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The conductivity of pure and doped lead bromide was measured in a bromine atmosphere in the tempera- 
ture region 25200°C. The defect chemistry of nonstoichiometric lead bromide is presented. The hole 
mobility was derived from the time dependent change in the conductivity after admission/removal of the 
bromine ambient. Preliminary evidence is presented for hole trapping at Fe*+ and Cu+ centres in lead 
bromide. 

Expressions for the hole concentration in undoped and thallium(I) bromide-doped lead bromide were 
calculated from hole conduction and the hole mobility in these crystals. A value for the enthalpy of hole 
formation in lead bromide is given. 

The thermodynamic parameters of both ionic imperfections and electron holes were used to predict 
the equilibrium constant of lead bromide in contact with metallic lead. 

1. Introduction 

The reaction of nominally pure and doped lead 
bromide crystals with a bromine atmosphere 
causes a deviation from stoichiometry in these 
crystals. The excess bromine gives rise to elec- 
tronic conduction, since the spatial migration 
of the electronic charge carriers is not directly 
related to the diffusion of the bromide ions (I). 

If the ionic conductivity increases/decreases 
on changing the chemical nature of the crystal 
ambient no distinction can be made between the 
conductivity by electrons or by holes. On the 
basis of additional experiments the electronic 
conduction in lead bromide can be interpreted 
as a p-type semiconduction, as is the case in, 
for instance, silver bromide. The experimental 
results which lead to the conclusion that p-type 
semiconduction does occur will be mentioned 
briefly below. 

Stasiw and Teltow (2) investigated the bromine- 
induced bleaching of colour centres in chalco- 
genide-doped silver bromide. Their results 
confirmed the formation of holes in AgBr in 
contact with bromine vapour. 

particles. In some of the crystals they measured 
a resonance signal attributed to a photohole 
trapped at a vacant lead ion site. In crystals 
annealed in bromine vapour at 300°C before 
irradiation the resonance signal attributed to the 
(VP, * h)’ centre became very intense, whereas the 
resonance signal due to the lead particles was 
almost absent. If lead bromide crystals were 
treated with bromine after uv irradiation bleach- 
ing occurred (4). Bleaching is markedly acceler- 
ated by increasing the temperature. In addition, 
X-ray fluorescence analysis (4) before and after 
the bromine treatment of uv irradiated crystals 
showed that after bleaching the bromine-to-lead 
ratio exceeded the value of this ratio measured 
in an unirradiated crystal. These results, and the 
ESR measurements of Arends and Verwey (3) 
can be understood if it is accepted that as a result 
of bromine incorporation holes are formed in the 
lead bromide crystals. The bromine-induced 
bleaching of photolytically formed lead can be 
represented by the reaction 

Arends and Verwey (3) carried out ESR 
experiments on uv irradiated single crystals of 
lead bromide. These authors showed that ESR 
signals could be obtained from very small lead 
0 1972 by Academic Press, Inc. 62 

Pb;, t- 2h’+Pb,x, (1) 

(Here and throughout this paper the defect 
notation of Kriiger is used (5)) 

The incorporation of an excess of bromine into 
lead bromide (I) and silver bromide (6, 7) gives 
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rise to the formation of holes in a concentration 
proportional to the square root of the bromine 
pressure. In lead bromide thep-type semiconduc- 
tion is increased by impurities which enhance 
the concentration of the bromide ion vacancies, 
the mobile species. 

The aim of this paper is to present the defect 
chemistry of nonstoichiometric lead bromide, 
and further electronic conductivity data together 
with experimental results concerning the mobility 
of the holes. 

2. Experimental 

Measurements were carried out both on 
nominally pure crystals, and on crystals doped 
with TlBr, CuBr and FeBr,.’ The crystals were 
mounted in a stainless steel conductivity equip- 
ment as is schematically represented in Fig. 1. 
Ohmic contacts between the crystal and the 
platinum electrodes were established by means of 
colloidal graphite (Aquadag). The temperature 
in the conductivity cell was measured with a 
Pt-Pt/Rh thermocouple. The actual crystal tem- 
perature was determined by a method described 
previously (II). The bromine was obtained from 
J. T. Baker Chemicals, or E. Merck AG and was 
not purified or dried before use. Since lead bro- 
mide is sensitive to traces of water (8) we measured 
hole conductivities in the presence of water 

’ The author is indebted to Mr. J. H. W. de Wit, 
Inorganic Chemistry Department, University of Utrecht, 
who supplied anhydrous FeBr, ready for use. 

