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ABSTRACT 

THE EFFECT OF GLOW DISCHARGE ON SILICON 

SURFACE BARRIER DETECTORS 

Po-ching Liu 

This paper is devoted to the study of the effect of charge 

particle bombardment on surface-barrier detectors in a glow discharge 

tube. It is found that positive ion bombardment causes an increase 

in junction capacitance of the detector, while the electron bombardmen 

causes a decrease. This phenomenon can be accounted for by the change 

of the density of the surface charge residing on the surface of the 

bulk material of the detector; positive ion bombardment will decrease 

the surface charge density, and electron bombardment tends to in¬ 

crease the surface charge density. 
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1. 

1. GENERAL THEORY OF SURFACE BARRIER DETECTOR 

1.1 Introduction 

Semiconductor detectors have been widely used in the radiation 

detection because of compactness. If the sensitive part of the de¬ 

tector is composed of a thin surface layer grown by oxidization of 

the surface of the bulk material, the device is called a surface 

barrier dector. Under usual conditions of operation, it has been 

observed that these detectors changed their characteristic imme¬ 

diately after exposure to glow discharge; the purpose of this 

article is to study the mechanism of the change. It was found that 

the glow discharge changed the surface charge density on the surface 

of the bulk material. 

Roughly speaking, a surface barrier detector is a reversely 

biased p-n junction. With the p-side exposed toward the radiation, 

charge carriers are generated in the depletion layer. The charge 

carriers are then collected as a current pulse, the magnitude of 

which gives a measure of the incident particle energy. Because of 

its high resistivity it was found convenient to fabricate detectors 

with silicon. 

Dispite its popularity as a device, the complete physical 

situation of the surface barrier detector is still not fully 

understood, mainly because a completely controllable process for 

fabricating a detector has not yet been achieved. For a further 

understanding of this device, a brief review of the operating mechanism 

of the detector based on recently published literature as well as the 

glow discharge phenomenon will be presented in the following passages. 
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1.2 Charge Generation in Material 

If an incident particle of mass M and energy E collides 

with an electron of mass m , the maximum energy that is transferred 

to the electron is 

E 
max 

4 m M 

(m + M)^ 

4 m E 

M 
since M » m 

For particles of an energy of several Mev, ^max *-s t^ie or^er 

of 10 kev, which is larger than the electronic binding energy or 

the energy gap of semiconductors. If a 5 Mev o'-particle completely 

dissipates its energy in the stopping material, say silicon, a 

g 
total number of 1.4 X 10 electron-ion pairs will be formed. 

For Q-particles or protons whose charges are constant in the 

course of penetration and whose straight path is hardly affected 

by scattering, the relationship that governs the energy loss of the 

incident particle is [1] 

dE _ 4TT e4 z2 Z N B 

dX 2 

where E 

ze 

V 

N 

m v 

is the kinetic energy of the incident particle 

the charge carried by incident particle 

the velocity of the particle 

the number of absorbed atoms per cubic cm 

Z the atomic number of absorber atoms per cubic cm 
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B the stopping number, which is a slowly varying 

logarithmic function of V . 

In silicon the range of a 5 Mev a-particle is 2 microns. 

For an incident electron beam the equation describing the 

electron motion is not so simple as that of (I.1) because of 

pronounced scattering. However, loss of energy by means of collision, 

which causes excitation and ionization of electrons in the absorber, 

still plays the most important role in stopping the incoming electrons. 

It is therefore justifiable to say that many series of electron- 

hole pairs are generated in the semiconductor due to incoming radi¬ 

ation. The reversely biased p-n junction serves the purpose of 

collecting charge carriers very well, for charges generated in the 

depletion region will be swept out by the electric field in the 

junction and are collected as signals. 

1.3 Surface Properties of Silicon 

A simple way to obtain a p-n junction is to use the inversion 

layer grown on the surface of bulk silicon. The following account is 

intended to provide an understanding of the inversion layer. 

