
INVESTIGATION OF PHOTOCONDUCTIVITY 

IN 

CADMIUM SULFIDE 

A Thesis 

Presented to The 

School of Graduate Studies 

Addis Ababa 

In Partial Fulfillment of the 

Requirements for the Degree 

Mast.er of Science in Physics 

by 

L_"Letemeskel Asfaw 

June, 1984 

.. 
! I' ',J 



iii 

ACKN01'!LEDGEHENT - -

I \'lould like to express my sincere gratitude to 

Dr. G. Kluge, my advisor, for the help and rruidance froID 

the beginning upto the end in ~lri ting this thesis. Ni thout. 

his efforts, it would have been impossible to get such 

experimental results. 

I am very grateful to Dr. H.G. Neumann for providing 

the X-ray diffraction pattern of some of the layers. 

I am .also grateful to Dr. G. Ohms and Dr. D. Ohms 

for their valuable advice in the preparation of the layers, 

and to Dr. Go Busch for his advice in designina a measuring 

amplifier. 

I would like also to acknO\~ledge my indebtedness to 

Ato Girma Dagne for doing the technical \qork. 

Financial support of the Addis Ababa University is 

gratefully acknowledged. 



iv 

LIST OF FIGURES 

1. Absorption and excitation 

2. Model of crystal structure, charge distribution, 

energy band structure of n~type polycrystalline 

semiconduct.or 

3. Scheme of the variation of barrier height versus 

doping conentration Nd 

4. Behavior of barrier height, mobility, and avera~e 

carrier density versus doping concentration 

5. Band bending profile 

6. Scheme of photoconductor 

7. Multiple reflections of air/semiconductor/glass 

system 

8. Mul tiple reflections of ~ir./sem:!.oond1lC.,tor/alass/air 

system 

9. Determination of conductivi'ty . 

10. Experimental set-up for the Cheml.caJ,' t,rch 

deposition , , , 

11. X-ray spectra of the layers listed in table 5 

12. Energy level diagrams and atomic metal-n-type 

semiconductor contact with '" < '" 'f'm 'f's 

13. Relative spectral energy distribution of 

incandescent tungstem lamp 

14. Spectral distribution of the number of incident 

photons per time and area of monochromator 

6 

17 

21 

22 

23 

26 

28 

10 

34 

36, 

46-48 

51-52 

54 

55 



v 

15. Circuit of measuring amplifier 

16. Measured Vout!Vin relationshin of the operational 

amplifier 

17. Spectral photoconductivity 

18. Optical constants, spectral reflectance, 

transmitance and absorbance, and relative Quantum 

efficiency of layer 6b 

19. Examples of photoconductive decay 

20. Photoconductive decay of pressed CdS doped 

with NaCl 

Paae ----
56 

57 

.61-62 

65 

68 

68 



l. 

2. 

3. 

4. 

vi 

LIST OF TABLES 

Samples prepared 

dhkl - values of hexagonal CdS 

dhkl - values of expected diffraction maxima 

of cubic CdS (zinc blende structure) 

Expected dhkl - values of fcc CdO 

5. Preparation conditions of the layers investigated 

by X-ray diffraction 

43 

44 

45 



vii 

ABSTRACT 

In this thesis the photoconductivity of polycrystalline 

cadmium sulfide was investigated theoretically and experimen­

tally. The theory shows that both a change in carrier conent~ 

ration and mobility can contribute to the variation in conduc~" 

tivity under illumination depending on the doping level, trap 

concentration and light intensity. Thin-film polycrystalline 

layers of CdS were prepared by the chemical bath deposition 

technique. Doping with lithium was possible. X-ray investiga­

tion of the layers indicated that the layers are made up of 

very small crystallites. Annealing enhanced recrystallization 

increasing the crystallite dimension. 

Besides polycrystalline CdS, monocrystalline and pressed 

CdS were used for photoconductivity measurements. The annealed 

layers showed a spectral photoresponse similar to the monocry­

stalline CdS with an absorption edge at 2.4e'1. In order to 

measure the lifetime of the charge carriers, the photoconduc­

tive decay process was used. The lifetime was found to have a 

spectral dependence. 
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INTRODUCTION 

Photoconductivity, also called photoresistive effect or 

internal photoeffect, is the variation of the electrical resis-

tance of a semiconductor or an insulator due to illumination by 

light. 

It was Willoughby Smith [1,P.I] in 1873 who noticed for 

the first time a photoresistive effect in illuminating selepiull) 

and since then hundredSof photoconducting materials have been 

found. In parallel, theoretical explanations of the basic mech-

anisms of the photoconductive process in semiconductors and 

insulators have been suggested and also experimentally checked. 

The investigations of photoconductivity have played an impor-

tant role in the determination of important properties of semi­

conductors and thus have contributed a great deal to the recent 

wide-spread application of semiconducting materials. For ins-

tance, the forbidden energy gaps of a nunmer of semiconductors 

and the ionization energies of impurity atoms have been deter-

mined by means of the spectral response of photoconductivity in 

the infrared region though nOvT such measurements can also be • 
_A .1-1 

done by determination of the optical absorption [2,P.452]. On 

the other hand, refined investigations' of the photoconductive 

process have been made possible by the development ,of high 

purity semiconductor technology especially by providing crys­

tals of defined purity and known doping. 

After a Vlide investigation ofmonocrystal1ine.se.mip-onduc'-

tors the research has become more concerned with polycrystalline 
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and amorphous materials, too.Polycrystalline layers offer 

the advantage of low costs with preparation methods fairly 

adaptable to large scale production techniques. One such 

thin-film polycrystalline representative is cadmium sulfide 

which is the subject of this thesis. 

Application of photoconductors are in vidicon television 

cameras, photoresistors, light detectors (also infrared), 

light sensitive switches, electrophotography, etc. Polycrys­

tal line thin-film cadmium sulfide is furthermore one of the 

most promising solar cell materials (window material} [3]. 

Together ~Ti th suitable absorbers like cu2S or CdTe [3, 4J cheap 

photovoltaic cells can be formed which are an interesting 

alternative to monocrystalline and polycrystalline silicon 

solar cells. Therefore, the preparation of polycrystalline 

cadmium sulfide and the investigation of its electrical and 

photoelectrical properties constitute a direct contribution 

to the development of thin film cadmium-sulfide-based solar 

cells. 

After a review of the photoconductivity theory of monocrystal­

line semiconductors in Ghapter 1, models for the photocon­

ductivity of polycrystailine layers are discussed in chapter 2. 

Chapter 3 describes the preparation of thin-film polycrystalline 

cadmium sulfide by the chemical bath deposition method and in 

chapter 4 the electrical and photoelectrical measurements are 

presented and discussed. 
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CHAPTER 1 

PHOTOCONDUCTIVITY IN HONOCRYS~[,ALLINE SEHICONDUC'l'ORS 

1.1 Semiconductors 

A semiconductor is a solid whose band gap energy Eg is 

less than about 3eV. For a semiconductor 'iIi thout any impu-

rities (intrinsic semiconductor) the Fermi level EF lies 

approximately at the middle of the band gap and the conduc-

tivity increases strongly with increasing temperature. The 

increase is due to an increase in the free carrier concen-

trations, ie. of electrons n and holes p, as given by 

(5, p.19Bl 

E - EF .E 
n '* NC exp (- C (- 2fT) kT ) = NC exp (1) 

and 

E - E E 
= N (- F V) '" N (- ~T) P V exp kT V exp (2) 

where NC and NV are the effective density of states in 

the conduction and valence band; respectively, and EC and 

Ev are the band edge energies of these two bands, k is the 

Boltzmann c.o~~tant and T the absolute temperature. 

For an extrinsic semiconductor, unlike the intrinsic one, 

states exist in the forbidden band as a result of imper-

fections which can be due to impurity atoms (dopants), 

or due to crystal defects, vacancies, etc. If the 

ionization energies of such states in the forbidden band-

gap (donor or acceptor levels) is so . low :that already 
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low temperatures are sufficient for their ionization, high 

free carrier concentrations are observed (high electron 

concentration in an n-type semiconductor and high hole 

concentration in a p-type semiconductor). In accordance, 

the Fermi level is shifted up;.rards tOl-lards the conduction 

band for an n-type or downwards towards the valence band 

for a p-type semiconductor. If ni is the electron and hole 

concentration of the intrinsic sample, the following rela­

tion holds also for the extrinsic case: 

n . p = ni ' 
ie. the higher the electron or hole concentration, the 

lower the hole or electron concentration, respectively. 