FIG. 1. Conductivity equipment. (a) ceramic supports 
with platinum electrodes cemented at the end, (b) thermo- 
couples, (c) bromine container, (d) vacuum connection, 
(e) furnace, (f) outgoing platinum leads, (g) local heating. 

vapour. It appeared that hole conduction is not 
affected by water vapour up to a pressure of 
40 mm Hg. 

The pressure of bromine gas in the conductivity 
cell could be varied by changing the temperature 
of the water circulating around the stainless steel 
bromine container (Fig. 1). The temperature in- 
side the bromine container equalled the tempera- 
ture of the circulating water within 15 min after 
starting circulation. Therefore the temperature 
of the circulating water, which was measured 
with a chromel-alumel thermocouple, was used 
to determine the bromine pressure (9). 

Equilibrium conductivities of crystals in a 
bromine atmosphere were measured with an 
impedance bridge (General Radio 1608A) with 
external oscillator (General Radio 121OC) and 
an amplifier-null-detector (General Radio 
1232A). 

The apparent diffusion coefficient of the bro- 
mine-induced holes was calculated from the 
rate of attaining the equilibrium conductivity 
after admission/removal of the bromine vapour. 
This time dependence of the conductivity was 
measured with an automatic capacitance bridge 
assembly (General Radio 1680A), coupled to a 
data transfer unit (Solartron) and a paper tape 
punch (Facit 4070). 

The annealing experiments were carried out as 
described previously (1). 

3. Reactions and Equilibrium Relations 

The reactions and equilibrium relations neces- 
sary to understand the interaction of lead 
bromide with a bromine atmosphere can be 
formulated as follows, assuming that the con- 
centrations of the various imperfections remain 
low, 

0 + e’ + h’, Ei Ki = np (2) 
O+ ?‘;I, + 2Gn A& Kc,, = Wi’d,r12 (3) 

SBr&) + Gr + Br& + h’, OHB12 

Br2(g) + 2Br& f V;b + 2h’, 

Af&m, Ksr2m = (~~KklYf’~r~. (5) 

Square brackets denote concentrations. 
It is not significant which of the mechanisms 

(4), or (5) is chosen, the different relations being 
coupled by the Schottky mechanism 

KscdK~r,)~ = KB+. (6) 
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The overall electroneutrality condition can be 
represented by (10) 

Kl + CM&l + P 
= 2[V& + [AL,] + [Me;,] + n. (7) 

Me;, denotes a trivalent cation, and Me;, a 
monovalent cation at a lead ion site. A;, is a 
divalent anion at a bromide ion site. An expression 
for the equilibrium constant Ksch is deduced 
from ionic conductivity measurements (II) 

Ksch = (4.5 i 0.1) x 103exp 
-1.71 + 0.09 eV 

kT 
(mole fractions)3. (8) 

According to simple semiconductor theory 
(5, 7) 

K = g,g, 4 4 exp (-P/k) exp (-EiO/kT) ; (9) 

g, and g, are the weight factors of the conduction 
and the valence band, respectively. The band 
model for lead bromide is unknown. The absorp- 
tion edge of lead bromide shifts to lower energies 
with increasing temperature 

Ei = Eio -t- PT, 
with 

Ep = 4.34 eV, and /? = -2 x 10m3 eV/K (13). 
(10) 

With A, = 4.84 x lOi (me*/m)3’2T3’2 (cmm3) 
and a similar expression for A,,, and T3z 1.88 x 
lo9 exp (-0.11 eV/kT), an expression approxi- 
mately valid between 255300°C (7, ZZ), we obtain 
from the optical band gap data the expression 

K, = 5 x 1050g,g, (m,* m,,*/m2)312 
x exp (-4.45 eV/kT) (cm-3)2; (11) 

me* and nr,,* denote the effective mass of an elec- 
tron and a hole, respectively 

In order to obtain an experimental expression 
for the equilibrium constant KBT2, we have to 
find expressions for the concentration of bromine- 
induced holes, p, in nominally pure and MeBr- 
doped crystals, respectively. 

