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ABSTRACT 

It has been proposed that a solid state neutron spectrometer 

29 
could be prepared from Si that would have very good resolution for 

neutrons up to 5 MeV.'*’ The purpose of this paper is to review the 

feasibility of making such a neutron detector and to report on possible 

techniques of fabrication. The main attention is given to the processes 

by which such devices may be fabricated. 

29 j 
Si has a natural abundance of 4.71% and can be obtained in its 

isotopic form by mass spectroscopic separation methods. As one might 

imagine, this material is extremely expensive and it is economically 

necessary to have a proven detector fabrication technique with a high 

29 
yield before ever using the Si . For this preliminary work, natural 

28 
silicon (94% Si ) was used and the procedures discussed in this paper 

are concerned with lithium drifted detectors fabricated from commer¬ 

cially available silicon. 
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THEORY 

The excellent energy resolution and ease of use of solid state 

detectors have been attracting growing attention to their use as 

neutron detectors. Since a solid state detector is essentially a 

charged particle detector, a neutron must first impart its energy 

to some type of charged particle in order that its energy be measured. 

The energy actually observed is that of the charged particle and, 

depending on the Q-value of the reaction by which the charged particle 

was created, this measured energy differs by some constant above or 

below that of the incident neutron. The energy transfer from the 

neutron to the charged particle may occur either in an external 

medium placed in front of the detector or it may take place in the 

material of the detector itself. The second method is the more accurate 

and gives better resolution. In fact, one would expect to get as good 

a resolution as that obtainable for charged particles and a good de¬ 

tection efficiency. A direct conversion detector has the added advantage 
over activation techniques 

that it can detect short-time fluctuations in neutron densities. 

The reactions which may take place in a silicon detector that are 

of interest here are the (n,a) and (n,p) reactions occurring in 

4 
the various silicon isotopes. The cross section for these reactions 

should be reasonably large and smooth in the energy range of the in- 
as a neutron detector 

cident neutrons for best results* The Q-value of the reaction should 

be negative in order to exclude thermal neutrons, and it should be as 

close to zero as possible to allow the detection of low energy neutrons. 
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ground state and the first excited „ , , , , , 
The separation between the^variowo states of the product nucleus should 

be large so that a useful clear range is available. Table 1 summarizes 

these parameters for the neutron reactions occurring in silicon. 

Fig. 1 and Fig. 2 show the neutron cross sections for Si 
28 

and 

Si 
29 

The rapid variation with neutron energy of the cross section for 

oo OQ OR 25 

the Si (n,p)Al and Si (n,a)Mg reactions show that a natural silicon 

neutron counter would be of limited use. Also, the magnitude of the Q- 

values would exclude the measurement of lower energy neutrons. However, 

29 26 
the Si (n,a)Mg reaction shows that below En = 5 MeV , the ground 

state transition is dominant and would allow a counter to be fabricated 

29 
from Si for neutron energies of less than 5 MeV. The Q-value is 

29 26 
small and negative. Below 2 MeV the Si (n,o')Mg reaction has a small 

cross section because of barrier penetration effects for the a particle. 

If a volume of near intrinsic silicon is formed between regions 

doped respectively p-type and n-type and a reverse bias is applied to 

the resulting p-i-n structure, all residual carriers will be swept 

from the intrinsic region. In this condition, the whole intrinsic 

region is sensitive to charged particles which enter it or which are 

generated in it. If the sensitive region is large enough, the height 

of the resulting pulse generated by the incident particle will be pro¬ 

portional to the energy of the particle. However, if the layer is too 

thin, or the incident particle is of too high an energy, the detector 

will not completely stop the particle and the pulse height will reach 

some maximum. 
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2 3 
There are several types of these silicon junction detectors. * 

A junction may be formed by diffusing a suitable impurity into doped 

silicon. The depletion layer may be widened by the application of a 

reverse bias to the detector. A second type, the surface barrier de¬ 

tector, utilizes the oxide layer which spontaneously forms on the surface 

of clean silicon to form the junction. Electrical contact is made by 

evaporating a thin layer of a metal (usually gold) onto the oxidized 

face. Again, a reverse bias widens the depletion layer, or barrier, 

into the silicon to a depth of as much as one millimeter. If a very 

wide depletion layer is desired, the ion drifted p-i-n diode is 

capable of providing the widest depletion region for the detection 

of long range particles. This technique of detector fabrication 

involves the formation of a large volume of near intrinsic silicon 

by impurity compensation. The p-n junction may be formed either by 

diffusion or surface barrier techniques. Because of the large sensitive 

volume, the p-i-n detector would be best suited for neutron detection. 