Cadmium sulfide can only be prepared as high-conductivity 

n-type material [.4; 9, p.452] • Anion-(S}-vacancies behave 

as donors as do group III (eg. indium) and group VII impu-

rities, cation-CCdl-vacancies act as acceptors together 

with group I and V impurities (compensation). The only 

means by which a p-type condition is claimed to have been 

induced is by ion bombardment with bismuth [9, p. 449J. CdS 

has a direct bandgap with a bandgap energy of Eg= 2.582 eV 

at T=OK and Eg= 2~.42 eV at 300K [S, P.210] The bonds of 

CdS are of ionic and covalent character with an ionic con-

tent of 69% (8, p.8s] • 

1.2 Electrical Conductivity 

The conductivity of a substance is determined by the con-

centration and the so-called mobility of free charge carriers. 
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In the absence of an external electric field, the charge 

carriers diffuse in a random motion with a net charge flow 

of zero. But, when there is an external electric field (E) 

applied to the two ends of the semiconductor, the charge 

carriers drift with a preferred direction besides their 

diffusion. The drift velocities of electrons and holes are 

given by 

= 
(3) 

= 

\'lhere lln and are the electron and the hole mobilities 

respectively, ie •. their average drift velocity per unit 

electric field. The total current is the sum of electron 

and hole current and the current density becomes 

.,. .,. 
= - envn + epvp (4) 

or with eq. (.3) 

(5) 

e stands fOl;. the elementary charge. 

The electrical conductivity a is defined as 

j = ail: 

so that the conductivity of the semiconductor becomes 

(6 ) 
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1. 3 Photoconducti vi ty. 

Photoconduct·ivity involves the absorption of energy from .an 

electromagnetic radiation which excites (creates) additional 

free charge carriers in a semiconductor or an insulator. 

Possible excitations that contribute directly to an in0re--

ase in free carrier concentration are shown on Fig. 1 

conduction 
band 

valence· 
band 

Fig. 1: Absorption and excitation. 

Absorption of a photon "'ith an energy larger than gg exci­

tes an electron from the valence band into the conduction 

hand (thus creating a free electron-hole pairl. In this 

generation process, the related change in free electron 

concentration (tIDl equals the change in free hole concent-

ration (Ap). Processes 2 and 3 show the ionization of an 

impurity level leading to additional free electrons (An) 

and the excitation of an electron from the valence band in 
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to an impurity level thus increasing the hole concentra-

tion (lip). Another absorption mechanism that indlrectly 

contributes to an increase of free electron and hole conce­

ntration is e~citon absorption~.p.432J. 

In accordance with eg.{~ the photoconductivity, which is 

by defil'lition the change in conductivity due to Ulumina-

tion, becomes: 

In a crystal the chan~e in conductivity is attributed to 

the change in carrier concentration lin, lip and not to a 

variation of the mobilities li~n ' li~p [5J, and from 

eg. (7) the photoconductivity becomes 

The photoconductivity is strongly wavelength 0.) dependent 

because the spectral response has to reflect the op~ical 

properties of the semiconductor. For most of the photoconuc-

tors the mobilities ~n and Pp or the changes of the 

carrier concentrations lin arld lip are much different so that 

in eq. (8) one term is dominatinq and the other can be 

omitted. Backus [9J reports for CdS p = 340 cm2 /Vs and n 

Pp = 615 cm 2 /Vs and lifetimes (cf. part 1.4) to 'be Tn "" loos 

-2 and Tp '" 10 s. As shown in section 1,4, (eq, (1811 the 

• 
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saturation values of ~n and ~p therefore will be differ­

ent by a factor 10" and hence the photoconductivity is 

mainly attributed to an electron current: 

~n. 

Negative photoconductivity, ie. a decrease in conductance 

with respect to that of thermal equilibrium in the dark 

has been observed in thin-single crystals of CdS when sub­

jected to infrared radiation (infrared quenching of photo­

conductivity}. The infrared radiation excites holes from 

discrete states inside the energy gap into higher excited 

levels close to or inside the valence band. These holes 

recombine via recombination centres ~lith free electrons 

leading to negative photocohductivity [2]. 

rf a semiconductor is illumunated, free electrons and/or 

holes are generated at a generatiorr, rate g. If there no 

means existed to return the charge carriers to their ini­

tial state .. tlJ.e conductivity would have to increase conti­

nuously. In reality this is not the case because the 

carriers have a _limited lifetime T, ie. a limited time to 

contribute to the conductivity, for they are either trapped 

in a trapping centre during which they cannot contribute to 

the conductivity; or recombine in a recombination centre 

thus electron-hole pairs being annihilated. Recombination 

and trapping gentres appear in state$that extst tn the forbid-
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den band region which are attributed to foreign impurities, 

structural defects, etc. in the crystal. Recombination 

occurs when this type of centre captures a free electron 

and holds it until emptied by capturing a hole, while trap-

ping is just only capturing either a hole or an electron 

and releasing it after some time [6J. 

There are different forms that recombination may take accor­

ding to the way how the energy is released in the process 

of recombination of the electron-hole pairs [l.p.30l]: 

a1 radiative recombination-in this type of recombination 

a photon is radiated 

bi non-radiative recombination-where a phonon is released 

in the process of eiectron-hole recombination 

c1 Auger recombination-the energy released during recombi­

nation is given to other particles which gain a high 

velocity called "hot" particles which in the process of 

collision give their energy to the lattice which appears 

as a phonon. 

dl exciton recOmbination~The energy of recombining parti­

cles appears in a bound electron-hole pair. 

The lifetime mentioned above is the 'free lifetime' (the 

time a carrier is free to contribute to the conductivity) in 

difference to the 'excited lifetime' which is the total time 

the- carrier is between. its excitation and recombination, inc-

luding the time it is trapped. 
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The surface of~crystal is a macroscopic deviation from the 

crystal periodicity and for this reason the effects of trap-

ping and recombination are different at these boundaries, 

cOl)lpared with those of the bulk material. Therefore, the 

effective lifetime of a free carrier includes two componen-

ts, a bulk lifetime Tb and a surface lifetime Ts ' which are 

related by [6 .p. 330J : 

= (9 ) 

The lifetime of charge carriers is connected to the photo­

conductivity gain G of a photoconductor which is the number 

of free charge carriers that pass between the electrodes 

per number of created electron-hole pairs per second. If t* 

denotes the so-called transit time of a carrier which is 

the time that a carrier needs to pass through a semiconduc-

tor of length t (interelectrode spacing) at a drift velocity 

v, the photoconductivity gain becomes the ratio between the 

lifetime T and the transit time t* • Considering both types 

of carriers (n,p} Bube [l.p.601 gets for T < t* 

(1O) 

The transit time ;l,s derived from the drift velocity eq. (3) 

as 

t 2 

t* '" )lV 

where V stands for the voltage applied between the electro-

des. Hence, the photoconductivity gain can be rewritten as 

+ (ll) 
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The maximum performance of a photoconductor is attained 

for T > t* , and gains greater than unity can be obtained 

[4 ,8,p.43b]. 

A free carrier diffuses an average distance (Ll before it 

recombines (di~fusion length) [51 which is given by 

L '" lOT' (diffusion lengthl 

where 0 is the diffusion constant: 

0= kT 
)1-e (Einstein relation). 

(12) 

(13) 

Eqs. (12) and (13) provide a functional connection between 

lifetime and mobility: 

(14) 

If no is the free electron concentration in the dark and 

net) the concentration under illumination at time t, the 

lifetime Tn can be used to define a recombination rate rn 

by 

(IS) 

assuming that the lifetime is independent of n(an equivale­

nt recombination rate can be formulated for holes}. Consi-

de ring the time dependence of the free electron concentra-

tion net), the continuity equation becomes 

d ( n (tl-n(!)) 

dt = 
d net} 

dt 
. nCtl.-n 

'" g -r =g _ 0. 
n n nT' n 

(16) 

the generation rate gn being opposed by the recombination 

rate rn' rf the l:.lght (generation) is BlIdtched on at t = 0 
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integration gives for &n(tj = nCtl - n o 
,t 

q &n (tl '" gT' {l - exp C- - l}. 
n Tn 

(17) 

For t > 0 the carrier concentration increases exponentially 

and approaches for t» T the saturation value 

bn - gT , sat - n (l8) 

If after reaching the saturation value bnsat the light is 

switched off (at t' = 0), then 

, t' ' 
bn(t'! = gT exp(--J 
, n Tn 

for t' > 0; the photoconductivity ceases exponentially. 

(19 ) 

Eq. Cl~,J represents the basic equation for the photoconduc­

tive decay method for the measurement of the lifetime of 

charge carriers. Tn is the effective 'excited lifetime', 

The photoconductive decay therefore reveals trap parameters, 

too. j • 

• ~ .• -.1> 
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CHAPTER 2 

PHOTOCONDUCTIVITY OF POLYCRYS'fALLINE SEMICONDUCTORS. 

2 .1 General Aspects of Polycrystalline Semi'conductors. 

Polycrystalline materiC',ls are made up of small crystal­

lites packed together in a certain order with a transi­

tional region between them. They are usually found as thin 

layers formed on a substrate. Unlike single crystal semi­

conductors, their electric and photoelectric properties 

will be affected due to the transitional region. 