Incorporation of monovalent cations at lead 
ion sites requires the following lattice reaction 

MeBr + Me& + Vi, i- Br& (12) 
The electroneutrality condition in accordance 
with Eq. (7) is given by 

W&l + P = W’i%l + [M&l. (13) 
We have neglected the electron term in Eq. (7), 
since it can only become relevant for lead bromide 
in contact with metallic lead. 

Substituting the equilibrium relations (3) and 
(4) into relation (13) gives 

As a solution a rather cumbersome expression 
is obtained, 

P = Ka2 (PB$ (A + B + C), (14) 
with 

A = [Mek,]/3cr, and a = KBT2 P& + 1 

From the experimental results (Section 4-l), 
showing (T, < avBr and the general assumption 
t~~%>~;, we conclude p< [Vi,] and with Eq. (4) 
KB&%, Q 1. 

In the case [Me;,,] = 0 we obtain from Eq. (14) 
A = C = 0 and B = (2Ks,h)‘13 and therefore, 

P = KBr2 (2Ksc1J~‘~ P” Brt’ (15) 

Equation (15) holds for the intrinsic range of 
ionic conductivity of undoped crystals, and if 
([MeLJ/3)3 < Ksch for that of the doped crystals 
too. 

In the case ([Me&,]/3)3~KS,,, the extrinsic 
range of ionic conductivity, we obtain from Eq. 
(14) A = B = C = +[MeL,], and therefore, 

P = KBr2 M&P&. (16) 

In this case the lead ion vacancy concentration 
is practically zero, so Eq. (13) reduces to 

W~,1+ P = ~M&l. (17) 

Equation (17) substituted into Eq. (4) gives with 
p< [Vi,] directly Eq. (16). In relation (15) 
WscJ”3 can be replaced by the intrinsic bromide 
ion vacancy concentration, [ VirlO, and [Me;,] in 
relation (16) can be replaced by the extrinsic 
bromide ion vacancy concentration. The bro- 
mination is governed by the bromide ion vacancy 
concentration in such a way that under isothermal 
and isobaric circumstances the hole concentration 
increases with the bromide ion vacancy concen- 
tration. 

It was impossible with our conductivity equip- 
ment to measure hole conduction in crystals 
doped with trivalent cations, since in these cry- 
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stals [Vi,] is very low. For completeness we 
shall make some remarks on the reaction of 
bromine with these doped crystals. 

Incorporation of trivalent cations at lead ion 
sites, Me;,,, requires the following lattice reaction 

2MeBrJ --f 2Me&, i- V,!,, + 6Br&. (18) 
The electroneutrality condition is then given by 

K,l -t- P&,1 +P = W’k,l. (19) 
In this case we obtain on introducing the relations 
(3) and (4) into this electroneutrality condition 
an equation similar to Eq. (14). As a solution 
Eq. (15) holds for the intrinsic ionic conductivity 
region too. In the extrinsic part of the ionic 
conductivity plot the bromide ion vacancy 
concentration cannot be ignored, since in these 
crystals anionic conduction still prevails (10, 
II). On introducing into Eq. (3) [V&J = +[Me,,] 
as required by reaction (18), and into Eq. (4) the 
resulting bromide ion vacancy concentration 
we obtain 

So far we have found expressions for the hole 
concentration in the intrinsic ionic conductivity 
region of nominally pure and doped crystals, 
and in the extrinsic conductivity region of crystals 
doped with monovalent and trivalent cations. 

The extrinsic ionic conduction of nominally 
pure crystals is due to the remaining impurity 
content of these crystals. All monovalent and 
trivalent cationic, and divalent anionic impuri- 
ties influence the ionic disorder ultimately 
leading to an effective bromide ion vacancy 
concentration ([Vi,] = [“Me:,] + 2[ I$,], c.f. Eqs. 
(12) and (18)), which accounts for the measured 
conductivity. It can be shown (Fig. 4 in ref. 11) 
that in the temperature region T < 50°C a reduced 
electroneutrality condition can be used: [Vi,] + 
p = [“Me;,], which means that Eq. (16) can be 
used, inserting [Me;,] = [“MeiJ. [“Me;,] de- 
notes the bromide ion vacancy concentration 
as calculated from extrinsic conductivity data. 
Therefore [“Me&,] is not representative for the 
total remaining impurity content. 