The method of compensation of silicon by ion drift was first 

discussed by Pell^ in 1960. Further articles have since appeared (6, 

10, 11, 12, 13). Lithium ions have a high mobility in silicon and act 

as interstitial donors. If a large concentration of lithium is diffused 

into the surface of p-type silicon, a normal p-n junction results. If 

a reverse bias is applied, the positive lithium ions will tend to drift 

in the electric field of the junction from the lithium doped n-type 

toward the p-type region. As drift continues, lithium is withdrawn 

from the region x < xc, Fig. 3, on the n-type side of the junction at 
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x = xc and transferred to the region x > xc, which was initially 

p-type. This drift will tend to produce an intrinsic semiconductor 

region between the n and p regions as the lithium donor concentration 

Np becomes equal to the acceptor concentration . The lithium 

concentration cannot, however, fall below N. at x < x because 

the excess acceptors in such a region would change the space charge 

and increase the field on the excess lithium side and decrease it on 

the opposite side, thus increasing the flow of lithium ions into the 

deficit region until it disappeared. In a like manner, the lithium 

concentration cannot rise above N. in the region x > x . The 
A C 

value of will, therefore, tend toward N. and an intrinsic 
D A 

region of increasing width will be produced so long as the field is 

applied, shown in Fig. 3. 

A detector made by this process should exhibit good detection 

properties and would be sensitive to higher energy particles. The 

question now arises as to whether the lithium-neutron interaction 

will cause any problems if the device is used as a neutron detector. 

Consider an incident neutron in the range 2 to 5 MeV. If we assume 

29 
the detector is pure Si with a resistivity of 100 0 cm and is i* 

29 
2 mm thick, then the probability of a Si (njOr) reaction is 

P = N x t x< a 

P = (5 X 1022) X (0.2) X (0.05 X lO-24) 

P = 0.05$ 
3 

where N is the number of silicon atoms per cm and a is the cross section 
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for the reaction. If we further assume the lithium concentration is 

14 
equal to the impurity concentration in the depletion region (=10 

3 
atoms per cm ), then the probability for a lithium-neutron interaction 

in the depletion region is 

P = (1014) X (0.2) X (1.5 X 10"24) 

P = 3 X 10"9$ 

and we see that this is no problem. 

However, in the heavily doped n-type region (which is about 400 p, 

thick) the lithium concentration greatly increases and there is a much 

larger probability of creating a charged particle. Because this region 

is doped to degeneracy, the lithium concentration is not known exactly. 

As a worst case example, suppose the lithium concentration is equal to 

6 7 
the silicon concentration. The lithium is 7.40$ Li and 92.6$ Li. 

6 3 
The Li (n,Of)H reaction has a cross section of 1 to 2 barns in the neur. 

g 
tron energy range of interest and is by far the dominant Li -neutron 

17 
reaction. Its probability is 

P = (5 X 1022) X (0.04) X (2 X lO24) X (0.074) 

P = 2.96$ 

29 
and this reaction is considerably more probable than the Si (n,cv) 

6 7 
reaction. This Li reaction also dominates any Li -neutron interactions. 

g 
For a 4 MeV neutron incident on the heavily doped region, the Li° 

(n,O') reaction will produce 3.76 MeV alphas and 5.02 MeV tritons. The 

18 
alpha particle will have a range of 2.26 cm in air and this is 
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d = (range in air) X 
(density of air) 

(density of lithium) 

d -(2.26 cm) 

d = 55 y, in the lithium. 

The range of the 5.02 MeV triton is 5.15 cm in air or 126 y, in 

lithium. This is about one-third the thickness of the n-type region 

and if one-half of these newly created charged particles return to the 

sensitive region, and are detected, difficulties arise. This problem 

ca.n be eliminated by removing the heavily doped region and using surface 

barrier techniques instead. 

It is concluded from these arguments that it would be feasible to 

29 
construct a solid state neutron detector using lithium drifted Si 

Suitable steps must be taken to remove the lithium rich n-type region 

after drifting, however. 
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FABRICATION TECHNIQUES 

We now develop an experimental technique, using natural silicon, 

29 
that will serve as a working procedure for the Si detectors. 

