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Semi- conducti ng glasses used for electron multipli ers and micro chan-
nel plate devices are obtained by surf ace modi Ùcation of Pb or Bi- reach
silicon -based glasses. T he reduced layer extends dow n to 200{500 nm, much
more than the e˜ective depth of the electron- emittin g layer. By the use
of slow-positron beam w e monitor the structural changes undergoing in
near- to- surf ace layers after isothermal annealing . T he measurements sug-
gest a possibl e correlation betw een secondary- electron emission coe£cient
and the Doppler- bro aden in g S - parameter. On these samples there w ere also
p erformed atomic force microscopy , secondary electron emission, di˜erential
scanning calorimetry , and electric conductivity measurements.

PACS numb ers: 71.60.+ z, 78.70.Bj

1. I n t rod uct io n

Sem iconducti ng glasses, modiÙed on sur face, usual ly sil icate glassesconta in-
ing lead, bismut h or anti mony, are the most com m on m ateri a l used in electron
m ulti pl ier devi ces. The use of glasses, whi ch remain isolato rs in bul k, sim pl iÙes
and reduces di mensions of these devi ces. The heat trea tm ent in hydro gen atm o-
sphere breaks oxyg en{ meta l ion bonds in the near- to-surface layers. As a resul t
di spersed ato m s (Pb, Bi or Sb) app ear in the surface lay er of the glass.

Mo st comm only used are lead-based glasses in whi ch the reduced, semi-con-
ducti ng layer extends down to 5 ñ m. The layer enri ched wi th hydro gen ato ms
extends to the 200{ 500 nm depth. On the other hand, only the very Ùrst layer,
whi ch is sil ica ri ch and extends down to 20{ 50 nm is acti ve for secondary electron
emission [1]. The glasssurf ace after the trea tm ent is bl ack due to the di spersed Pb
parti cl es. However, the exact chemical com positi on and the m orpho logic structure
of these layers is sti l l not f ul ly understo od [1].
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The secondary emission properti es depend on the tem perature, ti m e and
also the atm osphere com positi on in whi ch the trea tm ent is done [2]. The emission
pro perti es are also subject to aging, in parti cul ar if the detecto rs are used to
reveal ato m s and ions. It has been empiri cal ly ascertain tha t pro longed reducti on
ti m es im pro ve aging properti es not changing m uch the ini ti al emission yi eld but
the reason for thi s behavi our is not kno wn. The aim of the present paper is to
check i f surface m odiÙcati ons of the conducti ng glasses can be moni tored by the
depth- resolved positro n annihi lati on spectroscopy (PAS). Glasssampl eshave been
characteri zed by measurements of electri cal conducti vi ty in bul k and on surface,
by secondary electro n-emission m easurements, by calori metry , and by ato m ic force
m icroscopy.

2. P r ep ar at io n of t h e sam p les

Two ki nds of electro n emi tti ng glasses have been studi ed: the Ùrst one
sil ica{ bi smuth glasses,wi th 30Bi 2 O 3 Â 7 0 SiO 2 m olar sto ichiom etry , the second one
sil ica{ lead glass 40PbO Â6 0SiO 2 . Lead glasseshave been obta ined by di rect m elti ng
of oxi des, in two stages, the Ùnal one at 1 2 5 0 £ C.

The bi smuth sampl es were melted from SiO2 and bismuth ni tra te
4Bi NO 3 (OH) 2 ÂBi OH (the use of Bi 2 O 3 leads to crysta l l isati on and phase sepa-
rati on duri ng cool ing). The ground com ponents were accurate crum bled and pre-
l im inary heated at 7 5 0 £ C to obta in the cohesion of the gra ins and pre- form ing
of Bi { O{ Si bounds. The obta ined ceram al was m i lled once again and melted at
1 2 5 0 £ C for about 1 h. D uri ng m elti ng an intensi ve out- gassing (ni tro gen oxi des,
wa ter vapour) wa s observed. Sol idi Ùedglasseswere then annealed for 3 h at 3 5 0 £ C.
X- ray di ˜ra cti on analysis did not reveal any crysta l l ine phase in the obta ined m a-
teri al .

For bi smuth- glass sampl es the isotherm al (3 0 0 £ C) reducti on was perform ed
in hydro gen atm osphere for ti m es up to 90 hours. Four lead-glass sam ples the
reducti on tem perature wa s 4 0 0 £ C wi th ti m es up to 55 h.

3. Sam p le m at er ial p rop er t ies

3.1. Elect r i cal conduct ivit y

The electri cal conducti vi ty of (no n-reduced) 30Bi 2 O 3 Â 7 0SiO 2 glass in bul k
has been measured between 5 0 0 £ C and 7 0 0 £ C: at 5 0 0 £ C it is in the 1 0 À 1 2 ( ¨ m) À 1

range. The dependence of the electri c conducti vi ty on tem perature in semi-log
scale vs. 1 =T (Arrheni us pl ot) shows a l inear dependence. From the dependence
¥ = ¥ 0 exp ( À E =k T ) one can obta ined the acti vatio n energy f or Bi { Si glass,
E = 1 : 3 3 eV.