The general expression describing the hole 
conduction in lead bromide equilibrated with a 
bromine atmosphere has been given in a previous 
paper (0 

Dp = uBr2 - ~0 = pe(p, - PV;,) (21) 
where uBrZ denotes the equilibrium conductivity 
in bromine vapour, and u. the conductivity in an 

3 

inert atmosphere. pp is the hole mobility, and 
pv,, the mobility of the bromide ion vacancies. 
It must be pointed out that u. = gyg,, since lead 
bromide is an anionic conductor up to the melting 
point. 

In view of Eq. (21) we can make a distinction 
between the following limiting cases : 

(i) pp = 0, bromine-induced holes are trapped. 
The conductivity remains ionic. Since anion 
vacancies are occupied by excess bromide 
ions, and since only a shift of the Schottky 
equilibrium is measured the conductivity in 
a bromine atmosphere decreases. 

(ii) pp > pLv,,, the total conductivity in bromine 
increases. In the case pv;, is negligibly small 
with respect to pa, the hole conductivity a, 
can be interpreted as the product (hole 
concentration x hole mobility). 

Since conductivity experiments yield such pro- 
ducts only, it is necessary, for the evaluation of 
both entities, to obtain carrier mobilities from 
additional experiments. Here we derive the hole 
mobility from the time dependent change of the 
hole conductivity upon admission/removal of the 
bromine atmosphere. 

4. Conductivity Results 
4- 1. Hole Conduction : Isothermal Experiments 

In general, hole conduction is measured iso- 
thermally as a function of bromine pressure, or as 
a function of temperature under isobaric cir- 
cumstances (I, 6). The hole conductivity is then 
calculated from the difference between the con- 
ductivities of the crystal in the presence and 
absence of bromine vapour (Eq. 21). 

In a previous paper we reported hole conduc- 
tivity activation energies as obtained from iso- 
baric and from isothermal experiments; 0.21 & 
0.02 eV and 0.23 i 0.02 eV, respectively (I). We 
investigated again nominally pure, and crystals 
doped with thallium(I) bromide. Some of the 
results are presented in Fig. 2. For the nominally 
pure crystal we calculated 

up =(7 *2) x 10-5 P&, 
-0.25 k 0.03 eV 

x exp __ 
kT 

sz-1 cm-, 
. (22) 

The hole conductivity in the thallium(I) bromide 
doped crystal can be represented by 

up = (2.7 * 0.3) x 1O-5 Pi,, 
-0.17 f 0.01 ev 

x exp kT 
Q-, cm-, 

. (23) 
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10‘ 1( 
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FIG. 2. The boleconductivity, Go, isothermally plotted as 
a function of the bromine pressure. 320-346K: undoped 
PbBr, ; 309.5-334.5K: PbBr,-TIBr (4.9 x 10S4 mole 
fraction). 

The reference conductivity, measured under 
vacuum, can be represented for the undoped 
lead bromide crystal by 

‘To = (2.0 f 0.5) x 10-Z 
-0.31 & 0.03 eV 

x exp 
kT > 

AT- * cm-‘, (24) 

and for the PbBr,-TIBr crystal by 

(Jo = (8 * 1) x 10-2 
-0.28 f 0.01 eV 

x exp 
kT > 

Sz-’ cm-‘. (25) 

Expression (24) is valid in the temperature region 
involved (viz. Fig. 2), whereas expression (25) 
represents the extrinsic ionic conductivity of the 
thallium(I) bromide-doped crystal. As compared 
to Eq. (16) the experimental hole conductivities 

indicate that in both crystals the hole mobility 
does not depend on bromine pressure. 

The hole conductivity in the nominally pure 
crystal shows an activation energy comparable 
to the activation energies reported previously 
(1). For PbBr,-TlBr this parameter shows a lower 
value. 

We can offer two possibilities to explain this 
difference. If in nominally pure crystals the re- 
duced electroneutrality condition p + TV&] = 
[“Me:,] does not hold, we obtain forp a tempera- 
ture coefficient in between the values AI&+ and 
(A&, + +dH,) in accordance with Eq. (16) 
and (15), respectively. In the thallium(I) bromide- 
doped crystals Eq. (16) is valid. If the hole mobil- 
ity in undoped and in doped crystals has the same 
temperature coefficient the larger activation 
energy is due to the fact that in the undoped cry- 
stals [Vi,] is not constant in the extrinsic ionic 
conductivity region (compare Eq. (2) and Fig. 1 
in ref. 1). 