In the absence of special precautions, silicon is covered 

by a layer of silicon dioxide (SiO^) of a thickness of the order 

of 10 A. The ionic charges residing on the outer surface of the 

silicon dioxide form what are known as "slow-states" [2], the word 

"slow" being used to emphasize the fact that the change of charge 

density on the outer surface of the oxidized layer is slow compared 

with the time constant (1-100 jjisec) of the "traps11, designated as 



"fast states". These "fast states" are impurity levels in the energy 

gap between the oxidized layer and the. bulk material. The contribution 

of the charge accumulation due to fast states is generally small 

compared with that of the slow surface states. To maintain charge 

neutrality a space charge region must extend into the bulk material. 

If negative charges are accumulated on N-type silicon, the curving 

of the potential energy levels upward will make the surface layer p~type, 

which is the reverse of that of the bulk material. The existence of 

p-n junction can easily be seen on Fig. I. 

resistor requires that the leakage current should be small. Also 

low reverse leakage current will give wider adjustable range of 

biasing voltage. Corresponding to this, the linear region [3] 

of the pulse height response to the energy of the incident part¬ 

icle is broadened. Therefore (1) highly resistive material is 

desirable. However, the crystal structure of very high resistivity 



silicon is frequently defective, and it is hardly possible to con¬ 

struct surface barrier detectors with such material. 

Most detector builders have found that the reverse leakage 

current is the hardest to control. Actually, it is impossible to 

duplicate the V-I characteristic of two detectors, presumably be¬ 

cause of surface contamination [4]. Therefore (2), it is exceedingly 

important to keep each process as clean as possible. To provide good 

electrical contact, nickel is plated on the back of silicon wafer. 

In order to assure the ,fwindowlessM characteristic [3], gold evaporated 

2 
on the silicon wafer must be very thin (50 [ig/cm ). This windowless 

characteristic makes the surface barrier detector especially suitable 

for the detection of heavy charged particles, such as fission frag¬ 

ments . 

It has been found that the etched edge, of the wafer is very 

irregular; consequently, an undesirable high electric field is 

established along the edge. Leakage across the edge will then 

cause the diode to break down at an unnecessarily low voltage. 

Therefore, (4) edge protection [5], which may be achieved as follows, 

is recommended. 

Amine-free epoxy, having a tendency to make the contact surface 

p-type, is applied along the edge of the wafer before gold evapoartion. 

The electric field across the edge is reduced because of the increase 

in distance between the positive and negative electrodes. Mounting 

material is important too. If material of heavy molecular weight is 

used, back scattering of the electrons becomes serious, thus 
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reducing the energy resolution of the detector. There (5), Kovar is 

most often used by detector builders to carve the mold for mounting. 
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2. THE PHENOMENON OF GLOW DISCHARGE 

2.1 Introduction 

A gas is always in a state of partial ionization because of the 

presence of natural ionizing agents, such as stray radiation, cosmic 

rays, etc.. If a voltage is applied between the cathode and the 

anode sealed in a tube containing a gas, a few ions will be drifted 

to the cathode and some electrons will be transported to the anode. 

The V-I characteristic is of the form as that shown in Fig. 2. 

Fig. 2 V-I Characteristic of non-selfmaintained discharge 

The saturation current density in the region between A and B 

22 2 
is of the order of magnitude of 10 amp/m . The region between 

B and C is called the Townsend discharge region in which the 

current will become zero if the external ionizing agents are 

removed. 

However, if the externally applied voltage exceeds a certain 

value Vg (the sparking potential), the current will be sustained by 

secondary emission at the cathode even in the absence of natural 

ionizing agents. This is the phenomenon of Glow Discharge. 
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2.2 Glow Discharge Phenomenon 

The charge distribution in a glow discharge tube is shown 

in Fig. 3. 

i" 

■"-'W 
+ 

I 

l(Ib-I e°*)+ 

rb ° h 

cathode anode 

H| I| vwv 

Fig. 3 Distribution of charge carriers in a glow discharge tube. 

where 

Let I 

O' 

sign indicates that the charge carriers are "electrons" 

"+" sign indicates that the charge carriers are "positive 

ions" 

be electronic current by external excitation 

be electronic current at the cathode by secondary emission 

be total current flowing through the circuit 

be number of new electrons formed by one electron in travel 

I, = 

ling a distance of 1 m = Townsend coefficient, 

cvd 
I e o 

I =1+1 o e s 

Is = Y(Ib - V 

I ^ 
T = e , 

b ~ | ad 
l + y + ye 

Therefore, we see that in a glow discharge tube the current at the 

cathode consists mainly of positive ions, at the anode the current 
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consists entirely of electrons. 