Bulk photoconductors (semiconductors) respond to radiation 

in much the same way as do thin films and the thickness of 

the device does not affect its inherent property. However. 

most photoconductors generally exhibit strong absorption 

over a limited portion of the spectrum and so utilize only 

a very thin layer ofthe.order of microns of the material. 

Thus, easier preparation methods of thin-film layers that 

can be attained economically make polycrystalline materials 

alternatives that replace single crystals for special app-

lications. 

2 • 2 'ReView of Exist:ing: The'ories. 

Theories of conductivity and photoconductivity of polycry­

stalline CdS were developed in line with those for other 

polycrystalline semiconductors such as lead salts [10, 11] 

which are of great potential as infrared detectors due to 
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their narrOvl band gap and polycrystalline silicon (poly-

silicon), which is of importance for lO~l cost solar cells 

and electronic units [121. 

Throughout the investigation of photoconductivity in poly­

crystalline materials a certain controversy has been susta-

ined: Is the photoconductivity due primarily to an inc­

rease in carrier density (n~ , np) or due to the increase . , 
in mobility (n~n ' ~~pl of the free carriers1 The answer 

to this question is less an experimental difficulty than a 

problem of theoretical interpretation of conductivity and 

mobility measurements. In contrast, to single crystal semi­

conductors the carrier density and mobility are spatially 

inhomogeneous within the polycrystalline material. Obser­

vable quantities of the photoconductive thin film, on the 

other hand}are a result of the average properties of the 

polycrystalline material. This brings about the necessity 

to have models available that provide the relationship 

between the observable (macroscopic} quantities and micro-

scopic properties of the inhomogeneous sample'. 

Common to all the_different models is a consideration of 

the polycrystalline materials as to be composed of small 

crystallites which are joined together by a transitional 

region, Volger t13] and Petritz [lOJ considered the transi­

tional region as being composed of a different material 

than the crystallites, ego of Oxides. 

• 
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Volger [13J treated the resulting polycrystalline struc­

ture as a resistance net\-mrk (geometric modell whereas 

Betritz [lOJ assigned to this intergranular layer a poten­

tial barrier. In addition he argued that a great number of 

trapping centres for minority carriers occur at the grain 

boundary so that this model can be called as "grain bound-

ary trapping model". He interpreted the photocurrent as 

. a majority current caused by electron-hole pair generation 

(primary process} due to light absorption within the crys­

tallites. A sec~ndary mechanism is trapping of minority 

carriers at the intergranular trapping centres which are 

extracted from the crystallites. Due to this trapping the 

barrier height is modulated and.as a consequence the mobi­

lity increases. Petritzshowed that the mobility is ther­

mally activated for the current flow is limited by thermi-

onic emission of carriers 

eVa 
)1 * '" )10 exp(- KT 1 (20) 

where eVB is the potential barrier height. The origin of 

the potentia'l'~barrier is not discussed in further detail. 

In extending'the grain boundary trapping model, Seto [12] 

proposed a mechanism that clarifies the origin of the 

potential barrier. He considered the intergranular layer 

that provides the transition between adjacent crystallites, 

being of the same composition as the crystallites, but of 

strongly disordered structure. Due to this high number of 
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imperfections, a great number of grain-ooundary states ate 

brought about which represent trapping centres for the f1~e 

carriers. Hence, free carriers are trapped by these traps 

at the grain boundary leaving behind a depleted region. 

This space charge region causes a nonuniform electric 

potential and consequently a band bending and a potential 

barrier. 

seto's discuss10n was aimed on the investigation of the 

(dark} conductivity of polysilicon. 

Orton eta!. [14J used Seto' s model as a basis for the dis­

cussion of photoconductivity and combined it with the 

former proposal of Petritz:Light absorption leads to a 

generation of electvonhole pairs. The created electrons 

(for n-type material) increase the free carrier concentra­

tion .whereas the holes become trapped at the grain boundary 

(secondary process).· . As a result, the grain boundary can­

not support a fuily depleted grain as before so that it 

shrinks. H.C card [lS] discusses that under optical illu-
...... _,.f.A""_~ 

mination the potential barrier which he dtscribes as the 
, 

diffusion potential decreases from its dark value. Then, the 

mobility, as can be seen from eer. (201, increases. Thus, the 

gl;ain boundary trapping model eJq?lairlSbot.h the increalOe in 

carrier concentration and the mobility under illumination 

of polycrystalline materials. 

• 
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Quiititat:tve' Analtsis:off;heGrain .... n<;i'tlnda'rY:'l'rappihg Model 
',~y '~-~,'.:,>! - , . 
,.j-, 

A1t;h01lgh thin-film polycrysta1Hne CdSia a three dimen-

siolla1 struoture, a one-dimensional' C),nalysis exhibits the 

chai:-aoteristic featurns oftha material. 

FOltowingseto J).2J the one~dimensional grain boundary tra-
I 

considers the polyorysta:11ine film to be comp­

Charge'dititr!bution 

c}Energy' band atruoture 

.... ,,~f Lg em 
'.' ) 

of an-type polycrystalline semioonductor [12J • 
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The crystallites contain uniformly distributed impurity 

atoms of concentration Nd/cm2 which should be totally 

ionized. The grain boundary is of negligible thickness 

with a trap concentration of Qt/cm2 at a single energy 

level Et • The traps are initially neutral and become 

charged by trapping majority carriers (electrons}. As a 

result of the electron trapping, the crystallites are 

- partly or completely depleted {Fig. 2 (hl} from electrons 

depending on the relation between the number of trapping 

states Qt occupied and the free electron concentration 

_Nd Lg • For Qt > Nd Lg the traps are not all occupied and 

the crystallites are completely depleted whereas for 

Nd L all traps g -
are occupied and the crystallites 

are depleted only partially. The depleted regions c0nsti~ 

tute a space charge region :- (of ionized donors} in which 

the related electric potential can be calculated by inte-

_ grat¢ng Poisson's equation: 

(21) 

...,.~~1'-..L, __ 

where t is the width of the depleted region as shown on 

Fig. 2 (b) ,-and '.e the dielectric,'permitivity. An abrupt, 
--

depletion approximation is assumed to be valid and mobile 

carriers in the depleted region are neglected in writing 

Poisson's equation. The voltage is-

(22) 
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'" dV with boundary conditions dxlx=~=o 

denotes the potential of the conduction band edge at the 

centre of the crystallite). The p~~olic potential causes 

the energy bands to bend upwards by eV(xl (Fig.2.(c». 

For Qt >Nd Lg the crystallites are completely depleted 

(ie. ~=O) and the potential reduces to 

. eNd ' L 
V (x) = V~ + -2- x2 I x I < -f: I 

the potential barrier height takes the value 

(23) 

(24) 

which increases linearly. with N.! keeping the other para­

meters constant. 

It is possible to evaluate the mobile carrier conentration 

using Boltzmann's statistics: 

eV(xl, - EF 
nexl = Nc exp' {- kT }, (25 ) 

~c being the.,effect!,ve density of states in the conduction 

band. Henc'e, molV-le carriers also occur in the depleted 

region which were neglected following Seto's lead. for the 

calculation of the potential. The electron concentration 

[Eg. (2511 i~ position dependent and the question arises, 
'<..-'> -

which. value to insert into the expression for the t!onduc-

tivity 

C1 = enJl . 
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The spatially averaged value 

Lg/2 

f n{xldK 
-L /2 g 

(26) 

appears to be most appropriate [12, l4J and the conduc­

tivity gets the form 

Also II is spatially in homogeneous. To retain the commo­

nly used relationship 0 = enll , a so called effective 

mobility ·is ~to be- taken 

• (27) 

na can be calculated by inserting eqs. (23) and (25) into 

_ eq. (26) : 

. L 2 
. 2e:kT ~ .' e. Nd ~. L 
( Nd 1 eri{ ( 2kT I :,;} (28) exp{-

For Qt < Nd Lg , the crystallites are only partly depleted 
-~. - ,,}-,,.. 

so that R. > 0 and an analogeous calculations give a barrier 

height of 

(29) 

The potential barrier versus doping concentration Nd is 

plotted schematically in Fig. 3. rt increases linerly with 

Nd for Qt > Nd Lg , attains a maximum at Nd Lg = Qt and 
1 decreases rapidly as N for Qt· < Nd L • 

d g 
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I<-~~-----r-------'"''''---~-

ot/Lg Nl 

Fig. 3: Scheme of the variation of the barr'ier height 

versus the doping concentration N~ 

If within the undepleted region the carrier concentration 

is assumed to be that of single crystalline CdS, the 

average carrier concentration becomes 

seto.[121 has demonstrated that the resistance of the 

polycrystalline material is caused mainly by the grain 

(31) 

boundary an~.J19t by the bulk of the crystallite and secon­

dIy, after a:eplying a voltage across the specimen·,. the 

current isa result of thermionic emission, where the - . 

