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Abstraet

The photoconductivity (PC) and ths quenching of PC in hexagonal Se single
orystals have been studied using símultaneously two radiations with different, wave
lengths. Using primary radiation E, : l,g5 ey, secondary radiation in the quantum
energy range 1,2 . .. 1,6 eV at 80'K always quenched tho PC, but thaü in the range
0,1 " . " 1,2 oY either quenched or increased the PC deponding on the type of
crystal. \trIhen increasing tho intensity of the quenching radiation the quenching
saturated at about 30o/o of PC. \ ¡ith constant weak quenching intensity the quench-
ing in P-t was inversely proportional to the intensity of the primary radiation.
Quenching only occurs at temperatures below ca. 200'K" At least two t¡rpes of
centers are effective in these excitations.

Introduction

Optical quenching of PC occurs when the PO created by primary radia-
tion is decreased by the excitations created. by the quenching radiation"
I)sually the quenching excitations increase the recombination rate of ùhe
current carriers created by primary radiation. Optical quenching in II-
Yf-compounds has been studied extensively, and it has been possible to
interpret the results using simple energy level models [see, e.g" B,efs. l, z, Bf.
Optical quenohing in selenium has been studied very littte" Both negå,tive
Pt and optical quenching have been observed in amorpho{rs Se [a], but
oniy the optical quenching at low temperatures (during the decay of PC)
in Se single crystals 15, 6]. Reasons for the scarcity of quenching investiga-
tions in Se single orystals are obvious" Effective methods for making Se
single crystals have only been developed during recent yea,rs, and both
the mobility mechanism and the tgres of centers in Se a,re inadequately
known elren when compared to those of Il-Yl-compourrds.

Tuolrr has introduced the dislocation recombination concept for the
interpretation of Ft in seleniurn [7]. This mechanism has been treated
theoretically by R,p¿r¡ [8]. According to B,ead's theory, there are local
electron states, donors, at the dislocation cores. Some of the electrons in
these oenters recombine with holes causing a positive charge. To com-
pensate this charge free holes withdraw from a cyiinder around the core
producing a spa,ce charge. Due to these charges, an unionized donor ex-
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perienoes a potential Ur, which is approximately proportional to the

ãensity of ionized donors, in other $/ords to the density of trapped holes Pt,

(l) UoNcFt, c:constant

Thus the trapping param.eters of dislocation centers depend essentially

on this potential wall.
fn normal semicond"uctors like Ge the density of free holes is controlled

by this dislocation ïecombination in certain circumstances. In Se, according

to thermoelectric po'wer mea,surements, the density of free holes is approxi-

m.ately constant. Nevertheless, acoording to the P0-measurements 16, 7l

the d.o.-conductivity ø in Se is aontrolled by this pot'entiai wall,

-EBlkT

(2) Ea: e x [Jp ' )4: constant'

6L is a quantity depending only weakly on temperature. Typical values

of % in Se are 0.15 Lo 0.2. The physical mechanism behind these relation-

ships is not known. Tuorni ploposed smali angle boundaries caused by

pu*tt"t dislocations, where lowest barriers EB are a constant' fraction

ãf tn" potential at the coïe, [JÐ. IIowever, when interpreting other elec-

trical properties of Se this barrier layer concept may lead to discrepancies.

Therefore, the relationships in Eqs. 2 are treated here phenomenologieally

as experimental facts. Frorn Eqs. I and 2 we get

(3) s:grr-Êxuo-6Le-Ên"Pr,

where þ : elkT.
Radiation reduces the potential walls (JD by exciting electrons to the

donor states at the dislocation coïes. The increase of electric conductivity,

the photoconductivitY, is given bY

(4) Ao : 6 - 6o: 6L(e-tt"'nr - e-ß'"Pto) 
'

where a0 and. gtro coïrespond" to the equilibriurr¡. and õ a:nd p, to the

illuminated. state. The trapped hoie densities Fro and pr ca,n be cal-

culated. using the dislocation recombination theory of R'sep [S]' The dif-

ferential equation for trapped. holes, represented schematically in fig. 1

is given by
ãp,

(5) - dt:l+Ç-c,ee"Pr,
where / is an optical excitation rate, g is a thermal excitation rate, and

the recombination rate is proportional to the hole density nea the dis-

location, ?oexp ? þcpr). Therates f,Ç, and út depend on Pt butmay
be treated as constants.