Boron doped p-type silicon was obtained according to specifi¬ 

cations outlined in Table 2. About half the work was done with this 

100 n cm resistivity silicon; earlier work was done with 750 Q cm 

material, but with little success. A wafer slightly thicker than 

the desired detector (usually about 6 mm) was sliced from the ingot 

using a diamond saw. The ingot was held in a v-shaped lavite holder 

with dopping wax during the sawing. After slicing, the wax was re¬ 

moved in acetone and the wafer was cleaned. The standard cleaning 

procedure consisted of one minute consecutive rinses in deionized 

distilled water, methanol, and trichloroethylene, all with ultrasonic 

+ 
agitation. From this point on, the silicon was never touched with 

the hands. 

Lapping and polishing followed to remove the damage to the crystal 

structure caused by sawing. The wafer was waxed onto a brass carrier 

using black Apiezon wax and lapped smooth in a lapping machine, first 

using 600 mesh silicon carbide powder for about 45 to 60 minutes, 

then using 5 micron AB alumina for about an hour. The slice was 

turned over and the other side was lapped in the same manner. Cleaning, 

as detailed above, followed removal from the carrier. After being 

blown dry in a jet of nitrogen (to keep the solvent from evaporating 

t All chemicals used were Analyzed Reagent Grade. 
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on the surface), the wafer was then chemically polished for about three 

+ 
minutes in a constantly stirred bath of CP4A. It is very important 

that the surface of the silicon not be exposed to air after etching 

until the acid has been diluted. This prevents the immediate formation 

of a silicon oxide on the surface and was accomplished by carefully 

decanting off the acid with distilled water. A one minute ultrasonic 

rinse in deionized water followed. 

In order to provide an ohmic contact to one face of the detector, 

a uniform layer of aluminum was alloyed into one face of the wafer. 

The aluminum was evaporated from a tungsten filament onto the silicon 

in a vacuum evaporator at a pressure of about 10 Torr. As the 

aluminum side will eventually become the target side, it was necessary 

to make the deposition as thin as possible so that the detector would 

be sensitive to lower energy particles. A layer of aluminum about 

2 
1,000 Angstroms thick (0.03 milligrams / cm ) was used. A nomograph 

is available^ to calculate the amount of material needed in the filament 

in order to deposit a layer of a given thickness on the wafer. (This 

saves making a geometrical calculation). The 99.9$ pure aluminum wire 

used was degreased in trichloroethylene prior to evaporation. The 

wafer was placed 10 cm away from the filament to obtain an even coating. 

The aluminum was alloyed into the silicon by placing the wafer in 

a furnace (Fig. 4) and heating to 650° C. for one minute. Helium flowing 

through the furnace during this procedure prevented any oxidation. Care 

t CP4A is a mixture of 2 parts concentrated nitric acid, 1 part glacial 
acetic acid, and 1 part 49$ hydrofluoric acid. 
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was taken not to cool the silicon too fast, as this destroys the carrier 

lifetime. 

The wafer was diced into 6 mm by 6 mm squares using a diamond saw. 

A rinse in acetone preceded the usual cleaning treatment after sawing. 

At this point, lithium was applied to the face of the slice 

opposite the aluminum. The lithium was obtained as a suspension in 

4* 

mineral oil and a rather thick coating was painted on the slice with 

a glass rod. Care was taken to keep the lithium off the edges. The 

slice was transferred to the helium atmosphere furnace and the temp¬ 

erature was raised to 250° C. to drive off the mineral oil. This was 

done slowly in order to keep boiling at a minimum and to assure an 

even layer of lithium on the surface. It was very hard at times to 

prevent the formation of bubbles which created holes in the lithium 

coat. The temperature was then elevated to 450° C. for two minutes 

to diffuse the lithium into the silicon. Some trouble was encountered 

here with the formation of a lithium-silicon eutectic which "balled 

up" on the surface and left a deep pit after cleaning. This phenomonon 

is not understood. This slice was allowed to cool slowly. The depth 

of this diffusion can be measured by slicing into the diode, lapping 

the freshly exposed edge smooth, and applying a 20$ copper sulfate 

solution to the edge. Copper will plate out on the heavily doped 

n-type silicon where the lithium has been diffused in and the depth 

of the diffusion can be measured under a microscope. 

t Lithium Corporation of America 
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A crusty layer of lithium was left on the surface. Pitting of the 

silicon occurs during the diffusion and is made worse when the excess 

lithium is removed. This pitting can be minimized if as much lithium 

as possible is scraped off with a sharp instrument, and the rest is 

removed ultrasonically in methanol. 