The potential profile in a glow discharge tube has a form as 

that shown in Fig. 4. 

d (distance) 

Fig. 4 Potential profile in a glow discharge tube 

It is seen that the potential fall appears mainly in the 

region close to the cathode. The plasma region consists of nearly 

equal amounts of electrons and ions. 
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3. FABRICATION OF SURFACE BARRIER DETECTORS 

Several different techniques of manufacturing the detectors 

were tried. The manufacturing procedures are described in the 

following sections. 

3.1 Encapsulated Detectors 

This method is based on the work performed at the Argonne 

Laboratory [6]. 

A. Sample Treatment 

N-type silicon slices were used. 

resistivity = 2000 ohm-cm life time = 1000 JJLSGC 

area 60 mm crystal plane: (111) 

thickness = 1 mm 

The sample was then lapped in grit no. 500 silicon carbide 

slurry then followed by ultrasonic rinse in Trichloroethylene 

(TCE), alcohol and deionized water. 

B. Nickel Plating 

Nickel was deposited on the wafer by electrodeless method [7]. 

Tin coated copper wire was soldered to one face of the wafer to pro¬ 

vide the back contact. The Apiezon wax dissolved in TCE was 

applied to the face of the wafer with the copper wire soldered to it. 

After the wax was dried the wafers were then immersed in diluted 

nitric acid to remove the nickel on the front surface and the edge. 
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C. Preliminary Etching 

The wafer with Apiezon'wax coating was then etched in CP-4A 

for 30 seconds. CP4-A was mixed with 1 part of Hydrofluoric acid, 

five parts of nitric acid and two parts of glacial acetic in volume 

proportions. At the end of etching, deionized water was run to the 

etchant to dilute it, barring the instant oxidization and formation 

of dark spots on the surface. Apiezon wax was then dissolved by 

TCE. The wafer was then cleaned in alcohol and deionized water. 

D. Potting 

Aluminum tube of appropriate size was used as the mold. Gold 

wire was used for making front contact. Silicone grease was applied 

to the inner side of the tube and the plate on which the wafer would 

sit. The whole arrangement before potting is shown in Fig. 5. 

Fig. 5 Arrangement before potting 

Shell Ciba 502 and Triethylenetetramine were mixed in weight ratio 

of 10 to 1. The epoxy was then poured into the tube and would 

cure by itself in 24 hours. The two terminals of the diode (the 

gold wire and the copper wire) were connected to the BNC connector. 
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Epoxy was again poured around the connecter to make it a permanent part 

of the diode. 

E. Etching 

The diode was removed from the tube and cleaned of wax. The 

front surface was again lapped in grit No. 500 Silicon Carbide 

slurry and then rinsed ultrasonically in deionized water. Except 

for the front surface the diode was then wrapped with teflon tape. 

Finally the diodes were etched in newly prepared CP-4A etchant cooled 

in ice bath for 3 minutes. 

F. Edge Protection and Oxidization 

Shell Ciba 502 and epoxy catalyst #c-323 (made by epoxylite 

corporation) in proportion of roughly 5 to 1 by volume were mixed 

and applied to the edges of the wafer. The life time of this 

mixture was 90 seconds. The diode was then exposed to dry air for 

48 hours to form the surface barrier. 

G. Gold Evaporation 

2 
Gold of a density of SO^g/cm was evaporated onto the front 

surface of the diode under pressure between 10 J and 10 mm Hg. 

The evaporated gold then formed contact with the gold wire. When¬ 

ever it was difficult to make contact, conductive epoxy was applied. 

The diode produced by this method is shown in Fig. 6-A. 

Since the heat generated is difficult to dissipate through the 

epoxy, direct measurement of reverse leakage current at a given bias 

is found to increase slowly with time. The same difficulty was also 



r 
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encountered by the detector builders [8] at Northwestern University. 

To get rid of thermal effects, minimum amount of epoxy was used, a 

second approach was tried. 