õ : $rQ
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Fig. 1" Potential wail at a dislocation.

The intensity, temperature and tirne dependences of, PC and also the
thermally stirtulated current have been interpreted according to this rnodel

[7]. For certain effects, however, a more corrplicated model is necessary"
To give a quenchirrg effect a second type of excitation must be present"
I'urther, there are several effects in Se involving at least two types of
centers. X'or example considering the variation of the FC when / varies
stepwise. According to Eq. 5, this variation of the PC must be rnonotonic,
but actually one observes overshooting in certain circr¡.mstances [6].

fn this work the optical quenching of PC in Se single crystals has been
studied both in the steady state and during the decay of Pt" The results
have been interpreted according to the dislocation reoombination model
with two types of centers.

The model

Reliable knowledge of the irnperfections in the Se lattice and the corre-
sponding electronic states of centers is very snaall. An additional difficulty
in the case of the dislocation recombination model is that the centers at a
dislocation are so ciose to each other that they interact. Evidentiy thero
are several types of aenters, with bands rather than discrete energy levels,
in the forbidden energy band. We assume that two essentially different
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Fig. 2. PC and quenching model of Se-

types of centers y' a,nd B exist at the dislocations. The characteristic

propedies of these two types of centers are a,ssumed to be determined by
the properties of the Se iattice, and thus all the centers caused by different

types of crystal imperfections are assumed to fall into these two categories.

This gives us the model presented in Fig. 2.*)
Pubiished d"ata on the PC in Se can be used to determine the main

features of these centers. The main PC band at 80'K starts at ca. 1,4 eY

[6], so that we iocate the energy level of center A a"t, L,4 eY above the

top of the valence band. The excitation ln is strong and is observed in
ail Se crystals. l4lhen the temperature rises from 80'K to 300'K this PC

band shifts ca. 0,2 eY to lower quantum energies, probably because new

excitations assisted by phonons become possible" The strength of the ex-

citation /u varies in different types of Se crystals. This excitation, starting

afr 0,g eV caused a second strong PC band in deformed crystals studied

by Sturn [5], and, the same type of excitation can be seen as a bump in
the Pt spectrum at 80oK of Ref. 6. In some spectra taken in this work

this excitation already begins at 8,7 eV. IVe locate the energy level of center

ts at 0,8 eY above the top of the valence band. The probability of the

excitation f" increases strongly with temperature, so that at 300"K f"
anð. f" togetlrer create a PC band beginning at 0,9 eV [6]. No PC has been

*) The nature of excitatioïr.s ïepresented is ambigious. In addition to direct and

in,ilirect transitions excitations from a ground state to an excited state of the center

or bound.ed exciton excitations are possible if succeeding thermal excitations result

in the finai state given in ihe figure.
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reported below the quantü.m rnergy 0,7 eV (a hazy PO band a,t 8,4 û,5 eY
reported in Ref" [6] has been shown to be erroneous by new measurements
using a l{ernst glower).

Using Eqs. l, 3, and 5 we can write the basic equations of this barrier
model with two tytrres of centers as

(6) g : Çrr-ßxun

(7) Ao: c(p¿ i pu - No)

(8) - dp"ldt : f¿ * g¿ - ga - ca exp (- þU")
(9) - d,p"fd,t : fs * gn - Øn - tB exp (- þUo)

The eonstant ¡f, depends on the type of oenters (donors or aoceptors)" If
all centers are donors, ¡f, is zero" The excitations fi and /3 decrease
tl¿e barriers and produce the photoconductivity. The excitations 8¿ and.