The slice is now a diode with the p-n junction about 400 |JL from 

the lithium side (the actual depth of the junction depending on the 

diffusion time and temperature). After cleaning, an average reverse 

leakage current of from 1 to 1.5 ma was observed at 100 volts. Etching 

was used to reduce this leakage to less than 10 (j, amps. The aluminum- 

and lithium-coated surfaces were painted with a protective coat of 

Apiezon wax dissolved in trichloroethlyene and then dried under a heat 

lamp. The edges were etched in CP4A for three minutes. Again, care 

was taken in decanting off the acid. The wax was removed and the 

standard cleaning procedure followed. 

The quality of the diode now determined whether the drift pro¬ 

cedure was carried out. "Good" diodes had leakage currents less than 

10 |j, amps at 100 volts. This dividing line is somewhat arbitrary but 

the lower the leakage current before drift, the better the detector. 

Typical diode characteristics observed at this stage are shown in 

Fig. 5. There are several methods that may be applied to cut down the 

8 9 
leakage ’ , but the best procedure is to be extremely careful during 

the entire process to keep everything as clean as possible. The 

purity of the water, which should have a resistivity of above 5 

megohm-cm, is an important factor. It has been noticed that the etch 
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can deteriorate with age and it is impossible to make a low-leakage 

device unless the etch is freshly prepared. Care should be taken to 

prevent any drops of solvent from drying on the surface of the silicon. 

These can be blotted away or blown off in a jet of dry nitrogen. 

The drifting process is then undertaken. In order to insure 

uniform compensation, the drift should be carried out at a constant 

temperature. This maintains a constant value of lithium ion mobility. 

The rate of drift depends on the mobility of lithium in silicon and 

the applied electric field. The field is limited by the diode break¬ 

down voltage at the drifting temperature. The mobility is dependent 

on the temperature and increases roughly exponentially with temperature^. 

The generation of intrinsic carrier also increases with temperature 

and if the drift is attempted at too high a temperature, injection 

current will dominate (when the number of intrinsic carriers n^ be¬ 

comes greater than the acceptor level ). When this happens, there 

is no longer a space charge region and compensation of the impurities 

is no longer able to continue. Thus, the maximum feasible drift 

temperature is determined by the resistivity p of the base silicon 

(p being a function of ). This is shown in Fig. 6. 

Several heat sinks were tried in order to maintain a constant 

temperature without contaminating the diode. A rapidly stirred oil 

bath has been used. Fig. 7 shows the apparatus. Dow Corning Silicone 

200 Oil proved unacceptable as the heat transfer medium; diodes 

drifted in it were usually very leaky. Better results were obtained 

t 
using 3M Fluorochemical liquid. This liquid was constantly boiling 

^ Minnesota Mining Company FC43 has a boiling temperature of 175° C. 
and FC75 has a boiling temperature of 104° C. 

4 
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and was very effective in holding the diode at a given temperature. The 

FC 75 liquid had the proper boiling point for 100 Q cm silicon. 

Low leakage detectors have also been made by drifting in an oven. 

This method does away with the chance of contamination due to immersion 

in a liquid. However, it is harder to control the temperature of the 

diode because the air does not conduct away the heat generated by power 

dissipated in the diode. Both of these temperature-maintaining methods 

have produced low leakage diodes, but the latter appears to be the more 

favorable. 

The drift time depends not only on the thickness of the detector 

and the temperature, but also on the applied field. It is shown in 

Appendix A that the maximum drift rate is obtained when constant 

power is applied to the diode. In this situation, the drift time is 

proportional to the cube of the final depletion layer thickness. 

Normally, detectors have been drifted three to five days. 

