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Two possible ways are reported of influencing the spectral response of PbS films prepared by 
chemical deposition. An increase in the ratio of hydroxyl to lead ions in the deposition solution causes 
a shift of the peak spectral response from 1.3 /x to 2.8 fi. The addition of a reducing agent (hydroxyl 
amine hydrochloride) also markedly influences the spectral response. The time constant, resistance 
and thickness of the films have been measured and an attempt is made to explain all the observa-
tions on the basis of a modified conduction model. 

Introduction 

A c c o r d i n g t o the t h e o r y 1 w h i c h d e s c r i b e s the m e -
chanism o f p h o t o c o n d u c t i v i t y in an intr insic p h o t o -
c o n d u c t o r such as P b S , the spec tra l l imit is set b y 
the e n e r g y g a p o f the p h o t o c o n d u c t o r . T h u s , if the 
b a n d g a p e n e r g y is Eg, the p h o t o c o n d u c t i v e l imi t 
is g i ven b y 

2C = 1.24/Eg (1) 

w h e r e / c i s in m i c r o n s and Eg in e V . V a l u e s o f Eg 

f o r P b S at 2 5 ° C have been r e p o r t e d 2 to r a n g e be -
tween 0 . 3 0 e Y and 0 . 4 0 e V c o r r e s p o n d i n g to w a v e -
length l imits o f 4 . 1 /1 and 3 . 1 ju, respect ive ly . 

A c c o r d i n g to HUMPHREY2, A V E R Y 3 , and DAL-
V E N 4 the spectral r e sponse m a y b e changed as a 
result o f o x i d a t i o n o f the film i n d u c e d b y b a k i n g . 
H e a v y d o p i n g wi th o x i d e s sh i f t s the spectra l re-
s p o n s e to l o n g e r wave lengths . N o theoret i ca l bas is 
has b e e n a d v a n c e d t o e x p l a i n th is c h a n g e o f spectral 
r e s p o n s e in the case o f P b S films. 

T h i s p a p e r presents two f u r t h e r w a y s b y wThich 
the spectral r e s p o n s e o f P b S films m a y b e in f luenc -
ed a n d these are here d i s cussed o n the bas is o f a 
s imple m o d e l . 

Experimental 

Preparation of films was done by diemical deposi-
tion 5 . The measurements of t ime constant and resis-
tance were carried out by a test apparatus described 
in a previous paper 6 . In order to graphical ly present 
the change in relative spectral response as a function 

of various parameters it has proved convenient to ex-
press the spectral response in terms of a parameter p. 
This quantity is defined as the percentage of the 500 ° K 
blackbody response which is transmitted by a l ow pass 
filter with a 50% cut off arbitrarily chosen at 2 .6 / / . 
A low p value consequently implies a short wavelength 
response, and conversely for a large value of p. 
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Fig. 1. Spectral response of two distinct films and characteris-
tics of the filter used. 

Film a: Deposition time: 15 min; ratio £ = 1 0 . 0 . 
Film b: Deposition time: 30 min; ratio K=11 .6 . 
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The complete relative spectral response curves of 
two representative films (a) and ( b ) , as measured on 
a 1 m-Jarrel-Ash scanning spectrometer, are shown in 
Fig . 1 as is also the transmission curve of the cut off 
filter. The thickness of the films was determined me-
chanically with a " T a l y s t e p " apparatus. 

Results 

F i g u r e s 2 ( a ) a n d ( b ) i l lustrate, respec t ive ly , the 
d e p e n d e n c e o f the spectral r e s p o n s e p a r a m e t e r p 
and the t i m e c o n s t a n t r o n the rat io K o f h y d r o x y l 
t o l ead i o n s in the d e p o s i t i o n s o l u t i o n . T h e depen-
d e n c e o n d e p o s i t i o n t ime is a lso s h o w n . T h e present 
results s h o w a w i d e r r a n g e o f K va lues than prev i -
o u s l y r e p o r t e d 6 . 
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Fig. 2. Spectral response parameter p depending on the ratio 
K of hydroxyl to lead ions and on the deposition time. The 

relative spectral response of a and b is illustrated in Fig. 1. 
(b) Time constant depending on the ratio K and on the de-
position time. 15 minutes, 20 minutes, 

-25 minutes, 30 minutes, 35 minutes. 