Ç.n a,re quenching excitations" They reduce the PC provided there is a
recornbination process either inside or outside the space charge region which
retwns the electrons to the valence band" Ttre transition rates in Eqs. 8
and I are proportional to the densities of states,

fo æP¿ Ín æ9a

(10) Ç¿æN¿-g¿ gaæI{B-þn
t¿ 6N¿-g¿ te crNa-ga"

The thermai exicitation rates g¿ and ga are negiigible in PC studies at
Iow temperatures. According to Read's statistics [8, ?] the total occupå,ncy
(p" * pr)l(N" * I/") is something iike CI.25 at OoK in darkness"

Orysûals a,nd equipment

To study variations of, the excitations in different types of crystals,
four crystals obtained from different sources were used:

l) uystaï H, grown from the melt at high pressure [9], length 5 mm,
cross section 1X2 mroz.

2) crystal S, grown very slowly from the rnelt [10], Iength 4 mm, cross
section 0.7 X 1.0 mmz.

3) crystal Cl, aiso grovm slowly but the melt contained ca. 160 ppm
ohlorine, length 3"2 mm, cross section Z.Zx2.0 mmz.

4) crystal Is, needle crystal grorv'n from the vapour phase [Ll], length
5.5 mm, cross section area 0.16 mmz.

Electrolyticaily plated nickel contacts were used for all crystals, and
the etrectric field was in the direction of the c-axis.
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Fig" 3. Oryostat. one of the two identical wincLows is shown'

Steady state quenching mea,surements in crystals H and S were carried

out at various temperatuïes ì.rsing the cryostat shown in x'ig. 3" The crystal

was in vacuum. The primary radia,tion was filtered from the light of a small

incand.escent larnp. It had a, qua,ntum energy band with maximum at' ca'

1.85 eV a,nd. a, h.ali width of 0.4 eV. The monocblomatic quenching radiation

was obtained from a Hilger-Watts ûronochromator. The intensities of both

radiations weïe measured by * thermopile. TVhen calculating quantum

fluxes (intensities divided by quantum energies) a quant'um enelgy value

of l.g5 eY was used. for the primary radiation. In conductance measurements

a voltage of 4V was used and the current 'wâs ïecorded. lMhen measuring

smali quenching values the primary ourrent' was compensated to achieve

better accuracy, The measr¡re used in this work for the steady state quench-

ing is

(11) Q:G*-G*,
where G-* is a steady state conductance with illumination by primary

radiation aione and G-+ is a stead.y cond,uctance with simultaneous illu-

mination with both the primary and the quenching radiations"

Liou íd No

Cap, open for
800 K
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The quenching during the decay of PC occurs when the slope of the de-
cay curve of the prim.ary PC becomes steeper during illumination with the
quenching radiation. These measnrements were carried out partly in the
vacuum cryostat (Fïg. 3) and partly in a liquid nitrogen cooled cryostat
filled with argon [6]"

The speetral ilependenee of quenehing

The steady state quenching A as a function of quanturn energy in
crystals H and S is shown in Fig. 4.In both crystals the quenching maxima
fall between 1.4 and 1.5 eV, and ab ca. L.6 eV the quenckring is compensated
by excitations increasing the PC. fn crystal S the quenching starts at 0.7 eV
and increases steadily with increasing quantum energy, but in crystal H
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I'ig. 5. Schematic spectral dependences of different excitations.

there is a band increasing the PC starting a,t, 0.7 eV and this type of excita-

tion changes to quenching only at l.L to 1.3 eV.

In Fig. 5 the excita,tion spectra of fz., ft, 4¿, and qB are sketched

accoïding to the model in X'ig. 2. We see that a spectrum similar to that of
crystal S can be obtained if the excitations of the center B are 'wea,k, while

the spectruno. of arysta,l II implies strong excitations of center B'
The quenching spectra, determined during the decay of PC are similar

to the steady state quenching spectra,. In Table I a surnmary of the different

spectra is presented and the spectra reported in earlier publications are

also included.

Table I"

Tho spectral dependence of optical quenching in selenium

fn al1 experiments the quenching maximum fell between 1.45 and 1.55 eV and the quench'

ing disappeared at 1.55-1.7 eV.