The capacity of the detector is a measure of the width of the 

depletion layer. After being cooled to room temperature, the junction 

capacity can be measured as a function of the applied reverse bias 

and is an indication of the progress of the drift. These measurements 

were made with a Boonton 100 KHz capacity bridge. The capacity C 

is related to the depletion layer width W by 

1.06 X 10~12 X A(cm2) 
W (cm) 

C (fd) = (for Silicon) 
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Several curves of capacity versus reverse diode voltage are shown in 

Fig. 8. The typical before-drift curve indicates a depletion layer 

of about 0.005 mm. The other curves show a width of about 1.5 mm, 

which is about one-fourth of the thickness of the diode. These 

measurements were taken after approximately 70 hours of drift with 

400 volts applied. 

Because of the severe pitting caused by the lithium diffusion, 

it was decided to use either the aluminum coated face or an edge as 

the target of the detector. This required that the lithium be drifted 

all the way through the diode in order to make the insensitive region 

as small as possible. No certain method has been found to indicate 

when drifting is complete; capacity measurements can be periodically 

made, but this is far from ideal because the diode must be removed 

from the drift apparatus and cooled to room temperature each time a 

13 
measurement is made. Dearnaley has observed that a n-i-n 

structure will be formed when complete compensation has taken place 

and a sudden onset of carrier injection will occur. Investigations 

are being made in this area. 

For thin detectors, it is necessary to use the aluminum face as 

the target because the edge simply does not present enough of a target 

area. But if the diode is thick enough ( > 4 mm), the edge is the 

best target. This eliminates the problem caused by the aluminum 

window and allows the detection of lower energy particles. Also, 

the target thickness can be made much larger this way. 
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After drift, the detector was rinsed in trichloroethylene and 

its leakage current was checked. Several cleaning procedures were 

used to make it less than 5 (j, amps at 100 volts. Silver paste was 

used to bond the lithium-coated side to a brass platform. A con¬ 

verted BNC to BNC female connector was used in conjunction with a 

brass sleeve to mount the device and provide electrical contact. 

Some problems with contact noise were encountered in making the 

electrical connection to the aluminum face. A spring steel wire 

was finally chosen as providing the least noisy contact, but this 

is still not ideal. 

TESTING AND RESULTS 

Bias was provided to the detector by a Tennelec Model 100A charge 

sensitive preamplifier. A 256 channel analyzer was used to obtain data 

on the performance of the detector. Thus far in the work, all detectors 

have been very noisy and this had led to poor resolution. Some diodes 

would not detect at all. The reverse leakage current has presented quite 

a problem and no satisfactory technique (that will work every time) has 

been developed to bring the leakage current within acceptable tolerances. 

A typical spectrum, using an alpha source, which points out the effects 

of contact noise and leakage is shown in Fig. 9. 

Further work will involve several major modifications in the fabri¬ 

cation technique. The lithium will be deposited on the slice in a 

vacuum and will then be immediately diffused into the silicon. This will 

necessitate the construction of a suitable heater capable of operation 
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in a vacuum system. All further drifting will take place with constant 

power applied to the diode and will be done in air instead of a liquid 

thermal bath. Greater care must be taken in the handling of the silicon 

in order to keep it as clean as possible. It has been reported in the 

literature and in private discussions with others in the field that 

silicon obtained from some manufacturers simply will not make good 

detectors. Investigations are being made into this facet of the problem. 

29 
Some additional problems may occur when the Si diode is used as 

a neutron detector. The most likely problem will arise from the neutron- 

lithium interaction in the heavily doped lithium region. If any diffi¬ 

culties do arise in this area, the heavily doped n-type section of the 

diode can be lapped off and a surface barrier formed in place of the 

i-n junction. 



APPENDIX A 

Two different ideas have appeared in the literature concerning 

the actual drift process. Some researchers carry out the drift with 

a constant voltage applied across the diode^, while others drift with 

13 
constant power being dissipated in the diode . The analysis that 

follows will show that constant power should be used in order to obtain 

the widest depleted region in the least time. 