. tunneling current can be neglected due to the relatively 

large width of the barrier. If the applied voltage drops 

by Va across a grain, the thermionic emission current den­

sit¥, jtll' across the grain boundary is 

. 1 ~ eVil 
jth ~ e na (2rrm*kT1 exp(- kT}Va 

(32) 
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where m* is the effective mass and it is assumed that 

eVa « kT. Since the conductivlty is related to the 

current, ie. 

j lR =: fJ' E =: 

the mobility using egs. (321 and (27) can be written as 

/ 

/ 
/ 

, ',I 

/ 

eVB exp(- kT 1 (33) 

Fig. 4: Behavior of barrier height, mobility and average 

carrier density versus doping concent~ation [14]. 
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The results are smnmarized in Fig. 4 • 'l'he harrier height 

approaches a maximum at Lg Nd = Qt while according to 

(33) the mobility reaches its minimum at this point. 

For large and small Nd the mobility approaches that of a 

single-crystalline CdS. The average carrier concentration 

na increases abruptly as Lg Nd approaches Qt and for a 

further increase in doping concentration it takes the 

value of Nd , 

The Fermi level EF is determined by equating the number of 

carriers trapped to the total number of trapping states, 

where L* = 

Thus, EF '" 

L 

Qt 
L*Nd =------~--~---­. Nt - E 

2 exp( . F)+l 
kT . 

g for Qt > Lg Nd and L* 

- kT R.n 
. ·Qt 

11 • Et H--
NdLg 

'" L -2R, g for Qt< 

A scheme of these t~lO cases is given in Fig. 5. 

~--..-.--
, - - --

Cai 

Fig. 5: Band Bending Profile 

'~--------- __ i_ 

(bl 

f 

, 
f 
'0 

(34) 

Nd Lg • 

05} 

• 
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For Qt> Lg Nd , the Fermi level is ~Iell below: E~ a.nd the 

number of free carriers is small indicating that states at 

Et are rarely occupied. For Qt < Lg Nd states at Et are 

nearly all occupied and the number of carriers is high 

because the Fermi levEl is close to the conduction band 

(which is similar to that of single crystals of the same 

doping1. 

Under illumination the quasi-Fermi level for electrons 

moves upwards while the Fermi. level which determines the 

trap occupancy moves down. Hence, the density of free eleo-

trons in the conduction band increases independent whether 

0t is larger or smaller than Nd Lg • 

On the other hand, the hole occupancy of the trap level 

increases as the qUasi-Fermi level, which determines the 

hole occupancy, moves downwards. For 0t > Nd Lg and lO~l 

light intensities, the whole crystallite remains depleted. 

and the potential barrier is found from eq. (241. Conse­

quently, the effective mobility does not change. rf the 

lightintensltyis increased for the case Qt> Nd Lg , the 

hole occupancy' of the trap levels ,can increase so strongly 

that the barrier cannot support a completely depleted 

grain. As a result a flat portion of the band ~lithin the 

crystallite occurs, the barrier height decreases leading 

to an increase of the mobility. Thus, the electron cone en-

tration and mobility change/both contributing to the photo­

conductivity. 



- 25 -

For Qt < Nd Lg the depletion width will shr:tnk always 

under illuminat.ion, so that the carrier concentration and 

the mobility will always change under illumination. 

The quantitative relationship between ana and aPeff 
could be derived on the assumption that all holes generated 

due to light absorption are trapped at the grain boundary. 

But it is to be expected that quantitative differences 

between theoretical and experimental results occur because 

important characteristics like grain size distribution as 

well as a non-uniform trap-level Et are not considered. 

For the work presented, such calculation and refined 

measurements are not included because both mobility and 

carrier concentration as well as the doping level Nd and 

trap concentration Qt are not available. Therefore, a 

quantitative comparison ~ ... ith experimental results is not 

possible. But the represented theories enlighten the qua­

litative relationship bebleen measured quantities and 

microscopic paramenters in photoconductive processes of 
-'!..""~ 

polycrystalline semiconductors. 

2.4 . Cal'cuJ;ationofthe Absorbance of Thin-Film PhOtoconductors 

Deposited 'on: Glass' Substrate. 

Only the part of electromagnetic radiation that is absorbed 

by the semiconductor can contribute to photoconductivity. 

Therefore, the optical properties of the semiconductor, 
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especially the wavelength dependence of its absorption 

coefficient o:(>'l,is of great. importance for the spectral 

response of photoconductivity. 

A thin-film photoconductor, without considering th.e elec­

trical contacts, consists of an absorbing layer of the 

semiconductor of thickness d, refractive index N ~ N + iK 

(whereN is the refractive index and K is the absorption 

indexl, deposited on a non:"absorbing substrate (glass) of 

refractive index Ng (Fig, 61. 
(1) ... (2) (3) 

, 

, 
// // 

, ,Y 

" "- "-
1: 

, , 
0 // // // ------ " "- '-

, 
r (IA) " // ,Y /- " , 

~ .... ---......--. ........... - . --~--------....--:-.-._---_.-. 

Fig. 6: Scheme of the photoconductor •. 

If monochroI!\ili;}'c light of wavelength >. and intensity I~ is 

incident on a~ sample, a part IReA) will be reflected, a 

part IAG\} absorb!ld and the remahling· part ITG\} leaves 

the semiconductor as transmitted light. Introducing the 

reflectance R, absorbance A and transmittance T by 
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RCAl '" 
IR(A) 

IO 

AlAl = 
IA CA) 

(36) 
Io 

T(A) = 
IT (Al 

Io 

the law of conservation of energy demands the following 

relation 

RCAl + AlA) + T(A) = 1. (37l 

The absorbance A(A) of the semiconductor is the determin-

ing term for the photoconductive response. For completely 

coherent and monochr.omatic light, for which the light amp­

litudes are to be added, R, A and T are given by Born and 

Wolf [16]. 

Petrowa et al. [17J have obtained the relevant expressions 

for R, A and T for the case that the coherence length of 

the light is larger than the. film thickness d but smaller 
-\" -~~ .. 

than the substrate thickness D. On the other hand, for the 

case that the films are not of an'exactly constant thick­

ness and the incident radiation is not perfectly monochro­

matic or that the coherence length is very small, as it is 

true in real situations)interferenc~ effects cancel each 

other or do not occur. Thus, R, A and T will be equal to 

those values obtained by an addition of light intensities 
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as tor :i,ncoherent light. In "that follo~1s is_,di;;;cussed the. 

exao.texpressions for R f A and T for the system of Fig. 6 
,- ; ,", 

";i"-" 

for:j.ncoherent light incidence. 
,-i",' -., 

\~hen.l:tght· is incident on the air/semiconductQr/gl?\ss/Air 

system shown on Fig. 6, the reflected, absorbed and trans­

mitted intensities are a result of multiple reflections. 

An expression for the absorbance A of an absorbing medium 

with refractive index 
J<V • 

N, thickness d, deposited on glass 

subst:t'ata of refl:actlve index Ng can be calculated. To 

start with at first the glass substrate is assumed to be 

of in;firi;i.te thickness and thus not causing reflection 

(Fig. 7l,~ . ·iT 

,"-

;':/~~;~_::i--:-. '.--
• 

• • 
• • 

· . • -,-- .,- -~ - -""-~--'-'",--'-~-' 

reflections of air/semicQnductor/ glass 
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The reflectance, absorbance and transmittance of this 

subsystem are found by summing up all the multiple reflec-

tions: 

I (38) 

A (121 '" 
(1-Rl l{l+R2 exp(-ad) l'{l-exp(-~dl} 

) .(39 ) 

1 (40) 

where the sequence of superscripts.indicate the direction 

of incident light and Rland R2 are given by·: .' 

(N-1l2 +K2 
(N+l,)2 + K2 I 

(N-Nc;r}2 + Xi 

CN+NgP +K2 

(4la) 

(41b) 

For further calculations the equivalent values for light 

lncident from the opposite direction are needed, which 

are found by interchanging Rl and' R2 : 

RL2l1 .. (42) 



" 
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(1-R2)' {HRI .. exp(-adlHl-exp(.-adl} 

J. -Rl R2 exp (- 2ad) 

(l-R2J Cl-R1lexp(- ad) 

l-Rl R2 exp(- 2adl • 

(43) 

(44) 

Because T(12) = T(2l 1 both will be abbreviated by T( J • 

So far, we have considered the glass substrate t.o extend 

to infinity where in real situations it is interrupted by 

air of refractive index Na • Including reflections from 

interface 3, a situation as in Fig. 8 arises. 

reflected absorbed 
'. HT'(Z) 

Io 1.
0
".£"2). roT() lOT 0 z . 