T h e spectral r e s p o n s e o f P b S films m a y also b e 
c h a n g e d in a m a r k e d w a y b y the a d d i t i o n o f a re-
d u c i n g agent t o the chemica l d e p o s i t i o n bath . F ig -
ures 3 ( a ) , ( b ) , ( c ) , a n d ( d ) s h o w the w a y in 
which the spectra l r e s p o n s e p a r a m e t e r p , the film 
res is tance R, the thickness d a n d the t i m e constant x 
v a r y f o r films w h i c h result o n a d d i n g v a r i a b l e 
a m o u n t s o f r e d u c i n g agent ( i n this case h y d r o x y l -
a m i n e h y d r o c h l o r i d e , N H 2 O H H C l ) . A s b e f o r e , the 
d e p e n d e n c e o f each o f these p a r a m e t e r s o n the de-
p o s i t i o n t ime is a lso s h o w n . T h e d e p o s i t i o n bath was 
a d j u s t e d to a c o n s t a n t h y d r o x y l to lead i o n rat io o f 
K = 1 0 . 4 . 
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Fig. 3. Spectral response parameter p (a), time constant (b), 
film resistance (c) and thickness of the films (d) depending 
on the amount of added hydroxylamine hydrochloride and on 

the deposition time. 

Discussion 

1. Effect of Changing the Ratio K of Hydroxyl 
to Lead Ion Concentration 

T h e d e p e n d e n c e o f the t ime constant o n the de-
p o s i t i o n t i m e and o n the rat io K was d i s cussed in a 
p r e v i o u s p a p e r 6 . It was f o u n d that t r a p p i n g centres 
and the f a c t o r np (rc = m e a n density o f m a j o r i t y 
car r i e r s ; fx = r e d u c e d m o b i l i t y , which m a k e s p r o -
v i s i on f o r the poss ib i l i ty o f bar r i e r s ) are m a i n l y 
respons ib le f o r changes in the t ime constant . A s re-
por ted p r e v i o u s l y , there is a dist inct i n c r e a s e in this 
fa c tor n p! o n increas ing the d e p o s i t i o n t ime . T h e r e 
is also a dec rease in t r a p p i n g centres o n inc reas ing 
K o r w h e n the d e p o s i t i o n t i m e is increased . 

W e m a y relate this d e p e n d e n c e o n K o f the trap-
p ing centre densi ty and the d e p o s i t i o n t ime wi th a 
s imi lar d e p e n d e n c e of the t ime constant r and the 
spectral r e s p o n s e p a r a m e t e r p . 

A s is seen i n F i g . 2 , an i n c r e a s e in the rat io K 
and an increase i n the d e p o s i t i o n t i m e b o t h lead to 
a decrease in x and an i n c r e a s e in p . A n e x p l a n a t i o n 
of these features based o n the f o l l o w i n g m o d e l is 
suggested . 

In o u r m o d e l the c o n v e n t i o n a l b a n d g a p e n e r g y 
Eg is m o d i f i e d t o take into a c c o u n t the poss ib i l i t y 
that the w a v e f u n c t i o n b e c o m e s l o ca l i zed near the 
extremit ies o f the c o n d u c t i o n a n d va lence b a n d . A n 



Fig. 4. Suggested band model for disordered PbS films. N(E) 
= density of states; E[ = Fermi energy; crystalline; 
£'c=constant band gap energy; £ v = variable band gap energy. 

e lec t ron in a l o c a l i z e d state c a n b e d e s c r i b e d as 
t rapped a n d as such c a n n o t m o v e unless thermal 
e n e r g y f rees it. In such a m o d e l ( F i g . 4 ) the sharp ly 
d e f i n e d v a l u e Es is r e p l a c e d f o r c o n v e n i e n c e b y a 
constant e n e r g y v a l u e Ec a n d a v a r i a b l e e n e r g y Ev 

which takes into a c c o u n t the e f fect o f the t r a p p i n g 
sites and d e p e n d s o n the dens i ty o f these sites. In 
genera l EV>EC a n d in the l i m i t i n g case o f n o trap-
p i n g sites E(, = Ev — Es . 

