various etchants. 

From that table we have found that the boron films are very stable in bases 

and concentrated nonoxidizing acids such as concentrated HF, HCL, H3 PO4 , 

H2 SO4 , and glacial acetic acid. The etch rate in oxidizing acids, such as concen­

trated nitric acid and aqua regia, is measurable-about 3 µm/ day. The etch rate 

in oxidizing bases such as permanganate and ferricyanide is high, approaching 

1 µm/min. (the contents of the solutions are listed in the following table). 

It is noted that in a very few case the apparent thickness of the film in­

creases. The negative sign before the etch rate indicates that the boron films 

apparently have become thicker after etching. The reason for this is unknown. 

Perhaps a surface chemical reaction occurred which caused the film to swell by 
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incorporating atoms from etchant solutions. 

THE TABLE OF ETCHING RATE OF BORON FILMS 

Etch Rates nm/min at 

Etching Reagents* pH Room Temperature 

Beryllium CVD a-B:H 

HF 0.8 fast neg. 

H2SO4 -1.3 6060 -4.0 X 10-4 

HNOa -1.17 10.7 1.09 

Acetic Acid 1.8 45 -0.079 

HaPO4 -1.17 1160 0.146 

Aqua Regia+ -1.0 0.14 ± 0.02 

NH4OH+H2O2 11.4 neg. neg. 

NaOH Solution++ 13.7 neg. 

Ferricyanide** 13.7 1.5 165 

Permanganate# 13.7 900 

* All are concentrated unless otherwise indicated; 

** Solution is 0.6M in K3 Fe(CN)6 , 0.5M in NaOH, 0.02M in Oxalation; 

+ Solution is lM in HNO3 , 3M in HCl, lM in H2O; 

++ Solution is 0.5M in NaOH, 0.6M in H2O2; 

# Solution is less than 0.6M in KMNO4, 0.5M in KOH. 
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VIII. The APPLICATION OF AMORPHOUS BORON FILMS 

IN X-RAY IMAGING 

Since boron has a low absorption coefficient to x-rays, it can be useful for 

x-ray imaging. The main applications I have been studying are in the following 

two fields: one is a boron coating on beryllium windows which can protect them 

from corrosion and chemical attack; the other is self-supporting boron window 

fabrication. 

8.1 Boron Coating on Beryllium as a Corrosion Barrier Layer 

X-ray tubes produce x rays by the impact of energetic electrons on a target. 

The x rays produced are radiated in all directions and some of them reach 

the region where they are used after passing through a window. The window 

separates the working area from the x-ray production environment where a high 

vacuum is needed and which must be contamination free. The window must be 

transparent enough to pass as many x rays as possible. It also must be reliable 

enough to maintain the integrity of the x-ray tube for many years. There are 

no materials which are entirely transparent over all of the x-ray band. It has 

been found that beryllium is the only material suitable for x-ray tubes and in 

the thickness required it has substantial absorption particularly for soft x-rays. 

On the other hand, beryllium is strong and tough enough to be useful for most 

purposes and has been used with few changes for more than half a century. 

There is a trend to thinner windows which has made them more subject to 
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failure. The current state of the art is 5 mil (127 microns) thickness. 

We learned that these and thinner windows are subject to failure as leak­

s develop. In normal noncorrosive environments leaking begins after several 

years. This leaking was due to galvanic corrosion occasioned by the contact of 

dissimilar metals and an electrolyte. Beryllium is chemically active and more 

strongly electropositive than the stainless steel walls of the vessel to which it is 

attached. There is no way to avoid the contact of dissimilar metals and since 

beryllium is more chemically active it will always be the active member of the 

couple attacked. That there may be an electrolyte present is not clear, however, 

the electrolyte can be any salt bearing region. It is not always a liquid, and 

sometimes it appears to follow the pattern of a finger print suggesting that this 

is the source of the salt/ electrolyte. 

The only approach which has occurred to researchers is to overcoat beryl­

lium with one or more films which have very low absorption, are inert , tough 

and chemically resistant and will deny the access of electrolytes and salts in 

any form to the beryllium window. It is highly desirable to use low Z materials 

for protecting beryllium but there are few viable choices. Lithium is chemically 

active, the rest of the elements of that row in the periodic table are gases except 

for carbon and boron. 

We discovered that amorphous boron films can stick well to the surface of 

the beryllium and can be deposited without stress related failure to thicknesses 
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of many microns if required. The boron coated beryllium windows are chemically 

stable (see Chapter VII). They are also hard and can resist the effect of abrasion 

(see Chaper V). 