-"::"'--'---~f-:::...----:---+--------J--=--------"" 

t . r T()~ R(21) X T{)R a(21)z 
I , 
! 

i 
i 

o 3 o· 3 . -------, 

~. '. .... ····z" inOd~/ .. (21)2 
"<, • "'0-" ~3 \.IJI. 

-----.-.... -f-". "'-.---' -
• • 
• • 

• 

'. Fig. 8: Multiple reflections of air/semi.conductor/glass/ 

air system ce" 1~R31. 
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The total absorbance is the sum of all the absorbed 

portionst 

A '" A (1231 (45) 

. where 

• (46) 

Since R3 :::: 0.05 and R(2,11<:. 1, approximation can be made 

by neglecting R3.R(211 in the denominator without-causing 

any significant error which is equivalent to uropping the 

contributions of light reflected more than once at the 

interface 3. The second term can as well be dropped for it 

contains R3 m~tiplied by terms that are smaller than one 

which is equivalent to the assumption that the interface 

(31 reduces only the transmitted light by a factor (~R3) 

without causing any reflections. Lastly, the denominator 

of eq. (39) can be approximated by 1, so that the total 

absorbance . g~p. be approximated by 

(47) 

2 • 5 ReTa;tion Betwe·en Absorbam::e a-nd Genera;tionRate. 

The generation of charge by a photo conductor is propor­

tional to the number of absorbed photons per unit time. 

If the intensity of the incident radiation is Io (energy 

per unit area and timel, an amount of A.Io is absorbed 
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within the photocopductor. of thickness d ~nd area w. ~ . 
, 

The nUmber of absorbed photons per unit time for a mono-

chromatic source i~ 
. ~ 

i 

, J: A o 1iV .W,R-

i 
where v is the frequency of light. 

The generation rat~ (g) which is the increase in free 
) 

charge carriers pex- time and volume is defined as , 

where 

(48) 

dC~~l is proportioqal to the number of absorbed photons 

per unit time 

W.~ 

i where n is the qUqntum e£fictency (ie, the prohabtlity 

that an absorbed,~~to'riwill generate free charge carriers) : 
~~.~J:."'~ " -:. .. 

--, IdC[n} ,d(AN}, 
g"'\. t' = Vdt ! ' .,' 

_ t-

• 
i 
i 

=~. 
IOA.WR­
hv,.'w.td = 

A is giyen hi eqs. (45) and (47). 
I 

(49) 
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For the above derivation it was assumed, as proposed by 

Petritz '0"01, that the change in carrier concentration 

due to illumination is spatially constant within the film 

of thickness d, although the absorption profile is non­

uniform. This is the case if the diffusion length is 

larger than the film thickness, so that a non-uniform 

carrier concentration in the direction perpendicular to 

the film aiwaYs becomes uniform by diffusion. Hence, it is 

without influence, in which depth a photon is absorbed 

and generates electron-hole pairs, so that the total absor­

bance A can be used for calculation. 

a.c, Card [ISJ constders an arrangement for meaSurement 

as in rig. 9 and assumes that a car"der diffuaion in the 

~·directlon does not take place for the grain boundaries 

occur"tn a vertical direction. The absorption of light is 

a function of the fUm" thickness 

dI= -ex I dx (50) 

which makes the number of abSorbed photons spattally non-

uniform. 

According to eq. .(471 

calcull\te" thei'\bsorr.tion" p.ro;t;i:lle within" the 

thin film. As a result, the photoconductivity will depend 

on the thickness, • As shown on the figure, the measured 

cUrrent is the average current so that the x-dependece of 

the photocurrent cannot be recognized. Therefore, assuming 
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illumination 

I 

• 
I 
t 

1 1 I 1- I I L I 
1 1 1 I 1 1 

I I I I I 1 I I 
1 I II 1 
II 1 

- 1 1 I I I I I I 
s --------

5 '" si 
VA 

Fig. 9: Determination of conductivity. 

a proportionality between charge carrier concentration (nl 

- and photoconductive effect, a treatment as done before is 

justified. Furthermore, reflections at the interfaces 

support this discussion by making the absorption profile 

more smooth • 

• ~~ .• •. ~.1 
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'CHAP'l'ER 3 

i 
c. PREPARATION OF POLYCRYSTALI,INE CdS THIN-FILMS. 

3 • ~ The Chemical Ba'th Deposition. 

Different preparations methods exist in competition lead­

ing to comparable polycrystalline cadlUium sulfide thin d 

films. Thermal ,evaporation and sputtering [3] have been 

widely used for the preparation of CdS thin-film and need 

an expensive set-up which are operated at high, ,.,tempe-

" ratures. On the other hand, spray pyrolysis [3, l8J ' 
( 

, 'screen-printing and sil'ltering [19} , and chemical bath 

deposition can be used to produce large area thin-film 

layers economically at relatively low temperature, The 

chemical bath depositon method has been known for sometime 

[20] , but the electrical and photoelectrical properties 

are less investigated. Because of the availability of the 

equipment needed for this method, it ~las chosen to apply 

this method for the p:eeparation of CdS thin-films. 

3.2, ' l?rep'aration Techn'!q'ue • 
. i -~. 

CdS layers are prepared by mixing ,thiourea in an,qlkalJ:ine 

solution containing a cadlUiurn salt, in this case cadmium 

acetate. The oadlUiurn acetate reacts \'1ith the ammonia solu-

tion to form a complex tetrammoniurn compoound which disso­

ciates the thiourea. The chemical reaction for the formation 

of CdS films is given by 
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+2 _ 
Cd + (NH2) 2 CS + 20H -+ CdS +NH2 eN +2H20 , (51) 

There are two possibilities for CdS layer formation. One 

is the ion to ion combination from the colloidal solution 

directly on the substrate and second the deposition of CdS 

from the precipitate in the solution onto the substrate. 

The deposition was made on a glass-substrate that was clea­

ned by immersing it in chrumium acid. The glass-substrates 

_were immersed in the reaction beaker and rotated at l20r.p.m 

i~ order to stir the- aqueous solution of the reactants. 