0

Crystal

nonexisting
nonoxisting
(not studied)
very weak
0.7 - 1.2 eY
0.9 -1.0 eV
0.8 -0.9 eV
0.85- 1.3 eV

Excitaúion bandExperiment Q starts

0.7 eV
0.75 eV
0.9 eV
f.0 eV
1.2 eV
1.0 eV
1.0 eV
1.35 eV

this work
t6l
this work
[5] (Stuke)
this work
this work
t6l
[5] (Stuke)

Steady St.
Decay
Decay
Decay
Steady St.
Decay
Decay
Decay

S

S

cl

H
H
H

Ref.

A¡nealed

Deformed
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The temperature itepenilence of quenohing

The temperature dependences of the steady state quenching in crystals
S and H are presented in X'ig. 6" lVhen discussing the model we saw that
when the temperature increases the edge of excitation fn shifts towards
smaller quantum energies and the probabitity of the excitation Í" in-
crea,ses strongly. Due to these two effects the quenching band becomes

narrowetr and finally vanishes when the temperature increases. This be-

oomes evidont when comparing curves for different temperatures in X'ig. a.

According to ?able I the excitationt f" in crystal S are weak. Accord-

ingly, the quenching at, 1..4 eV stays nearly constant up to I60"K (Fig" 6)"

On the other hand, in crystal H the excitations ft are strong, and corre-

spondingly the quenohing already starts to decrease at l2Û'K.

100
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1n
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200

rl,
d\1

Pibi-

5

2

ðU 100

Intensity ilepenilenæs of quenching

fn a general case the quenching radiation rna,y excite some or all of
the four excitations Ç.d, 8a, f¿, and /". Thus, according to the two center

model the relationships between quenching A and primary radiation
intensity and between quenching Q and the quenching radiation intensity

120 140 160 180

T /OK
I'ig. 6. Quenching vs. temperature.

200 220

q

t

Uf st Fp =7.5 , Fq=eo

\\



14 Ann. Acad. Sci" Fennicæ A. Vr. 323

100

10

ì
O

td
Y

1.0

1 OJ 1.0 10 ,*,

Fig. ?. Quenching vs. intensities

depend strongly on the quantum energy of the quenching radiation, on

the tgre of crystal and on the temperature. Th-is is indeed the experimental

situation, as one can see by comparing curves with different intensity values

in X'ig. 4. A more detailed experimental study of the intensity dependences

was retricted to the case where the quantum energy of the quenching

rad.iation was 1.4 eV (near the quenching maximum) and the temperature
'was ca. 80'K. In Fig. 7 the quenching in crystal I{ is presented as a function
of the quantum flux ratio. We see that when the quantum flux of the
quenching radiation, En, is lower than that of the primary radiation,
lo, the quenching is given by

{12) 8o : const.

trVhen the quantum flux of the quench-ing radiation becornes larger

than that of the primary radiation the function Q@) eibher saturates

or starts to d"ecrease.
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The weu,lc quenchi,ng ca,rr. easily be calculated according to the model.

I-,et us assume that the height of the potential barriers is essentially deter-

mined, by centers A" Both primary quantum flux Ip and quenching

quantum flux lq excite f¿ and 8¿ simultaneously,

r - '''orn + I{fulq 
'(I3) Ja - *:

g¿:kooîn*knnTn.

Iloweveï, the primary radiation excites mainly fn, and thus t'he con-

stant k¡o is larger than kno. The quenching radiation excites mainly 82,

so that the constant lcno is larger than kÍ0. lVhen the primary radiation

alone is used, according to Eq. 8 we get

(r4) exp (- þUË) : (kfo - ku) lnf ce,

and when both radiations are used we get

(15) exp (- PUÐ : l&¡o - kn) lp - (k* - k¡n) Fllc¿ .

According to Eqs" 1I and 6 we get for the quenching

I exp (- PU;)\(16) Q : G* (t - G+lG*): G* \I - ""p ç_ þu\)
By using Eqs. 14 and l5 this equation becomes

(17) g:ç*[1 -(1 - KLqltp)'f ,K-koo-krnkfo - Itor'

In the quenching range }lG*: 1.5 - L2% this function can be replaced,

with accuracy better than 5o/o, by a function

{1s) Q : G* }r,(K7qllp¡(t*z) ,

where i" is a constant a little larger than ui. The intensity dependenoe of
PC in selenium is [6]

(19) G* - ã ri , G: corìst.