We successfully coated 1 µm of boron on a beryllium window of 1 mil in 

thickness. It is surprisingly stable in both a radiation and a chemically aggressive 

environment. It is found that HF acid, which can easily etch beryllium, cannot 

attack beryllium with a boron coating. We put the sample window in front of 

the x-ray source, kept the source working for thousands of hours and no damage 

was found. The film was also found to be chemically and abrasion resistant 

with unexpected (2000 to 3000) Vickers hardness. Fig. 8.1 shows the coated 

beryllium window with a boron film. 

8.2 The Fabrication of Boron Windows 

Though beryllium foils are made by crossrolling a sheet of a compressed 

beryllium powder, it cannot be very thin. About 1 mil in thickness is the mini­

mun size. Pinhole free can be maintained. Also, it is toxic and chemically active. 

CVD boron films can be very thin. The absorption coefficient for boron is larger 

than that of beryllium, but the attenuation of x-ray through boron windows can 

be smaller than that through beryllium windows if the boron windows are thin 

enough. We successfully fabricated a boron window by depositing the boron 

film and then etching the silicon off according to a certain pattern. Appendix 6 

indicates all the whole processing steps. Fig. 8.2 is a picture of a boron window 
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taken by scanning electron microscope. 

Boron windows of 1 µm in thickness were fabricated successfully without 

pinholes. They are unfortunately too weak to withstand one atmosphere differ­

ential between both sides for the windows without a rib structure. However, if 

we improve the window structure by adding ribs, perhaps they can adequately 

support the required differential. Since the boron films have many properties 

which are especially useful for x-ray applications I think that this technique will 

contribute greatly to x-ray devices; not only for the x-ray windows, but also for 

multilayer, bending, x-ray beam splitters, etc. 
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Fig. 8.1 Photog raph of the beryllium window coated 

wit h boron thin fil m. 
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IX. SUMMARY 

9.1 Conclusion 

The hot wall CVD method can produce hydrogenated amorphous boron 

films. These films, in many ways, are typical amorphous semiconductors with 

energy gaps ranging from 1.09 to 1.36 eV, depending on the hydrogen content. 

Their resistivity at room temperat '!-lre is as high as around 104 O-cm. At room 

temperature the main conduction mechanism is carrier hopping ( tunnelling) 

between localized states near the Fermi energy level. When the temperature rises 

(T room <T<350°C) the main conduction mechanism is due to carriers excited 

into the localized states at the band edge. When the temperature is above 350°C, 

the main conduction mechanism is due to carriers excited into non-localized or 

extended states. The Young's modulus of the boron film is 3.05 x 1013 dyne/cm2 . 

The intrinsic stress of boron films on silicon wafers with (110) orientation is 9.03 

x 109 dyne/cm2
. The hardness is around 2500 Vickers. 

Boron thin films are quite stable chemically and nontoxic. They are very 

stable in nonoxidizing bases and concentrated nonoxidizing acids such as con­

centrated HF, HCL, H
3

PO
4

, H
2

SO
4

, and glacial acetic acid. The etch rate in 

oxidizing acids, such as concentrated nitric acid and aqua regia, is 3 µm/ day. 

The etch rate in oxidizing bases such as permanganate and ferricyanide is high, 

approaching 1 µm/min. With those etchants we can produce various patterns 

in boron films. 
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Since boron is a low Z element, it is very useful for making x-ray imaging 

devices. It can be a hard passive layer for beryllium x-ray windows. There is 

evidence that boron thin films may have a bright future in making x-ray imaging 

devices. 

9.2 Future Work 

I think that the following topics are worth studying further: 

(1) studying how the stress of the boron films vary with the condition of 

production. Chapter 6 mentioned that the stress of the boron films will change 

with the conditions of production. It would be very useful to the bending work 

for x-ray imaging. 

(2) studying the interface between beryllium and CVD boron films depo­

sited at high temperature. Studying how they diffuse and what optical effect 

the sample will have, such as the reflectance and transparence. This would be 

helpful to the baffle work for x-ray imaging; 

(3) studying further the deposition conditions and x-ray optical properties 

of boron films. For example, we need to find what is the proper deposition 

conditions to improve the surface smoothness of boron films; we also need to 

find the soft x-ray properties for self-supporting boron films. It is a challenging 

task to find more applications of boron film in x-ray imaging. 
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APPENDIX 1 

Silicon Wafer Cleaning Procedure 

1. soak in hot 50 : 50 decontam solution for longer period than 10 minutes. 

a. prepare solution with 400ml decontam and 400ml distilled water; 

b . heat to boiling point. 