The surface electri cal conducti vi ty f or reduced bismuth sam ples is shown in
Fi g. 1. We can disti ngui sh three phasesduri ng sampl es reducti on. D uri ng phase I
the surface conducti vi ty ri sesfrom 1 È 1 0 À 1 2 to 1 È 1 0 À 1 1 (¨) À 1 just after the Ùrst
30 m in and then rem ains almost constant up to 1.5 h of anneal ing ti me. These
values are typi cal for the conducti vi ty m echanism due to isolated defects. W hi le
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Fig. 1. Surf ace conductivi ty of reduced bismuth- glass samples vs. time of treatment

( 300
£ C reduction temp erature ).

conti nui ng the reducti on between 2 and 5 hours (pha se I I) the anneal ing of the
surf ace conducti vi ty ri sesby 5{ 6 orders of magni tude, indicati ng the form ati on of
percolati on paths. The further annealing above 6 h causes only a slight m odi Ùca-
ti on of the surf ace electri c conducti vi ty (pha se I II) caused by a slow growi ng of
the reduced lay er.

3.2. Secondar y emi ssion coe£ cient

The secondary emission coe£ cient has been m easured by the dc m etho d; for
thi s reason no measurements f or non-reduced sampl es were done. The results for
bi smuth sampl es are shown in Fi g. 2. For al l three sampl es the coe£ cient changes

Fig. 2. Secondary emission coe£cient of bismuth- glass samples.
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from 1.3 to 2.8 for the pri m ary electron energy rising from 100 to 500 eV. For the
sam ple reduced for 3 h 20 m in a slight fal l of the emission coe£ cient is observed at
400{ 500 eV. Thi s could suggest a non-su£ cient depth of the acti ve layer obta ined
duri ng reducti on.

General ly, the secondary emission coe£ cient depends weakl y on the reduc-
ti on ti m es: i ts m aximum value changes from 2.5 after short (3 h 20 min) trea tm ent
to 2.9 after pro longed reducti on ti me. Thi s maxi mum shifts gradual ly to higher
inci dent energies, but also thi s dependence is weak.

3.3. Di ˜erent ial scanni ng calor imetr y

The di ˜erenti al scanni ng calori m etry (D SC) has been perform ed f or three
bi smuth- glass sam ples: as-obta ined, reduced for 72 h at 3 0 0 £ C and reduced and
then annealed under vacuum at 4 0 0 £ C for 5 h, seeFi g. 3. The tem perature range of
m easurements spans from À 1 0 0 £ C to 6 0 0 £ C wi th the heati ng speed of 1 0 £ C/ m in.
The curve for the as-grown sampl e (A) shows only one m aximum due to the one
phase tra nsiti on of the glass at 4 8 5 £ C.

Fig. 3. Di˜erential scanning calorimetry of Bi{Si glasses.

The curve for the reduced sampl e(B) shows a sharp peak at 2 7 0 £ C. Thi s peak
can be related to the m elti ng of surf ace dropl ets of bismuth. A large maxi mum
extendi ng from 100 to 2 0 0 £ C is probably due to the m elti ng of Bi clusters of
di ˜erent dim ensions insi de the glass. A large wi dth of thi s m axi mum is caused by
di spersion of clusters diam eters.

For the glassreduced and then annealed (sam ple C) there is no sharp peak at
2 7 0 £ C. Pro bably, the surface Bi dro plets evaporate duri ng the heati ng, they di ˜use
inside the materi al or change thei r chemical compositi on. The large maxi mum
observed at 1 8 0 £ C in the reduced sampl es now shi fts to about 2 3 0 £ C. Thi s is
caused by increasing numb er of larger clusters of Bi at the cost of smal ler ones.
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3.4. A tomi c force mi croscopy

Ato mic force microscopy perf orm ed on the sampl esreduced at standard tem -
peratures (3 0 0 £ C for Bi and 4 0 0 £ C for Pb glasses) does not show any di ˜erence
wi th as-obta ined sam ples. In order to evidence the di ˜erence, we perf orm ed an
anneal ing at 5 8 0 £ C. Such a procedure causes the granul es to grow because the
anneal ing temperatures exceed bismuth m elti ng point. Indeed, as can be seen in
Fi g. 4, in the region between 100 nm and 1500 nm beneath the surf ace, large gran-
ul es can be easily seen. No tra ces of such m etal l ic granul ates were observed on the
surf ace of as-grown glass; in these sam ples the surface roughness (a few nm ) is
caused by the pro cess of pol ishing.

Fig. 4. A FM images of the Bi{Si glass sample ; (a) freshly broken sample, (b) the same

part of the sample after anneali ng at 5 80
£ C for 21 h.