Thus, the smøll quenching as ø functí,on of the two i,ntensi'ties i's

Q,
Fl**

8o: GúKr+' .
FP

Thus, in agreement with the experimental results A is inversely propor-

tional to lp. fn this calculation \47e omitted the effects of the excitations

f, and q" (Eq" 9) and the effects of the variations of rates fn, qo, and

ca caused by the variation in the occupation of center A (Eqs. l0). These

effects cause the saturation of 8@ò or even the decrease of A when

(20) a
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increasing lq at srna,ll -Fn-values, in agreement with the experirnental
resuits (F g. Z). Obviously, for the same reason the exponent of lq in
Eq" 12 is a little smaller than that in Fq" 20"

The sa,me intensity dependences of srnall quenching (Eq. LZ) lvere

observed at temperatures 80oK, l27oll*, a,nd I54'K in crystal H, a,nd

also in crystal S" As ûrentioned earlier, these detailed intensity mea,sure-

naents weïe carried out using the quenching quantum energy L.4 eV only'
Three characteristic properties of the quenching in Se are:

a) The largest absolute quenching, saturation value 8o, occurs in Se

single crystals when the prima,ry quantum flux is large enough ancl the
quenching quantum flux is 2 to l0 times the primary quanturn f,lux"

b) The largest quenching in percentage of PC, glq*, was about 3Ð%

in every crystal. This quenching occured when the primary radiation
intensity chosen created a PC about three times the saturation quenching

Qo rnentioned in Eq. 12, and when .F'o was roughly ten times -Fo.

c) Two series of conductance values in crystal H at 80'K using dif-
ferent quenching radiation intensities:

primary radiation 1.85 eY alone
quenching radiation 1"40 eY alone
both radiations together

fn the first case the quenching is only lto/o of. the primary PC, but the
conductance created by both radiations together is smaller than the average

of the cond.uatances created by each radiation alone. fn the second case

the quenching as defined by Eq. 11 does not exist. However, the quenching

radiation masks the photoconductance of the prirnary radiation alrnost
completely.

llme ilepenilenees of quenching

Time dependences of quenching in hexagonal Se are Yery slow, as are

also the time dependences of PC in Se" Quenching vs" time curYes are

roughly exponential at small primary and quenching radiatioh intensities,

but become strongly nonexponential if one or both of the intensities are

trarge.

Let us define the rise time of quenching as the time needed for quenching
to reach a value of 63 per cent of its steady state value A and the decay

time of quenching as the time needed for the quenohing to decrease to a
value of 37 per cent of its steady state value. The rise time decreases wh.en

increasing either the primary radiation intensity or the quenching radiation

1)

45 nS
37.5 nS

41 nS

o\
z¿)

4b n.ù

70 nS
70.5 nS
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Fig. 8 a, b. Time transients of quenching.

intensity. The decay time does not depend appreciable on the quenching

radiation intensity but decreases when increasing primary radiation in-
tensity. Ilsually the decay tirne is longer than the rise time but the two
become nearly equal at high intensities. At liquid. nitrogen temperatures
the rise tirnes observed varied in the range 3 min to 0.8 sec and the decay

times observed varied in the ra,nge 7 min to 0.8 sec. IMhen the temperature
was increased the rise and decay times decreased rapidiy.'Thus, the effects

of intensity and temperature on the tinae dependences of quenching and.

photoconductivity are sirnilar"
At, quenching radiation quantum energies la,rger than 1"5 eY fast trans*

ients of the type shown in X'ig. 8a occured in every crystal studied. Similar
transients have earlier been observed when the quenching during the decay

of PC has been studied [6]. To expiain these transients a two center model
is necessary. According to the modeX presented in X'igs. 2 and 5 these transi-
ents occur when the fast excitation fn causes an inarease of PC and a
subsequent slow excitation VB causes a stronger quenching.

fn crystal H reverse transients (n'ig. 8b) occured when the quantum
energy of the quenching radiation was in the range 1.2 t'a 1.3 eV and the
ratio Tnllo was about 2"5. According to X'ig. 5 this quenching is mainly
caused by excitation Ç.¿, and a simultaneous Pt-excitation in this case is

Í". The transient occurs when the excitation q¿ is fast and the excitation

,/, is slow.