2. rinse in runing distilled water for longer period than 5 minutes. 

empty rinse container completely at least once during rinse. 

3. soak in 5% HF solution for 10 minutes. 

a. prepare solution with 80ml of 49% HF and 800ml of distilled H20; 

b. do not soak for long periods of time or a white film will develop . 

4. repeat rinse.(see step 2) 

5. blow to dry the sample with N2 or methanol. 
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APPENDIX 3 

C ************************************************************************ 
C PROGRAM DESCRIPTION 
C This program can find the optical index n and k of the sample from its 
C reflectance and transmittance for each wavelength according to the 
C schematic diagram shown in Chpter 4 . 
C 

C 

C 

C 

C 

C 

C 
C 

C 

C 

C 

VARIABLE LIST 
n(I) 
k(I) 
d 

s(I) 
refie(I) 
t(I) 
para 
lamda(I) 

optical index of the film; 
imaginary part of the optical index of the film; 
thickness of the film; 
optical index of the micro slide; 
reflectance of the sample; 
transmittance of the sample; 
reflectance of the mirror at certain angle; 
wavelength (in nm). 

C PROGRAM OUTPUT 
C lamda(I), n(I), k(I). 
C ************************************************************************ 

double precision refle(10),k(10),d,n(10),t(10),s(10) 
double precision para 
integer lamda(10),tem,m(10),num 
write(6,*)'please input the reflectance of mirror' 
read(5,*)para 
write(6,*)'please input the thickness' 
read(5,*)d 
write(6,*)'Please input the number of data' 
read(5,*)num 
do 10 j=1,num 
write(6,*) 'Please input the wavelengthes of reflection 

& from 500nm to' 
write(6,•)'820nm. The wavelength (in nm)=' 
read(5,•) lamda(j) 
write(6,*)'Its value of reflection=' 
read(5,*)refle(j) 
write(6,*)'its transmission value=' 
read(5,•)t(j) 
write(6,*)'its substrate index=' 
read(5,*)s(j) 
type *,'please input initial k.' 
read(5,*)k(j) 
rfm1=refle(j)/para**2 
call determin(t(j),rfm1,n(j),k(j),d,s(j),lamda(j)) 

10 continue 
do 300 j=1,num 
write(6,30)lamda(j),n(j),k(j) 

300 continue 
30 format(1x,I6,7x,F9.3,4x,F9.3) 

stop 
end 

C ************************************************************************ 
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C Evaluate n and k of the sample at the given wavelength. This 
C subroutine needs to input the range of n at the given wavelength. 
C ************************************************************************ 

subroutine determin(t1,r1,n1,k1,d,s1,y1) 
double precision t1,r1,n1,k1,d,a1,a2,s1,high,low 
integer y1 
type*, 'input low and high n' 
read(S,•)low,high 
call findn(r1,k1,d,y1,s1;n1,low,high) 
a1=k1 
a2=n1 
k1=findk(t1,n1,d,s1,y1) 
do while((abs(a1-k1).ge.0.001) .or.(abs(a2-n1) .ge.0.01)) 

a2=n1 
call findn(r1,k1,d,y1,s1,n1,low,high) 
a1=k1 
k1=findk(t1,n1,d,s1,y1) 

enddo 
return 
end 

C ************************************************************************ 
C This function is to find k of the film at the given wavelength. Here 
C equation (4.12) is used. 
C ************************************************************************ 

double precision function findk(t,n,d,s,y) 
double precision t,n,d,s,temp 
integer y 
temp=(n+1)**3*(n+s*•2)•t 
temp=temp/(16•n••2•s) 
temp=L0G(temp) 
temp=-y•temp/(4•3.1415926D0•d) 
findk=temp 
return 
end 

C ************************************************************************ 
C This subroutine is to find n of the film according to the reflectance 
C at a given wavelength . If the initial value of n is proper, "ok" will 
C be shown on the screen. 
C ************************************************************************ 

subroutine findn(x,y,d,lamda,s,n,a,b) 
double precision a,b,c,x,y,dd1,dd2,lamda,s,n 