Assume there is a constant field E in the depletion region. This 

assumption is valid after a small amount of drift has taken place. If 

W is the width of the depletion region, the velocity of the lithium 

ions through the silicon is 

dW _ 
v - dt=E 11 

where (j, is the mobility of the lithium in silicon, and if V is 

the applied voltage and I is the current though the diode, then 

dW _ V _ VI 
dt W WI ^ 

and if the power P is constant 

dW _ P_ 
dt WI 

Now, if the leakage current is totally due to recombination 

qni 
I = —- W A 

T 

dW _ P (Jb T 

dt “ TT
2
 A W q n. A 
n 1 

so 



Integrating 

3 _ 3 P u, T t 
W = 

q n± A 

W = / 3P|>. 
v q ni 

? ,.1/3 
A C 

Now, if we drift at constant voltage instead of constant power, 

dW _ V 

dt W ** 

and integrating, 

W = 72 V p, t 
:1 / 2 

The cube root function rises faster than the square root function at 

first, but there is a point beyond which the square root is always 

larger than the cube root. We can take advantage of this fact in 

drifting. There is some width W* which will require the same drifting 

time, either at constant voltage or constant power. We can find this 

time by equating the two expressions found above: 

P t1^3 = 72 V p, t1^2 t q n. A n l 

t = 

t = 

3 P u T 

q n± A 

2 

X (2 V |i) 
-3 

8 2 2 
p, q 

.2 3 
A V 

and using typical values 

-i 10 100 

io"9 X 10"38 X 1026 (.25)(1.25 X 108) 



Thus we see that the growth rate is faster when constant power is 

applied unless one wants to drift more than 10^ seconds (about 

100 days). 
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FIGURE CAPTIONS 

Fig. 1 
28 

Silicon - Neutron Cross Section (ref. 1) 

Fig. 2 
29 

Silicon - Neutron Cross Section (ref. 1, 14, 15) 

Fig. 3 Plot of Lithium Concentration vs. Depth, before and after 

drift 

Fig. 4 The Diffusion Furnace 

Fig. 5 Typical Observed Diode Characteristic 

Fig. 6 Plot of n^ vs. Temperature (ref. 16) 

Fig. 7 The constant Boiling Drift Apparatus 

Fig. 8 Observed Capacity - Voltage Curves, before and after drift 

Fig. 9 Observed Response to Alpha Particles, detector Li T^ 

TABLES 

Table 1 Properties of Silicon - Neutron Reactions 

Table 2 Specifications for Silicon Used in the Detectors 



TABLE 1 

Excited states of 

Reaction 
Q-Value 
TMeV] 

product nucleus 
TMeVl 

Si28(n,p) Al28 -3.867 0.03, 0.97, 1.02, 
1.38, 1.63, ... 

Si28(n,or) Mg25 -2.663 0.^58, 0.98, 1.61 
1.96, 2.57, ... 

Si29(n,p) Al29 -3.185 1.40, 1.76, 2.33, 
2.88, ... 

Si29(n,o-) Mg26 -0.021 1.33, 1.81, 2.94, 
3.58, 3.94, ... 

Si3°(n,p) Al30 -6.510 — 

Si3°(n,a) Mg27 -4.192 0.98, 1.69, 1.94, 
3.11, ... 

(reference 4) (reference 2) 



: TABLE 2 

Specifications for Silicon 

Single crystal, float zone refined, <1-1-1> orientation 

p-type, boron doped 

resistivity 100 - 150 cm 

diameter 7/8" + 1/16" 

lifetime > 100 JJ, sec 

oxygen content < 10^ atoms per cubic centimeter 



N
E

U
T

R
O

N
 

E
N

E
R

G
Y
 

(M
eV

) 



F
IG

. 

in 
o 

o 
o 

in 
o 
d 

(SNava) Noiioas ssoao 

(M
e
V

) 



IM
P

U
R

IT
Y
 

C
O

N
C

E
N

T
R

A
T

IO
N

 

X 

FIG. 3 



FIG. 4 



(S3U3dlAIVOUOIIN) lNSHUflO 39VNV3H 

R
E

V
E

R
S

E
 

B
IA

S
 

(V
O

L
T

S
) 



IN
T

R
IN

S
IC
 

C
A

R
R

IE
R
 

D
E

N
S

IT
Y

, 

FIG. 6 



i \ 
% 

W# 

FIG. 7 



F
IG

.8
 

o 0) 

<0 Io 

Qd) 30NVll0VdV0 3Q0IQ 

o 
oo 

o 
h- 

o 
(0 

o 
to 

o 
to 

o 
CVJ 

o 

R
E

V
E

R
S

E
 

B
IA

S 
(V

O
LT

S
) 



C
H

A
N

N
E

L
 

N
U

M
B

E
R

 