G

tJ

t

G(,
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Quenehing ituring the decay of photoconiluctivity

An experimental a¡¡angement for measurements of quenching during

the deoay- of PC is simpler than that for steady state measurements- The

earlier quenching resutrts in Se single crystals reported in Refs. [5] and [6]
'were obtained. during the decay of FC. As mentioned earlier, the spectral

d"epend.ence of quenching in decay measurement is similar to that in steady

state measurement, (Table I), and the same holds for the temperature

dependence of quenching. The time transient of the type shown in l'ig. 8a

also occured in every crystal. A typicat quantity in these decay measure-

ments is the slope ratio" one measures the slope of the decay curve imme-

diately before and irnmediately after quenching is initiated. The inverse

ratio of these slopes describes the increase of recornbination caused by the

quenching radiation. The largest measured value of this ratio was 25 in

crystal s, zo in orystal cl, and 12 ln crystals H and N. The dependence of

this slope ratio on the quantum energy of the quenching radiation is sirnilar

to the spectral dependence of steady state quenching. From the few

m.easurements carried out the intensity dependences of this ratio are

qualitatively similar to the intensity dependences of steacly state quenching.

This kind of result is also expected from the model'

Conelusion

The quenching in Se, measured- in Q-t, was inversely proportional to

the intensity of the primary radiation, when constant weak quenching

light intensity was used. This exceptional dependence is connected to the

unusual photoconductivity and mobility mechanisms of se.

In every Se singie crystal studied the radiation in the quantum energy

range from 0.T eV to the band gap (about 2 eY) caused excitations which

affected the electrical conductivity. The detailed nature of these excita-

tions is not known. Clearly, they are caused by crystal imperfections, be-

ca,use the absorption coefficient in the small absorption range varies wiclely

in different specimens" These crystal imperfections are associated with
dislocations, as

- a lattice deformation creating dislocations simultaneously creates

a, new PC band and causes a quenching band to disappear [5],

- a thin Se crystal is transpaïent in red light, but this transparency

vanishes when the crystal is deformed [12],

- heat treatment changes the absorption coefficient of Se [13] anaio-

gously to the effects of deformation and heat treatment on the electrical

conductivity and PC in Se [5],
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- furthermore, the Pt cannot be explained on the usual PC models
but can be explained by excitations and recombinations in dislocation
centers [7].

I{o sharp lines or naruow bands exist in the spectral dependences of
absorption, FC, or quenching in Se, according to Refs. ll3, L4,61 and X'ig. a

in this work. Therefore, the excitations from the ground state with discrete

energy levei to the excited state with discrete energy level are excluded.
fn Ref. [13] it is suggested that a continuous broad band of energy states

lies in the forbidden energy band. fn this work the spectral d,ependences

of excitations in tr'ig" 5 are interpreted as excitations from various states

of the valence band to centers with discrete energy levels and excitations
from these centers to various states in the conduction band.

The excitations either increase electrical conductivity (P0-excitations)
or decrease the conductivity (quenehing excitations). Any li,ght í'n the

quantum euLergy ra,nge 0.7 eV to 1.8 eV simultøneously crea,tes at least one

type of PC-eæcitation a,nd one type of quenching ercitøtion i,n seleni,um. There-
fore the dependences of optical quenching on the quantum energies and

intensities of the primary and quenching radiation as weil as the time
dependences of quenching a,re quite complicated functions. However, the
diversity of the experimental results in PC and quenching studies can be

interpreted, at least qualitatively, according to a model with two types

of centers at the dislocation cores. fn this model all the different types of
exoitations are grouped into the PC- and quenching excitations of centers

A and B situating in the barrier regions (3'ig. 2).

Apart from quenching, three other effects have been reported i.n crystal
S [6], which can readily be explained on the basis of fast A-centers and slow

B-cenöers:
l) After strong illumination at 80'K with 1.85 eV light and short time

interval in darkness, weaker 1"85 eY light caused a transient represented

in X'ig. 9a.