* a=2.8D0 
* b=2.85D0 

c=a+(b-a)/2 
call result(x,y,c,d,lamda,s,dd1) 
do while (dabs(dd1).ge. 0.01) 

call result(x,y,a,d,lamda,s,dd2) 
if(dd1*dd2.gt. 0 . 0) then 

a=c 
c=a+(b-a)/2 

else 
b=c 
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c=a+(b-a)/2 
endif 
call result(x,y,c,d,lamda,s,dd1) 

end do 
n=c 
write(6,*)'ok' 
return 
end 

C ************************************************************************ 
C This subroutine is to find the difference between the given 
C reflectance and the calculated reflectance from the given n and k. 
C Equation (4.13) is used here. 
C ************************************************************************ 

subroutine result(x,y,c ,d,lamda,s,dd) 
real x,y,c,p,q,d,s,dd, i 
complex r1s,r2s,rs3,rs,b,j 
integer lamda 
p=sqrt((c••2-y••2-0 . 25D0)••2+4*c**2*Y**2) 
p=p+(c**2-y**2-0.25D0) 
p=sqrt(p/2) 
q=sqrt((c**2-y••2-0.25D0)••2+4*c**2*Y**2) 
q=q-c**2+y**2+0.25D0 
q=sqrt(q/2) 
j=cmplx(O.D0,1.DO) 
r1s=(1 . 732D0/2-p-j*q)/(1.732D0/2+p+j•q) 
r2s=(p+j•q-sqrt(s••2-0 . 25D0))/(p+j•q+sqrt(s••2-0.25D0)) 
rs3=(sqrt(s••2-0.25)-0 . 866025)/(sqrt(s**2-0.25)+0.866025) 
b=4*3.1415926DO•d/lamda*(p+j*q) 
a=4*3.1415926*d*sqrt(s**2-0.25)/lamda 
rs=r1s+r2s*exp(j•b) 
rs=rs/(1+r1s•r2s•exp(j*b)) 
r3s=(1-r1s••2)*(1-r2s**2)*r3s•exp(j•a+j*b)/(1-r1s*r2s*exp(j*b)) 
rs=rs+r3s 
dd=rs*conjg(rs)-x 
return 
end 
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APPENDIX 4 

>.(nm) n k 

1779 2.84 0.016 

1516 2.91 0.026 

1167 2.98 0.054 

864 3.19 0.103 

743 3.33 0.157 

685 3.37 0.188 

637 3.44 0.220 

575 3.45 0.274 

550 3.46 0.300 

530 3.48 0.320 

510 3.49 0.347 

490 3.50 0.374 

470 3.51 0.403 

The above table indicates the refractive index of n and k for the thin film 

deposited at 3 inches from the entrance of the hot zone. 
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>. (nm) n k 

1466 3.06 0.044 

850 3.23 0.137 

810 3.27 0.148 

707 3.37 0.206 

610 3.53 0.271 

570 3.53 0.311 

520 3.56 0.366 

490 3.59 0.407 

470 3.61 0.437 

450 3.63 0.463 

The above table indicates the refractive index of n and k for the thin film 

deposited at 4 inches from the entrance of the hot zone. 
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APPENDIX 5 

The main procedures of fabricating boron windows are as follows: 

1. clean the silicon wafers; 

2. deposit a boron film on a silicon wafer; 

3. etch the boron film on one side of silicon wafer; 

4. using microlithography method make a pattern on that side of the silicon 

wafer; 

5. etch the silicon off according to the pattern. 
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ABSTRACT 

Boron, a low Z element, is useful for x-ray optics since it has a low atomic 
absorption coefficient. Boron films prepared by chemical vapor deposition were 
characterized optically, electronically and mechanically. Auger, infrared and hy­
drogen effusion analyses showed that the films are amorphous hydrogenated boron. 
The hydrogen content ranges from 8% to 71 %. The measurements of the complex 
refractive index and the resistance vs. temperature determined that they are typical 
amorphous semiconductors with the energy gap ranging from 1.09 eV to 1.36 eV, 
decreasing with increasing hydrogen content and the Fermi energy level is pinned 
about midgap. The real refractive index at 490 nm increases from 3.25 to 3.59 
with increasing hydrogen content. The Young's modulus and hardness were found 
to be 3.05 x 1013 dyne/cm2 and around 2500 Vickers, respectively. A method 
of measuring optical index of boron films is proposed and described, as well as 
a model that determines their Young's modulus and predicts the bending of the 
boron/silicon structure. The chemical tests suggested that boron films are stable 
in nonoxidizing bases and concentrated acids. Some oxidizing bases such as a basic 
ferricyanide solution are good etchants for CVD boron films. Boron coating on 
beryllium windows as a corrosion barrier layer and self-supporting boron windows 
are set forth as potential products of x-ray imaging. 
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