4. P osit ro n spect r osco py

4.1. Exper iment al procedure

Four Bi -glass (as-grown, reduced for 3 h 20 min, 25 h and 91 h) and two
Pb- glass (as-grown and reduced for 21 h) sam ples were chosen for the present
positro n study .

Positro n anni hi lati on m easurements were perf orm ed by the D oppl er-bro aden-
ing techni que [3]. A high puri ty germani um detecto r of 26% e£ ciency was used to
detect the anni hi lati on radiati on; the resoluti on of thi s detecto r at 511 keV l ine
wa s 1.2 keV.
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A slow positro n beam wi th energy vari able between 50 eV and 25 keV was
obta ined by m oderati ng positro ns from a 4 mCi 2 2Na Cl radioacti ve source in a
1 ñ m thi ck sing le crysta l tung sten foi l . Al l beam handl ing has been obta ined by
electrostati c focussing. Deta ils about the apparatus and the m easurem ents are
reported in R efs. [3, 4].

The shape of the 511 keV anni hi lati on l ine has been characteri sed by the
S parameter. The S parameter was calcul ated as the rati o of the counts in the
centra l area of the peak ( j 5 1 1 keV À E Û j ç 0 :8 5 keV) and the to ta l area of the peak
( j 5 1 1 keV À E Û j ç 4 : 2 5 keV). The S param eter was m easured as a functi on of the
positro n impl anta ti on energy in the 0.15{ 20 keV energy range. The im planta ti on
depth (in ¡A) has beenobta ined from the energy using the form ula: d = (4 0 0 =£ ) E 1 :4

wi th E being the beam energy and £ | the glassdensity (5.8 g/ cm 3 and 5.46 g/ cm3

for Bi and Pb- glasses, respecti vel y).

4.2. Bul k propert ies

The S -param eter m easurem ents indi cate a substa nti al di ˜erence between
as-received and reduced glasses wi th l ittl e dependence on the chemical composi-
ti on. Both the Bi and Pb non-reduced sam ples show a bul k S -param eter value of
about 0.49 compared to a bul k value of 0.53{ 0.54 for the reduced sampl es. The
S -parameter value of 0.49 is close to the l i tera ture value for the non-defected SiO2

glass [5] i f we al low for the above given values of the S -parameter wi ndow.

Fig. 5. Doppler broadening S - parameter for Bi{Si glasses.

The S -param eter at 500 nm depth starts to increa se only after long reduc-
ti on ti m es (above 10 h), see Fi g. 5. W i th a reducti on ti m e of 3 h, onl y the Ùrst
20-nm -layer shows an increa se in the S -parameter. The ri se from 0.49 to 0.53
should be attri buted to the form atio n of m etal clusters and/ or precipi ta tes and/ or
defects rela ted to these agglom erates. The exi stence of m etal clusters is indi cated
by other m easurements in thi s paper.
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4.3. Near-t o-sur face layers

Al so the surf ace properti es of the Bi and Pb glasses show clear simi lari ties.
In non-reduced sam ples the S -parameter fal ls qui ckly in the Ùrst 30 nm of depth,
see Fi g. 6.

Fig. 6. Doppler broadening S - parameter dependence for Pb{Si glasses.

In al l reduced sam ples the S -param eter ri ses wi th the im planta ti on range
for the Ùrst 20{ 30 nm depth, independentl y on the chemical com positi on. Thi s
pi cture resembles the typi cal behavi our of the S -curves for m etals, wi th surface
positro n-tra ppi ng states. Note tha t, even af ter the shortest (3 h 20 min) trea tm ent
ti m es, the sampl es show a surf ace conducti vi ty al ready 6 orders of magni tude
hi gher tha n the as-obta ined glasses.

In the l im i t of zero impl anta ti on energy the S -parameter of al l studi ed
sam ples show the sam e (wi thi n the error bar) S -param eter of about 0.515, in-
dependentl y on the reducti on pro cedure. Thi s could be related to the form a-
ti on of positro nium on the surface. W e have also m oni to red the V -parameter
(p eak- to -val ley) ra ti o characteri sti c of the 3 À Û decay. The V -parameter fal ls
qui ckly for impl anta ti on energies from 50 eV to 1 keV, by a facto r of two for
Bi -glasses and by a facto r of four for Pb- glasses.

4.4. Int ermediate layers

As far as the Bi sam ple reduced for 3 h 20 m in and the Pb sam pl e reduced
for 21 h show a m onoto nic dependence of the S -parameter between 20 nm and the
500 nm depth, the Bi sam ples reduced for 25 h and 91 h show a mini mum of the
S -parameter at about 40 nm depth. The reason for such behavi uor is not clear.
One can hyp othesize a parti al Ùll ing of the defect sites by hydro gen ato ms in thi s
reg ion. However, in order to veri fy thi s hyp othesis, addi ti onal measurements on
sam ples degassed in vacuum are planned.
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