2) N 300'K when illuminated with 1.7 eY light the initiai rise curYe

is slower than that after i.llurnination followed by a short intervai in dark-
ness (tr'ig. 9b).

3) In some circumstances an overshoot was observed at 80'K in the
PC rise,

In X'ig. 9 the occupations of centers A and B have been sketched for
qualitative explanation of these effects. Of course simple addition is not
correct, but rather one should use Eqs. 6- 10.

?he excit ation f ¿ is strong in every Se single crystal. Therefore, the
type A center must aì.ways be present in the potential barrier regions of Se

crystal. On the other hand, as seeTl in Table I the excitation band /" varies

strongly in different types of Se crystals and thus the density of oenters B
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80 0K

1.85 eV

Light on off Weoker Light on

300 0K

i.7 eV

L ighi on off on

Fig. 9 a, b" Time transients of photoconductivity

vary strongly from cïystal to crystal" Typu B centers also seern to be crea,ted.

dwing deformation and can be to some extent removed by heat treatment

[5, lB]. V[e may ciassify Se single crystals as either i>weak Br with a low

density of centers B or Dstrong Br with a high density of oenters B. Re-

ferring to Table I we see that crystals S and Cl then beiong to the >weak B¡>

group and crystals H and N to the rstrong B> group.

The main difference between these groups naturally occurs in the spectral

d.ependences of PC and quenching. However, severâl further differences of
these groups could be expl.ained accordjng to the modei. First let us con-

sider a temperature depend,ence of PC in a strong illumination case. fn the

limit of no B-centers the PC is, according to Ðqs. 6 and I
/f 

-ìt 
\z

{21) o*(r) - õL\TJ : const'or(?)

Thus the temperature dependenae of Pt is determined by 6t(T) and this

temperature d.epend.ence is weak. On the other hand, in the >strong Br
crystais if one removes the holes p7 nearly cornpletely there are still bar-

riers cgt" (Eq" Z) and the PC is

(22) G* (T) - õtexp (- xecPtllcT) .

Therefore, the PC may be expected to decrease with ternperature. (An

Ðxcess light ca. I eY exciting Ís does not help because it also causes a

o

t

b

t

nA
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quenching g¿). Experimentat PC data of the crystals studied seem to
support this idea" When the temperature was reduced from 300"K to 80oK

the PC of ¡>weak Br crystal S doubled but the PC of rstrong B> crystals Il
and N decreased to values a third and a tenth of that at room temperature,

respectively.
After the initial rise the thermally stimulated current (TSC) vs. tem-

perature in Se is simila,r to the temperature dependence of PC [7].There-
fore a definite difference can be expected in the TSC curves of rweak Bi>

a,nd" Dstrong Br crystals" Indeed, in trweak Bu crystals S and Cl the TSC

decreased strongly after the initial rise, but in Dstrong Br crystals H and N'

it' stayed nearly constant.
A third difference between these groups is in the slope ratio of the decay

quenching curve" According to the sketch in I'ig. 5 the 1.4 eV quenching

in rweak Br crystals should be more effective than that in ustrong B> crystals"

As mentioned above, the largest ratio observed in rweak B> crystals S and

Cl was about twice as large as that in rstrong Br crystals H and I{.
The density of centers B can be reduced by heat treatment, as mentioned

above. A similar reaction occurs more slowly eve t at room temperature.

After decay quenching measurements of rstrong Br crystal N two years

ago this crystal has changed considerably towards rweak Br type. fn crystal
H this evolution was stronger: half a, yeÐt after the measurements reported
here the excess excitation band shown in tr'ig. 4 had vanished.

Two types of centers (donors and traps) have already been suggested

by Stuke in the interpretation of his experimental results [5]. Th^e mea-

surements presented here give a qualitative idea of the location of the

energy levels A and B, the excitation spectra, and the recombination para,-

meters of the model" By using a computer one could determine the model

parameters quantitatively by fitting the experimental curves with those

obtained from the Eqs. 6 to 10. However, as the model presented here is

basically phenomenological, and includes too mâ,ny unknown parameters

this fitting would not give much additional information"
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