3.2 Mica-sheet Mounted Detectors 

Silicon slices from the same crystal as used in Sec. 3.1 were 

used. The wafer has diameter of 1.5 cm. After lapping, nickel 

plating, copper wire was soldered to the nickel face. The nickel 

face and copper wire was again covered with Apiezon wax. Silicon 

slices were etched in newly prepared CP-4A etchant cooled in ice 

bath. Five minutes of etching ended in mirror shining surface. 

A piece of mica with circular area less than that of the wafer was 

covered on top of the wafer. Edge-protecting epoxy was applied so 

that the wafer would attach to the mica sheet. Ciba 502 and tri¬ 

ethylene tetr amine mixture was applied to the side of one of the 

detectors (DM-E). The other one (DM-U) has its side exposed to the 

air. Gold wire was attached to the epoxy. Another sheet of mica 

was clamped to the back of the back of the wafer. Oxidization and 

gold evaporation were performed as before. Thermal effects were 

overcome. The V-I characteristic of detectors DM-E and DM-U are 

shown on Fig. 6-B. It is seen that the mixture of Ciba 502 and 

Triethylenetetramine around the sides of the wafer has a tendency 

to reduce the leakage current, probably because the epoxy mixture 

tends to make the contact surface N-type. The physical picture 

of the detector produced by this method is shown in Fig. 7. 
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Fig. 7. Mica sheet-mounted detector 
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3.3 Kovar-mounted Diode 

Silicon slices having an area of roughly 60 mm were lapped and 

nickel-plated and was then etched for five minutes in ice cooled 

CP-4A, after which they were mounted on Kovar molds. Epoxy was then 

applied around the edges for protection. After oxidization gold of 

2 
the density of 50p,g/cm was evaporated onto the detector surface 

and Kovar mold. A microdot connector was then attached and finally 

the detector was put in a metallic case. The detector together 

with its mounting are shown in Fig. 8. 



Fig. 8. Kovar mounted detector and 

its components. 



15. 

4. EXPERIMENTAL PROCEDURES 

4.1 Arrangement 

A glow discharge tube into which the detector could be placed 

to study the effect of the bombardment of charge carriers on the 

inversion layer was constructed. The arrangement of the glow dis¬ 

charge tube is shown in Fig, 9. 

Fig. 9 Glow discharge tube. 

In the following experiments the leakage current measurement 

was made by means of a Ballantine ammeter, model 365. Junction cap¬ 

acitance measurement, which actually included the capacitance of the 

casing, was made on Boonston capacitance bridge. 

In the rest of this chapter we use symbols defined below: 
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is the potential drop between the anode and the cathode 

1^ is the current flowing through the tube 

P is the pressure of gas in the tube 

T is the time duration of the glow discharge 

C is the junction capacitance including that of the casing. 

In all measurements the tube was filled with air at room temperature. 

The tube was connected in series with a variable resistor (0-1.5 

Megaohm) to limit the current and then to a Kepco power supply (0 ~ 

1000V). 

4.2 Positive Ion Bombardment of the Detector 

I. Detector DK-1 was connected as shown in Fig. 10. 

Au / Si wafer of the detector 

Id *^0.17 ma 
p = 300 JJL of Hg 

T = 40 min. 

(0 - 1.5 M) 

Fig. 10 Simplified diagram of detectors being used as cathode in glow 

A. Effect of Bombardment on Junction Capacitance 
discharge. 

The result is given in Table 4.1. 

TABLE 4.1 

Time Junction capacitance 

Before glow discharge 396-400 p^f 

Immediately after glow discharge 664 jjLjjjf 

Three days after glow discharge 403 p,p,f 



17. 

B. Effect on V-I Characteristic 

The result is shown on Fig. 11. It is seen that the reverse 

leakage current at a given bias increases roughly by 1/5. Three days 

later the magnitude of the leakage current tends to return to initial 

value. 

C. Effect on the Resolution of Energy Spectrum 

271 207 
The spectra of Am (a-source) and Bi (electron source) 

are shown on Fig. 12-A,B,C, and Fig. 13-A, B, C. It is seen that 

the resolution becomes poorer after the glow discharge. 

II. After the experiment detector Dk-1 was allowed to recover and 

was subjected to positive ion bombardment at increased discharge 

current and time of exposure. 

V Tr = 800V I,. = 0.4 ma 
pK dis 

P = 200 p, T = 60 min. 