rotating substra 

reaction 

reaction bath 

I 
-I 

regulated heater 

/ 
I 

-1L_--li1at:er bath -

~~~~~~r:~~~magnetic stirrer 
(water ba~ stirring) ,-

Fig. '10: Experimental set-up for the chemical bath 

deposi tion • 

The films produced are influenced by the ambient, ie. rate 

of substrate rotation (stirring), temperature of deposition, 

rate of heating, _pH-value, duration of deposition, and 

concentration of reactants in the solution. A series of 

-, , 
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layers were prepared according to a programme for the 

variation of the parameters. The best filmswere obtained 

by mixing 

1.25 ml 0.5 M Cd (CH3COO) 2 
I 

10 ml 0.1 M (NH212CS I 

10 ml 14 M NH4OH) 

2.5 ml dist. H2O . 

All were mixed at room temperature and the mixture was 

heated at a rate of aPout 1.50 C/min up to 650 C with the 

.substrate immersed in the reaction beaker and ~otated 

120 rpm to ensure vigorous stirring. Once the optimum 

deposition temperature has been reached, the deposition 

was continued for an additional 10 minutes while the tem-

perature is kept constant. 'trtnt{J;Iy, the layers were taken 

out and rinsed with distilled water and dried in air. The 

thickness of these films.W~3 measured as described in part 
, 

3.3
J

6:bd amounted to 5 vm. 

The following variations of the parameters resulted in 

thick, porous, ~mldery and rougn layers in contrast to the 

optimum results obtained "Thich are adherent, reflecting 

and uniform (non-po~ldery): 

extension of the deposition time to 15 and 20 minutes 

after reaching the final temperature, 

increase of the final temperature to 7SoC 
I 

• 
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increase in cadmium. acetateconcentrati6n, 

decrease of the ammonia concentration and thus decrease 

of the /rH~value of the reaction solution. 

Films prepared by decreasing the cadmium acetate concent-, 

ration maintaining the thiourea concentration constant are 

comparable to those ones obtained under optimum conditions 

except that the thickness of the layers was smaller. A dec-
. ' 0 

rease in the final temperature of deposition to 50 C stron-

glyslowed down the deposition rate. This affects the thick­

'ness of the layers' which (lould not be compensated by an 

extension of the deposition time to 90,minutes. 

An intended" doping of the films is possible (21). Doping 

with'lithiulIl can be done by adding 1.5 ml 0.01 M LiF to 

the reaction mixture wIiich gave layers similar to those 

without doping. A Similar procedure was done 'to dope the 

layers with copper bY,<ldding 1.5 IIll 0.01 M eUS04 whlgh gave 

a neglig1hleCdS deposition. The reason could be a forma-' 

tion of copper'complexes which hinder the deposition. 

, 
Other variations tried were an immersion of the substrate 

~ , 

after ~v.ing attained the final temperature and a double 

bath depos,ttion (repetition of the deposition (in the same 

substrate using a fresh bath). The first resulted in thin 

layers, while the latter increased the thickness of the 

uniform layer to 13 pm. Hence, a repeated depOSition allows 

the preparation of. the. films of desired thickness: 
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The deposition was done on a glass-substrate which was 

already ooatedwlth a hi<;lhly conducting and transparent 

thin film of tin oxide (8n02) I that can ~erve as the back 

contact for a CdS/Cu2S Belar cell. The result was similar 

to the deposition on a clean glass-substrate. 

Sample Compound Concen- DepoSi- Deposition specialiites 

number 'tratibn compal;'ed t.ion, time 

1 

2 

3 

4a 

4b 

5 

,6a 

6b 

'la 

7b. 

'8 

9 

,',10 

lla 

16 

19 

,nth ° C temp·.,coe::} . Onin') 

o c 

70 

65 

55 

65 

15 

30 

30 

15 

. 2QO% C,d C~a;x»2 ' .', 65 

oc 

,400 • 

, " .2S't, 
','j , 

OC +L! doped 

,65 

10 

65 ..... ·.: ,~.:, 

65 10 

65 10 

o 
anneal~d at, 120 C 

fQl." Ihtm'l70Pa 

• 
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Table 1 (cont; I 

lIb OC + Li. doped 65. 20. 

12 

14 OC + Cu doped 65 10 

15 

13 ,OC 6.5 10., ' 

17 

18 OC +Li doped 65 10 double bath deposition 

20 

23a OC 65 10 thiourea added after 

. , 're'aob:ing: 65'oC ,. 

23b OC 65 10 substrate immersed 

afte'r reaohing 6'50 C 

24a 
OC + Li doped 65 10 

24b substrate immersed 

a'fte-r reaohing 65°C 

25a 10 
60% Cd (CH3COO) 2 65 

25b .15 
.:::; yll . 

II* OC 65 10 Annealed at 120°C for 

1 hr at 70 Pa, 

Clf'Inealed at 550°C for 

'1 hrin'air . , ' 

III* , OC +Li doped 65 10 annealed at 300°C for 

, .20 min at 0.,013 Fa . 
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3.3 Measurement of the Film Thickh'ess 

The electrical and photoelectrical measUrements as desc­

ribed in chapter 4.provide the dark-and the photo-resis­

tance. The related resistivities and conductivities can 

only be calculated if the geometrical dimensions of the 

sample, especially its thickness d, are known. FUrther­

more,the film thickness is needed for a determination of 

the optical constants of the films from tranamission mea­

surements/as well as for a quantitative evaluation of the 

film deposition by the method applied. 

'The th:ickness of the fUms was measured using ,a Spenoer ' 

microscope, An ocular micrometer containing 100 equidis­

tant intervals Locular micrometer scale units ~ OMSUl was 

calibrated by comparison with a 2 rom long object microme­

terof tnterval spac:;tng 10 j.lm, For a lO-fold""Ocular 'and 

objectives of 10-, 45-, -and lOO~f61d magnif:;tcat:;ton,one 

OMBU was found to correspond to 

14.8 j.lm for lOxlO, 

3,3 J.I11l for l0x45, and 
._ ... , • .,,1' ...... 

1.45vm for .1OxlOO total.magn:;tficat:;ton. 

For the measurement of the film tntckness, the films were 

, positioned vertically and :;tlluminated from below. Because 

of the strong absorption by the vertical films· theyappea­

red black when observed through the micorscope and the 

strong contrast between the films and the adjacent media 

CsuOstrated, airl allowed the measurement of the thickness 

w:;tth a good accuracy. 
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3.4 InV'estigationofthe Film Structure by x-ray Diffraction: 

Results. 

When }{-ray radiation is incident on a crystal it is' scat­

tered from its periodically spaced atoms. The diffracted 

rays interfere coherently and cause intensity maxima at 

certain angles e given by Brafg's relation 

2 dhklsin e = mA , (52) 

where m is the diffraction order and ~l the interplaner 

spacing of planes with Miller indices (hkll. 

The .stable form of cadmiUm sulfide is hexagonal structure 

(wurtzite structurel, which is the~mly one for which single 

crystals can be grown" ~Tith the following lattice constants 

[22J 

a = (4.:1.367 :!:O.00031 g 

b .. (6.7161 +0.00051 g 

Values measured by other authors [23J differ slightly. The 

dependence of the interplanar spacing dnkl on the Miller 
• .d._ d--"-l ._ 

indices hkl, and a and c for a hexagonal structure is given 

by [24} 

(53) 

.Table 2 presents ~l-values of hexagonal CdS observed by 

Swanson et, al. [23] that can be used for indexing diffrac­

tion pattern if hexagonal CdS is exoected. 
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dhkl-values of hexaaonal CdS according to 

Swanson et al. f23] 

hkl. dhkll&1 .e*Jgradl 

100 3.583 18.64 

002 3.357 19.94 

101 3.160 21.24 

102 2.450 27.a6 

*} for m = 1 and A =2.29 R (chromium-Ka -

radiation) 

Cadmium sulfide films can be either hexagonal or cubic or 

both raJ • Cook et al. [22J report: a lattice constant of 
o 

a = 5.a39 A for cubic CdS (zinc blende-fcc structurel. For' 

a cubic structure dhkl is given ·by 

and Bragg reflections occur for the fcc-structure only if 

the hkl are unmixed (all odd or all even) t7,p.61]. Expected 
• _ ........ "".f. 

reflections for the lowest (hkl) are calculated in Table 3. 

Table 3: dhkl-values of expected'diffraction maxima of 
~ . 

cubic CdS (zinc blende structure) with a = 5.839~ 
hkl. dhkllRI . e*}lgradl 

111 3.371 19.a6 

200 2.920 23.09 

220 2.064 33.69 

311 1. 761 40.57 

*1 for m = 1 and A = 2.29 R (Cr-K ) 
a 
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CdS preparation, especially during its 

be oxidized to form cadmium oxide ~lhich 

'has a face-centered structure with a lattice constant 

a .. 4.695& [.11]. 

Possible diffraction maxima clilused by CdO are given in 

Table 4 (25"]. 