In addition the lead ion vacancy concentration 
in the nominally pure crystals is larger than the 
corresponding concentration in PbBr,-TlBr 
crystals. Photochemical decomposition studies 
of lead bromide at room temperature showed that 
Yib can act as a shallow trap for holes (8, 14). 
If hole trapping occurs we must expect a some- 
what larger temperature coefficient for the mo- 
bility of the holes (1.5). 

If it is assumed that the ionic disorder does not 
influence the hole mobility the ratio of the hole 
conductivities in both crystals must equal the 
ratio of the reference conductivities in both cry- 
stals, since reaction (4) describes the bromination. 
The ratio of the hole conductivities is dependent 
on temperature: moreover, the errors in the pre- 
exponential factors are considerable. This ex- 
cludes a careful analysis. 

In order to obtain better information on the 
relation between the concentration of anion 
vacancies and the hole conductivity we measured 
isothermally, and under isobaric circumstances, 
o,, in crystals doped with different amounts of 
thallium(I) bromide. The concentration of the 
bromide ion vacancies in these crystals was 
caiculated from the ionic conductivity as 
measured under vacuum and the known mobility 
of the anion vacancies (II). The isotherm pre- 
sented in Fig. 3 indicates a slope of one in accord- 
ance with Eq. (16). 

We are now able to predict the hole con- 
ductivity in the intrinsic ionic conductivity region 
from a, data, measured in the extrinsic region 
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FIG. 3. The hole conductivity, or,, plotted as a function 
of the bromide ion vacancy concentration under iso- 
thermal and isobaric circumstances. 

of ionic conductivity. From Eqs. (15), (16), and 
(21) we obtain 

up (intr) = ([~~,ldW&J) a, (extr) (26) 
since the experimental equations (22) and (23) 
clearly indicate pp > yv;,. 

On introducing into Eq. (26) for [ Vir],, Eq. (27) 
(II) 

Krlo = (21 f 2) 
x exp (-0.57 + 0.03 eV/kT) mole fraction 

(27) 

together with [Tlb,] = 4.9 x 10m4 mole fraction, 
as calculated from Eq. (25), we calculated for the 
one atmosphere isobar 

up (intr) = (1.2 f 0.2) 
x exp (-0.74 i 0.03 eV/kT) 9-i cm-’ (28) 

4-2. The Mobility of the Holes 
The apparent diffusion coefficient, D,, can be 

derived from the time dependent change of the 
hole conductivity in undoped and Me+-doped 
crystals upon admission/removal of the bromine 
ambient. 

Following Dtinwald and Wagner (Z6), Jost 
(I 7) and Luckey (28) we can write for diffusion 
into the crystal 

1 - [ u,(t)/u,(eq)] r 8/r’ exp (--f/7) (29) 

and for diffusion out of the crystal 

[up (r)/a, (t = 0)] r 8/7? exp (--f/7) (30) 

with 7 = d2/(.rr2Dp). up(t) denotes the time de- 
pendent hole conductivity. u,(eq) and up(t = 0) 

denote hole conductivities, when the crystal is 
in equilibrium with a bromine atmosphere. d 
is the thickness of the crystal, which must be small 
compared to the electrode surface area. 

From Eqs. (22) and (23) in comparison with 
Eqs. (24) and (25), respectively, we can see that 
the hole transport number, tp, defined as I, = 
~,/(a, + a,;,) is very small. Together with the 
Einstein relation we obtain D, x p< Dybr x 
[Vi,], which means that in this case (ambipolar 
diffusion) D, determines the diffusion (5). 