A. Effect of Bombardment on Junction Capacitance 

The result is given in Table 4-2. 

TABLE 4-2. 

Time Junction capacitance 

Before glow discharge 403 (i,p,f 

Immediately after glow discharge 650 iijif 

Three days later 646 |j,p,f 

Two weeks later 478 

Four weeks later 466 
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Fig. 12A. Before glow discharge 

Bias = 200 V. Energy resolution:^ 150 Kev 

Fig. 12-B. Immediately after glow 

discharge. 

Bias = 200 V Energy resolution c» 200 KEV (FWHM) 



Spectrum of Am 
241 

(DK-l) 

Fi-S- 12-C. Three days after glow discharge. 

Bias = 200 V 

Energy resolution = 160 KEV (FWHM) 

Spectrum of 
207 

Bi (DK-l) 

fig. 13-A. Before glow discharge 

Bias = 200 V Energy resolution 100 Kfiv (FWHM) 
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Spectrum of. Bi (DK-I) 

Fig. 13-B. Immediately after glow discharge. 

Bias = 200 V Energy resolution = 200 Kev (FWHM) 

Fig. 13-C. Three days after glow discharge 

Energy resolution = loo Kev (PWUM) 
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B. Effect on V-I Characteristic 

Immediately after glow discharge, the reverse leakage current 

at any given bias was not stable. It was until three days later 

that the V-I characteristic recovered. 

C. Effect on the Resolution of Energy Spectrum 

Thermal noise similar to that in badly manufactured diodes 

was observed. Three weeks later this phenomenon disappeared. • 

4.3 Electron Bombardment of the Detector 

Detector DK-5 was used as the anode in the glow discharge tube, 

the gold surface of the detector was electrically connected to the 

positive terminal of the source. The electrical connection is the 

same as that shown in Fig. 10, except that the polarity of the voltage 

source was reversed. 

Two periods of glow discharge were applied in succession. 

1. V T = 600 V. 
PK 

P = 300JJL of Hg 

I, = 0.078 ma 
d 

T = 25 min 

2. V T = 800 V. 
pK v‘ 

P = 100p, of Hg 

I, ~ 0.14 ma 
d 

T = 35 min 

A. Effect of Bombardment on the Junction Capacitance 

The result is shown in Table 4-3 

TABLE 4-3. 

Time Junction Capacitance 

Immediately after Glow discharge 285-288 p^f 

Three days later 283 p,p,f 
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B. Effect on V-I Characteristic 

The V-I Characteristics' before and after glow discharge are 

shown on Fig. 14. Four days later the leakage current tends to 

return to original value. It is seen that the leakage current in¬ 

creases by nearly an order of magnitude. 

C. Effect on the Resolution of Energy Spectrum 

The spectra of DK-5 before and after glow discharge are shown 

on Fig. 15; they are evidently smeared. 

The experiment of electron bombardment was repeated with a 

new detector DK-4 with increased current density and time of ex¬ 

posure. Part of the gold film was seen to be detached from the 

silicon surface. The junction capacitance decreases from 360 jjLjj.f 

to 258 jjujjLf • 

4.4 Diode Floating in the Glow Discharge Tube 

In order to show that the deteriation of the detectors is due 

to the bombarding current, experiment described as below was made: 

For this purpose a detector was placed in the discharge tube 

but not electrically connected. Most experiments indicate that the 

diode was not hurt, except one case in which the energy spectrum of 

207 
the Bi electron source was smeared like that in the case of 

electron bombardment. The situation under which this experiment was 

performed was that the sparks were passing through the tube inter¬ 

mittently. The detector was probably damaged by the arc. 
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5. DISCUSSIONS 

5.1 Introduction 

The principal results of our experiments may be summarized as 

follows: 

The effect of glow discharge on the detectors are due to the 

bombardment of charge carriers on the surface of the detectors; 

positive ion bombardment will increase the junction capacitance, 

electron bombardment will decrease the junction capacitance. As a 

result of the glow discharge, energy resolution of the detectors 

will become poorer, and the leakage current is enhanced. Qualitative 

explanations are listed in the following paragraphs. 