Table 4: Expected dnkl-values of fcc CdO 

hkl ,dnk11&1 ' ,®*llgradl 

111 2.711 24.99 

200 2.348 29.19 

220 1.660 43.61 

311 1.416 53.98 

*) for m .. 1 and A == 2.29 & (Cr-K~) 

The X-ray d:l.ffraotion spectra of the fil1l1S prepared by the 

chemical bath deposition teohnique were recorded by Dr. 

Neumann (Physics Department of the Wilhelm-Pieck-University 

nostock/GD1U.~e radiation used was Cr-Ka O . ., 2,.29 Rl. 
Six layers h~ye been investigated whioh were prepared aocor-

" ' 

ding to the opti~um-condition procedure with and without 

doping'and a post-annealing as listed in Table 5. 
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Table 5: Preparation conditions of the layers investiga-

ted by X-ray diffraction 

. doping 
layer· 

double bath 
annealing 

with Iii deposiU'ol1 

I no 

II at 120°C for 1 hrat 70 Pa 

III X no 
" -;.... 

IV X at 120°C for 1 hr at 70 Pa 

V X X no 
• 

VI X X at 120°C for 1 hr at 70 Pa 

II'" layer II, in addition a.nnea1ed at 550°C in air for 1 h 

III* layer III, in addition~ea1ed at3000 C for 20min 

at 0.013 Pa 

The spectra found are shown in Fig. 11 together with the 

spectra of CdS-powder. CdS powder ShO~lS clear peaks at 16.6°, 

20.00 and 21 •. 3° which relate to the interplanar spacing 

3.58R, 3.36R and 3.l6i respectively in agreement with 

Bragg's relation 

2d sin e c m>. 

for m = 1 • 

From Fig. 11(a), the diffractions planes can be identified 

as (100),· (002) and (101) planes of hexagonal CdS. 
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Fig. 11 t X-ray spectra of the. layers listed in '1'able 0:' 
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(). 1) 

(1) layer' n"" 

The diffraction spectra of all the;la.yers:with or without 

anealing at 12@9c are not very sharp, similar to those of 

amorphous semiconductors. The lavers can be considered as 

polycrystalline l&yers of very small grain dimension. All 

the layers show a peak at e ~ 20.25° (d = 3.3Ig) which is 

more pronounced for the layer VI (Fig. ll(g}). 
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An anealing at 3000 C for 20 min at 0.013 Pa (Fig. 11(i» 

enhanced the peak but shifted' it to 20.1 0 (d~3. 341(). This 

indicates a recrystallization 'and formation of a hexagonal 

texture with (002) orientation. An anealing at 5500 C in 

air, gave peaks (Fig. ll(h» at 25.1° and 29.250 in place 

of the 1st peak at 20.25 0
• This can be identified as (200) 

and (111) lines of CdO. Hence, in air, an oxidation of CdS 

films is unavoidable. The shift of the (002) reflection 

towards smaller angles due to an increased lattice spacing 

d(from 3.31 to 3.34Rl after anealing can be explained as 

follows: The preparation 'If the films from an aqueous 

dispersion leads to an inclusion of H20 molecules into the 

layer in quite a large amount, which are responsible for 

,the formation of nearly amorphous structure for they inter­

rupt the growtll of large crystallites. The annealing aimed 

on a recrystallization'and formation of larger crystallites 

breaks these bindings and replaces them by those of CdS. As 

a result of,annealing H20 is removed and a structure of a 

somewhat larger interatomic distance is formed. 

One can conclude that the peaks of the layers I - VI 

(Fig. 11 (b-gll at 20.25° (d = 3.~lRl correspond to the 

peak of CdS-powder at 20.0° (3.36~) which are due to the 

(002) planes of hexagonal CdS. 
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<':HAPTER 4 - , 

ELliQJRICAL AND PHOTOELECTRICAL MEAS~lENTS. 

4 .1 Conducti vi ty M~<fS\lrements. Contacting. 

Conductivity measurements were done using the current-volt­

age (i-V) method (u;J which is based on the meaSurement of 

current i flowing through the probe ~lhen a voltage V is 

applied to it by means of electrical contacts. The conduc­

tivity Ci and the plu)1:oconductivity Ciph are derived from 

Ohm's law, ie. 

q 1 10 10 i '" R A '" VA • (55} 

(fph'" I::.ft 10 I::. i ph "" VA • (56) 

where R, 10 and A represent the resistance, the electrode 

separation and the cross-sectional area of the specimen 

respeoive:l;y. The. geometrical"dimensions R. and A can be 

obtained uslng a microacopeas described in part 3.3. 

In performin~i'~Lthe meaS1,lrements, a coplanar geometry of the 

contaets was·used. Thecontaqts stlould not intr.oduce an addi-­

tional re.sistancelio that the. i~V characteristics ,'displays 

the resistivif;.y.o£ the specimen. Such contacts are called 

ohmic contaotsin contrast to rectifying contacts which 

ari'se due to the presEirice of an electrostatio barrier (space­

charge-regionJ~tween the metal and the semicpnductor [1 ,27J . 



~. /\::,~]~- ,< 

. "'f.::,}#:am~m~* t&'attain an ohmic contact with n"'CdS, Bube D.J 
:. -tmPQ~e$ €WQ,conditiona; 

~";: :-:,-, .. ' l,~;.-':- ,~~,~~\.! "',:' :-'~~' > 

a> '1\ Il\~'tal with a \'1Ork function (<Pm) smaller than that of 

" n..,Cds (4)s) should be chosen • 

b) 'The metal used shOuld act ,as a donor im~ut'ity. Some 
" 

dl;f:ll!.lS:ion 0:1; themetC'\l into thesem:lconductor improves 

t~e'qU~l;t,tyo;f the contact. 
\,.: 

It }.'s~hoWn in 1i'i~}'iihOW the condition P'l\l <! 4>s leMs to 

a~~hlii<f;~bnto;ct for' an.. n ... typsaerriiconductor • 

. . , 

• contaot'~r~tn"CdS are g'alUu.m,.tnd:l;um, 

OXide<~1~4(tj,n oxtde {lt18,28} •. 

coo,': 
"'-'j "--", 

, , 

s;l:;1ver r :i,ndiWil";tin~ 

Her:esolde;Ce~'i~d:!'um 
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metal semiconductor 

(c) (d) 

Fig. 12: Energy level dla~Jl:'ams and ohmic metal-n-type 

semtconductor contact wtth .pm < <Ps [6] 

al before contact (b) after contact 

cJ when metal 1.s negatively bi,ased 

d) \~hen metal ts postt;lvely biased. 

4,2 L;I,ght Sources. 

The nlagn;t,tude of the photoelectric effect depends not only 

on the total energy of the inc;i.dent photon flux but also 

strongly on its spectral energy distribution. Therefo);'e, 

information <\bout the spectral charG\cteristics of the l1ght 

sources ut;l.l:l;zed :Eor photoconductivity meC\surements have teo 

be supplemented. 

,Me<'\su);'ements of photoconductivity a,re done either unde):' the 

so-ca,lled ",~hi te Ught" :l.llumina,t;l;on ( (which ;l,s rea,l;i:,zed 

:n)ostly by £In inc<\ndescenttungsten filwnent lwnpl 0):' unde:r 

monochlZomatic ;l,llumination. 1;n the first case, a n03~mali" 

zatton '<l;tth.respect to a, constC\nt ene:<:gy flux as ~Tell as a 
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constant ntwber of incident photons is common. Both an 

incandescent tungsten filament radiation (220V, ISOW, 

2100R-m) and monochromatic light (incandescent tungsten 

radiation plus grating monochromator) were utilized. 

The spectral energy distribution of an incandescent lamp 

can be expressed by means of its spectral emissivity 

e(;\, t), which is the ratio of the spectral emittance of 

the radiator M(;\, T)tung to that of a black-body radiator 

at the same temperature M(~, T)black' For tungsten e(A,T) 

is given by G, Wyszecki and W.S. Stiles [29]. Thecuxves 

(57) 

axe plotted fo;l:' d:lfferent tem)?eX<ltures ;l.n Fig. 13. 

All spectxC\l photoconductiVit:l,ea were normCl1;t,zed to C\ 

constant number of 1013 photons incident per second and 

mm2 • 

'rhe spectral energy distribution of the150\'i tungsten bulb 

WaS meC\stiredby me<lns of two differerit 1llet<ll interference 

filters (504 and 644 runl of known tr"nem;lttClnce Combined 

w;lth C\n ;i.nf;l:'ClX'ed ..absorbing filter <lnd 

VTh8 (C<lrl Zeiss Jena, xeciever area 

<I vaccum therrnopUe 
2· 

1.1 mm , sensit:lv:lty 

4,6V/W). COlllj?<lrison of therelat:lveinteristt;i,es found CIt 

the. different wavelengths ,~iththecuXves of Fig. l3g<lve 

an Clj?prox;l.matefilamerit tempel:atu;t'e of 2400K, The totC\l 

;l.ntens;lty in C\ distance of 15 em anlounts· to 156 mW/c)1}2. 
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log r.:(ll~'L_ ! 
- 1'..(:>bOnm,T)"! t;upg5t~n 

bod), 

_ wavelength (nm) 

Pig. 13: ~elB.t:lve flpectrf\l ene'J?gy d;l;ntr;l;bution of; ;l;n08,n<" 
I 

descent tungsten lamp, 

The spectrq l energy d;!'stribution (If the monochr.onlato''-: 

(operi'\t;lng voltage of the tunCjsten lamp 5, 6V) e111erg1ng :Croll 

the exit sl;lt of the grating rnonochroma,to~- vias also deter'---

mined with the same thermopile V'l'h8. The results are rapTE" 

sented :tn Fig. 14 in nUt-nber of inc;!,dent photons per t_;lnw 