T h e e f fect o f the t r a p p i n g sites, t h r o u g h capture 
o f c a r r i e r s , l eads t o a d e l a y in r e c o m b i n a t i o n and 
c o n s e q u e n t l y an increase o f t ime constant . S i n c e 
carr i e rs o f l o w e n e r g y are h i n d e r e d , there wil l a lso 
b e a c o n s e q u e n t sh i f t in the spectral r e sponse to 
shor ter w a v e l e n g t h . 

I n c r e a s i n g the rat io K and d e p o s i t i o n t i m e de-
creases the n u m b e r o f traps a n d increase the f a c t o r 
n ju'. T h i s c a u s e s a dec rease o f the b a n d g a p e n e r g y 
Ey, wh i ch in the idea l case a p p r o a c h e s the b a n d g a p 
e n e r g y Ec . T h e m o d e l thus e x p l a i n s the o b s e r v e d 
l o n g e r w a v e l e n g t h r e s p o n s e a n d s h o r t e r t ime c o n -
stant. 

2. The Effect of the Addition of Hydroxylamine 
Hydrochloride at a Constant Hydroxyl to Lead Ion 

Concentration 

F r o m a c o m p a r i s o n o f F i g s . 3 ( c ) a n d 3 ( d ) it is 
i m m e d i a t e l y c l e a r that the changes in res istance are 
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unrelated to the thickness o f the films a n d c o n s e -
quent ly m a i n l y d e p e n d e n t o n changes in the f a c t o r 
n ju' as d i scussed in R e f . 6 . 

A s d i scussed a b o v e u n d e r S e c t i o n 1, this f a c t o r 
also in f luences the spectral r e s p o n s e a n d t i m e c o n -
stant. T h i s is re f lected in F i g s . 3 ( a ) and 3 ( b ) , which 
illustrate the d e p e n d e n c e o f the spectral r e s p o n s e 
parameter p and the t i m e cons tant r o n the a m o u n t 
o f addi t ive . 

F r o m F i g s . 3 ( a ) , ( b ) , ( c ) , and ( d ) it c a n b e 
seen that films p r e p a r e d w i t h the largest a m o u n t o f 
add i t ive ( 6 g/1) s h o w va lues o f p , r, R, and d which 
are re lat ively i n d e p e n d e n t o f d e p o s i t i o n t ime af ter 
1 5 minutes . H y d r o x y l a m i n e seems t o acce lerate the 
p lumbi te - th i ourea r e a c t i o n ( see a lso R e f . 7 ) so that 
it is quite p o s s i b l e that th is a c ce l e ra t i on causes a 
change in the o r d e r o f the crysta l l i tes a n d / o r an 
alteration in the s i ze o f the crystal l i tes . 

C h a n g e s in crystal l i te s i ze wi l l m a i n l y af fect the 
m o b i l i t y o f the car r i e r s ju' and so change the resis-
tance. A d e c r e a s e in the d e g r e e o f o r d e r , o n the 
o ther h a n d , p r o d u c e s a h i g h dens i ty o f traps 8 in the 
films. B o t h these e f fects w i l l s t r o n g l y in f luence the 
b a n d g a p e n e r g y Ey in the sugges ted b a n d m o d e l 
and w o u l d exp la in the f eatures o b s e r v e d . 

Conclusion 

B y increas ing the rat io o f the h y d r o x y l i o n to the 
lead i on c o n c e n t r a t i o n i n the d e p o s i t i o n so lu t i on the 
p e a k spectral r e s p o n s e o f P b S films c a n b e shi f ted 
f r o m 1 .3 t o 2 . 8 f i . T h i s shi f t is c a u s e d m a i n l y b y 
chang ing the n u m b e r o f t r a p p i n g cent res and the 
f a c t o r n ju'. A d d i t i o n o f h y d r o x y l a m i n e h y d r o c h l o -
r ide p r o d u c e s films wi th smal l thickness , l o w resis-
tance , short r e s p o n s e t ime and a spectral r e s p o n s e 
at fa i r ly l o n g wave l engths . 
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