5.2 Causes of the Change of Junction Capacitance 

To account for the increase in junction capacitance we recall 

2 
that gold deposited on the silicon wafer amounted to 50 {_Lg/cm , 

corresponding to a thickness of about 260°A. Now that the minimum 

amount of energy required to displace a gold atom from lattice position 

varies from an estimated value of about 25 ev [9] to the measured 

values between 33 and 36 ev [10] at 10°K. We should, therefore, 

expect that gold atoms could be displaced by low energy particle 

bombardment at room temperature. Also, we see that bombarding ions 

can penetrate only a few atomic layers below the surface. If we 

assume that 10 vacancy interstial pairs are formed for each incident 

2 
particle, for a current density of 0.02 ma/cm , 

density of 

a vacancy flux 
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I = 
v 

2 X 10 

1.6 X 10 

X 10 1 v in16 . / 2 
7^— = 1.25 X 10 vacancies/cm -sec 

is produced. 

In equilibrium we may regard the surface as a source con¬ 

tinuously supplying vacancies and interstials. Some of the vacancies 

and interstials may annihilate each other on the surface. Because 

of the presence of a concentration gradient at the surface, most 

interstials and vacancies will flow inward. Therefore, we see that 

the bombardment of the detector will create vacancies and interstials 

in the gold film. The probability of the diffusion of gas ions into 

the silicon surface is therefore greatly enhanced. The diffused 

positive ions, especially oxygen, will neutralize some of the nega¬ 

tive charges residing on the silicon surface. 

To estimate the change of junction capacitance as a result of 

the diffused ions, we may consider the junction as a highly resistive 

depletion layer sandwiched between the conductive surface layer and 

the neutral n-type material. Reduction of surface charge will cause 

a decrease in the thickness of the depletion layer in order to maintain 

charge neutrality. From the conventional formula for a capacitor 

we see that a decrease in d causes an increase in C. 

Alternatively, we may apply p-n junction theory to account for 

the effect. From Eq. (A-4) Appendix A, we find 
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where 

and 

a 
s 

ND 

c 
eN 

D 
a 

' s 

is the surface states density 

is the donor concentration. 

(5-1) 

The fact that gas ions can easily diffuse through the 260 & 

gold layer can be found in the mechanism of the formation of p-*n 

junction in surface barrier detectors. Siffer and Coche [11] 

found that measurement of the detector in vacuum immediately after 

gold evaporation shows no rectifying property, but diodes exposed 

to the air for a few hours gain rectifying property in the gas 

containing oxygen. This is due to the diffusion of oxygen atoms 

through the gold film, for the surface states on the surface of 

silicon has been destroyed during gold evaporation. 

A. Electron Bombardment 

The decrease in junction capacitance can be accounted for by 

the diffusion of gas molecules to the silicon surface and the 

direct contact of silicon surface with the air. Both will increase 

the surface states density, as we recall the fact that the formation 

of surface states is through the adsorption of gas molecules. 
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APPENDIX A 

The relationship between the surface states density and the 

junction capacitance can be found as follows. 

Consider a piece of n-type silicon with negative surface 

charge•residing on one face. 

Let a 
s 

A 

d 

-Q 

e 

v 
o 

v 

+ ♦ * 

X=0 X=d 
be the density of surface states, that is, the density of 

surface doners 

be the area of the junction 

be the thickness of the depletion layer 

be the total negative charge accumulated on the surface 

be the dielectric constant of silicon 

be the contact potential, and 

be the potential in general. 

To maintain charge neutrality 

e a A = e N A d 
s D 

d = — 
ND 

By Poissons equation 

A
2 eN d v D 

= _a. 
e A N. 

D 

dx 

(A-l) 
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At x = d 

dv 
dx 

= 0 

Therefore, 

, eN 
dv  D. . >. 
— =  (d-x) 
dx e ^ y 

At x = d 

v = 0 

Therefore, 

-eND 2 
v =~2~ (d - x) 

At x = 0 

v = -v 

Therefore, 
eHD 

vo ‘IT 6 

Substituting Eq. (A-l) into (A-2) we have 

2 
v = 
o 

2ee ND A 

Differenting Eq. (A-3) we have 

d2_ _ ee H
D a2 __ e Np A 

dv Q a 
o x s 

Therefore, junction capacitance per unit area is 

If- I ^ ^ 

(A-2) 

(A-3) 

(A-4) 
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