The experimental increase, or decrease of the 
conductivity upon admission, or removal of the 
bromine ambient was fitted to Eqs. (29) and (30), 
respectively, by a least-squares computer analy- 
sis. A finite evaporation rate of bromine and a 
possible retardation effect in cell evacuation might 
be influential. The use of Eqs. (29) and (30) is, 
however, limited to values for which t > 0.57. 
In the calculations this condition was taken into 
account. Mobilities were calculated from appar- 
ent diffusion coefficients, using the Einstein 
relation. The mobilities are plotted in Fig. 4. 
The temperature dependence of the hole mobility 
can be represented by 

pp = (4.5 i 1.5) x 10-I 
x exp (-0.07 i- 0.01 eV/kT) cm2 V-’ s-‘. (31) 

At constant temperature D, was independent 
of bromine pressure in the region O-350 mm Hg. 
The reference conductivity of the thallium(I) 
bromide-doped crystal exceeds the reference 
conductivity of the undoped crystal in the tem- 

log tip (cm2v-‘5- ) - Oc 

I, 
100 150 200 

y7 

I 

FIG. 4. Hole mobility calculated from apparent diffusion 
coefficients in PbBr2 : o o-undoped PbBr, (d = 0.178 
cm), x x -PbBr2-TlBr (d = 0.147 cm). Experimental 
points represent averaged values of at least four diffusion 
runs into and four diffusion runs out of the crystal. 
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perature region 25-2OO”C, indicating that pP 
does not depend on the lead ion vacancy con- 
centration. 

In undoped and thallium(I) bromide-doped 
lead bromide the conductivity in a bromine 
atmosphere exceeds the reference conductivity 
measured under vacuum, i.e., pa > puv;,. In Fig. 
5 we have plotted the conductivity as log a 
versus l/Tof a crystal doped with CuBr (curve 1). 
The crystal was annealed in zmcuo : 43 h at 525K. 
A part of this crystal was annealed in bromine 
vapour: 120 h at 543K (PBr2 = 350 mm Hg). 
Curve 2 represents the conductivity of the bro- 
minated crystal. The conductivity of a crystal 
doped with FeBr, is shown by curve 3. A part of 
this crystal was annealed in bromine vapour too : 
120 h at 525# (Par2 ~760 mm Hg). The conducti- 
vity of this crystal is represented by curve 4. 
All conductivities were measured in a nitrogen 
atmosphere. 

In view of Eq. (21) we can understand these 
results by accepting hole trapping at the Cub, 
and Fe&, centres, i.e., oP = -pepvk,. The bromina- 
tion of both doped crystals can be represented by 
reaction (4), followed by 

and 
Cu;, + h- + Cu&, (32) 

Fe&, + h’ + Fe,,. (33) 

for the crystal doped with CuBr and FeBr2, 
respectively. Since p is equal to the difference 
between the concentration of anion vacancies 
in the crystal before and after bromination, we 
have mainly measured the shift of the Schottky 
equilibrium. 

5. Discussion 

Data for Hall and drift mobilities of (photo)- 
holes in lead bromide are still lacking in the 
literature. Therefore we cannot compare Hall 
mobilities, drift mobilities and our apparent 
diffusion coefficients. 

The Einstein relation is not valid for the drift 
mobility and the apparent diffusion coefficient 
of holes in AgBr: the discrepancy exceeds even 
four powers of ten at room temperature (19). 
The temperature dependence of the apparent 
diffusion coefficient in AgBr shows an activation 
energy of about 0.70 eV (18), whereas drift and 
Hall mobilities decrease on increasing tempera- 
ture in the same temperature region. The tem- 
perature dependence of the latter is much less 

log acdcm’ 1 - T(“C1 

u 

-6 I 

+U05)K-‘- 

FIG. 5. The conductivity plotted as logo versus l/Tfor 
crystals doped with CuBr and FeBr2 before and after 
annealing in bromine vapour (see text). 

pronounced than that of the former (7). These 
discrepancies could be explained with a trapping 
scheme, in which it is assumed that deep hole 
traps are in thermal equilibrium with the val- 
ence band (19). The nature of these hole traps is 
still uncertain, although negatively charged 
silver ion vacancies seem an attractive choice. 

In a recent review article (4) the photodecom- 
position of silver bromide was compared with the 
photochemical decomposition of lead bromide. 
During photodecomposition of silver bromide 
electrons drift to the surface, whereas photoholes 
are trapped. The photochemical decomposition 
of lead bromide shows a different mechanism: 
deep traps for electrons prevent their motion, 
whereas shallow hole traps enhance the forma- 
tion of bromine at the surface (1,4,8,20). 

We are inclined to believe that a discrepancy 
between Hall mobility and apparent diffusion 
coefficient of holes, if present at all, will be much 
less pronounced in lead bromide than in silver 
bromide. Xn fact V&, is a shallow trap for holes at 
room temperature as was mentioned before. 
Furthermore the hole mobilities calculated from 
the experimental apparent diffusion coefficients 
using the Einstein relation, indicate that pLa does 
not depend on [V&J at temperatures above room 
temperature. 

The mohilities of holes in silver chloride, 
calculated by Miiller et al. (25) from their experi- 
mental apparent diffusion coefficients show a 
large increase in the temperature region 2545°C. 
This behaviour was attributed to hole trapping. 
In the temperature region 65-250°C pa was almost 
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independent of temperature: pI, z 10m2 cm* 
V-i s-l, a situation closely similar to our experi- 
mental results. It is therefore most likely that the 
difference in activation energy for hole conduction 
in undoped and TlBr-doped lead bromide (I, 
Section 4-l) originates from a slight temperature 
dependence of [Vi,] in the extrinsic region of the 
undoped crystals. 

From Eqs. (22), (23) and (31) we calculated the 
following expressions 
p = (9 * 1) x lo-8Pf 

x exp (-0. l*BZ 0.03 

and 

eV/kT) mole fraction 
(34) 

p = (3.6 f 0.1) x 10-8P+ 
x exp (-0.10 f 021 eV/kT) mole fraction 

(35) 
for the hole concentration, p, in the undoped 
and TlBr-doped crystal, respectively. For reasons 
outlined above, we can use Eq. (35) for the evalu- 
ation of KBrz. On comparing Eq. (16) with Eq. 
(35) we obtain with [T&,1 = 4.9 x 10m4 mole 
fraction the expression 
K Br* = (7.4 It 0.2) x 10-S 

x exp (-0.10 i 0.01 eV/kT) atm-* (36) 

where the value (0.10 f 0.01) eV represents 
A Har>. From Eqs. (6), (8) and the experimental 
value for AHAB*, we find for AHBr2Pb (1.9 f 0.1) 
eV, and for KBr+ the expression 

K Br2Pb = 2.5 x 1O-5 
x exp (-1.9 eV/kT) (mole fraction)3 atm* 

(37) 
Mechanism (5) requires the formation of an 

immobile lead ion vacancy, whereas in mechanism 
(4) a bromide ion vacancy is annulled by incor- 
poration of bromine. Mechanism (4) is energeti- 
cally more favourable than mechanism (5). 

The thermal band gap can be calculated with 
known expressions for 12 andp. It is assumed that 
the expression for Ki obtained from thermal 
band gap data can be directly compared to 
optically determined band gap data. For silver 
bromide the thermal and optical band gap 
data are in reasonable agreement in the tem- 
perature region 400-600K (7). 

The thermodynamic parameters of both 
ionic and electronic imperfections in lead bro- 
mide as given so far enable us to predict an ex- 
pression for KPb which describes the equilibrium 
of lead bromide in contact with metallic lead 

Pb(s) + V;, + Pb&, + 2e’ (38) 

an equilibrium, necessary to understand the 
behaviour of the polarization cell -Pb] PbBr,]C+. 
The combination of Eqs. (4), (8), (38) and the 
equilibrium, which describes the thermal de- 
composition of lead bromide into solid lead and 
gaseous bromine gives the next scheme 

Br2(g) f 2 Fir + 2Br& f 2/z’ K&, (4) 
Pb& + 2Br& + V:g + 2V;, Ksch (8) 
Pb(s) + V;, + Pb& + 2e’ KPb (38) 
PbBr,(s) + Ws) f Br2(g) KI&‘IQ~ (39) 

0 + 2e’ + 2h’ Ki*. (11) 

From thermodynamic data (21) we calculated 
for the decomposition of lead bromide into solid 
lead and gaseous bromine 

K& = 5.6 x 1O’exp (-3.20 eV/kT) atm. (39) 

We obtain for KPb from the presented scheme the 
expression 

KPb = 2.5 x 1O+6 
x exp (-3.8 eV/kT) mole fraction (40) 

where the preexponential factor must be con- 
sidered as a rough estimate, since in the calcu- 
lations it was assumed that g, = g, = 1, and 
m, *=, *=m. 

Neverhtheless we can use Eq. (40) in our experi- 
ments on the cell -Pb]PbBr,]C+, of which 
results will be published in due course. 
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