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and area, Obtained SpE!ctral photocondUGU.vi ties \-1e1'(; nor--

ma1.ized by thes<" valum;. 

\,w.vnlel1oth (run} 

Fig. 14: Spc")ctral distribution of the numbE,r. of J.ncident 

photons per ti.me and area of UlO monochromator. 

The dark resisi:ance of several r;amples tm:ned out to be so 

high that tj'Le resulting smelll CUl;'rents could not be measnr'od 

accu:r:ately by the galvanometers av",;!,lable. This 'made neces" 

sary the appl:l,cation of a meqsu:r.:l.ng a.mpl.tfim: which hag 1:0 

proposed that utUizes the potent:t.ql drop aCross a lOka 

seJ;'ies res;l.stol; :R due to these small cur:CfJJltll. '.Po r'Eo\l\l;i:ze 

an input J.'8s;i.s'tClnce (Ri,n) much lq;r:ger than lOOka f a .t-l0S)?E'1' 

\'l,Hh an input rE,sist:ance greater thG,ll1012a WiJ.$ i.ncluded 

(see Pig. 15). 



'l'he MOSF'E'.[' feeds an opel"ati.onal arnplifler: of ampJ.:tficcltioll 

fac1:f)r (A) ndjurdJ-:.1d by the 0:Ktf::r.nal components .1\1 hnd }{? 

R 
(.il., " Ii!), 

-'2 

- ............. , 

Pig ~ 15: Cj,r:c1ui t oft-he i((laa;'~~lnga;api±n.el' 

A swi tell (8) ~iB,1l ;tne! udlHl to preven.t the 8,pp'1:l:.oat:i.ol1 of 

excess voH:aqe by opfming i.t du:c,l;ng themea.surements-, 

The output voltage Vout or the oper;a,t;l.onal amplifier mef\Sl.1-

17ed ,lith q digital nmlttmetm: Wl)otJni-.s to 

~theJ:'e V J.n ~.$ the potentiql dr-oj:> ~cross the r.ea;l./J·tm,:ll.1 I'lhlch 

w;U.h i1 knovm a.pplied voltage v'" ';l;l;ves the resistna,ce of the 

photoconductor, 
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V a 
Rph '" R(A" - 1) , 

'out 
(58 ) 

BeCallSe of the Eolerance of the resistors RI and ll.2 

the linearity of the amplification fac'tor. (Al of the f,mpli'-

fier was determined experimentally by applying a known 

vol tage V in' Tile resulting output voJ:cages are showll in 

Fig. 16. The operational amplifier possesses an offset 

voltage of 940mV, which is to he subt.racted from the out:­

put reading. It. operat.es linearly for output voltages 

IVoutl -{ 5V ,·lith an ampl;i,ficat.ion factor of 96,5, 

-12 
F.ig. ,'16 i 11easured V '. j' V~' relationsh"p' oP the operational 

out 1.n "'"' 

o.mpUf;l.er. 
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4.4 Results of Neasurement· ---------------

'fogether I.,.i th the layers prepared by ohemical deposition 

technique, monoeryst.alline CdS photoconductor (VEB Carl 

Zeis Jena) , polycrystalline sintered CdS photoconductor 

(type WI< 65036) and pressed CdS powder ~Tere investigated. 

BesidefJ the spectral sensitivlty f the ratio between the 

l;tght and dark conduct:l.v:lt.y ;is an :important propel:'ty of a 

photoconductor. The values obtained under .,hite light il1u~ 

llJination a);'e th.e following I 

Monoc;cysta,ll;l,ne cdS 

l'olycry"tall;lne \'II< 65n36 

I,ayer 6" (eC) 

I"ayel:' 6b coe + .annealed) 

Lay8)? 16 coe + .L;l dopedl 

I.qye;C 17 (OC, 1,i 'doped, double bath) 

J:>rel'ised . ,CdS 

Pnesfled CelS Ci'\nl1ei'\led) 

)?)?essed CdS CN<,\Cl doped, a.nnealedl 

11 

12 

1,4 

16 

1.2 

2.6 

;en ol?der to a.ttf\~<n a 1c\l:ge HghtjdC\rk conduC'tlvity r.atio ( 

t.he do.rk conductiv;lty should be £\$ $ma.ll a$ poas;!.ble. This 

c<,\n be re<,\ched ;If there are no impurities {int:l:insic beha-

v;lou:11l 0)7 ;l.f the dono;!.' impurities are compensated , 
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The first type is roaU.zed in the monocrystalline CdS. 

photoconductor for ~Ihich only interband transl. tions are 

possible (excitation 1, ~"ig. 1) which is confirmed by the 

spectral measurements. Doping reduces the ratio as can be 

noted by cOlUpa:dng the values of the layer 16 ~11.th that of 

the undoped layer 6a. In the case of annealing, the dal:k 

conductivity increases more faster than the photoconduct:l­

v;tty thus resulting in a decrease of the ratio of the light i» 

dark conduct,tv;l.ty which is indicated by cOIl)pa:dng 6a and 6b, 

and by annealing pressed CdS. 'rhe h;l,gh va.lue for the photo­

conduotor WK 65036 1s probably due to a very high doping 

concentration o;f both donors and a,eceptors so that a t.re.,.· 

mendous n1JJ()ber of. states exist inside the ba,"ndgap, In the 

dark the photoeonduct:ol:' is cOllJpensated and the dark conduc­

tivity is Sllll'\ll. Under illurnini'\t:lon tl1am;;i,tions of the type 

2 ana 3 (1",1;g, 1) are possible thus resulting in <In increa$e 

0,£ the photoconductivity. 

;J;n Fig, 17 (a.-j) the spectl:,'ql photoconduct:tv;tty responses 

oJ; the S<lllJples invest).gated al?<'l shoT,m. FoX'monocrystal1;i;ne 

CdS eFig, 1.7 (a») CI.n edge is ;tnd;i.cat.ed at 517 I1Jl) ",hich 

;lInpl;tes the photoeonductor ~s sensi,tivity for "nwelengths 

gl;ea,ter than 520 nm is low, Since only ;LnterbC\nd t;t;ansitions 

<l;t;e indicated f the CdS crystal is of hi gh pu ri ty. 
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The spectral response of the polycrystalli.ne CdS (NK 65036) 

photoconductor (Fig. 17 (b» showed a strong sens! t:l v it;y 

at wavelengths greater than 550 nm Vlhich corresponds to 

smaller photon energies. This photoconductor does not in" 

dicate a bandgap at 2.4 eV as monocrystalline one. 'I'his can 

be explained by nothing but the trClnsitions that take place 

Vii thin the band-gap clue to lots of ;impurities (which hewe 

been 1I1entioned earlier) and for that reason the sensitivi.­

ty of the I'IK 650.36 is high in that spectral region. 

Pressed CdS povlder, annealed, doped, doped and annealed 

samples have been tnvestigated. The dark " condllcti'~ 

v;l ty of first Sample is h:lgh find doping shi.fts themp,x:lmull\ 

from 625 to 575 nm. Annealj.ng of the undoped and doped 

Samples ;lncreases the ;respective sensitivities for lonaer 

Vle;velengths. ~:his indicates that states inside the band­

gap I'll.'e activated f.or qbsol.'ption/generqtion process(~s. 

Fo!: the c:t!ystqlUne CdS f polycJ:ystq1line WI{ 65036 CdS and 

the pressed .GdS pO~lder, the eonductivity meaSUl;,eJ1)ents were 

only .tin relqtJ;ve units, £01; the active thickness of the 

sMlp1es' o<\nnot b~ determined. On the 'other hand, jJhotocon­

duct~;vity of the Ulms4<l, 6b, 16 <lnd 17 (Table 1) have been 

cqlcnlqted in qbsolute units. Fig. 11 (c) gives the spec­

trql photoconduet:lve response of the l<lyer. ;fa. Annealing 

(17 (d) 1 leads to b,/O possihle results. At f:lrst the photo­

conduct;!.ve :o>ens;l;tiv;l.ty incre<lses by a,bout one order <lnd 
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3 

1 

2 

o. 
1 

(h) 

o o 
L~OO 600 70(, 

1 

(i) (j) 
o ------t--.~-,.+n. -----1 

400 500 600 700 
o •. -._._.~ _._. __ .. __ .,_,._ 

LfOO 500 600 ,/(j(, 

\vuvelength (nm) >iluvelength(nm) 

Fig.17: Spectral PhotoconductiVity .,.f 

(a) monocryntalline CdG, (b) POlycl'Ystalline CdS (V,I( 650' 

(c) layer 4ay (d) layer 6b, (e) layer 16, 

(f) layer 17, (g), presser. GdS, (h) pressed and anne&1 eil Cd 

(i) pressed CdS, dope?J. 11i th HaCl, (j) the sallie as (i) but 
also annealed. 
T; spectral tran$mittance curve 
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secondly a distinct edge at about 2.4 eV appears. Both 

can be explained by the formatIon of larger crystallites 

as a result of annealing in agreement with the X-ray 

structure :lnvestigatIons (part 3.4). 

The photconductive response of the doped layers 16, and 17 

are shown in Fig. 17 (e-f) 
) from Ivhich one can see th"t. 

the overall sensitivity is l1U7ger tha,n that of the unanne ... 

aled fUm ita, one ca,n rea,lize from Fig. 17 (fl tha,t doable 

bath deposition does not give layers of sinJply increased 

thickness I but the physical properties of the additiona,lly' 

deposited part is different from those of a, single deposi~ 

tion. Th;i;s 'tl<~S noticed in roa,k:l.ng the contacts beca,use ",eak 

tensions vlere suff;!,c;!,ent to dlsatt€l.ch the conta,cts:. Pro­

bl'\bly, t.he uppe;t' pa,rt of the layer conta,ins rnicrovoids in 

addi.tion to c;t'ystql .l,mperfectj,ons· thf\t l1educe the mechanical 

stxength. Theelectl';lcql p);opert:t.es a:t:e also influenced by 

these m;l;crovo;l,ds r fo;t' the '1;es;l,stance.i.ncrea,ses ''lh;l.ch could 

be due to the reduetion of the ava.ili>,ble cr.oss~sect;l,on for 

cUl;rent conduct;i;on. S;lnce almost all of the l:l.ght qbso;r.p­

t;l,on OCClll;S J,-nthese region, g-ener.ation of xl1ee charge 

carl;':l;eJiS ti\kes-plqce ;I.,n th;i,s Part f :'Ind the mob;!,l;l. ty of these 

carr;l.ers will be reduced due to these m;!.crovoids, 

The spectral tl1ansm;l.tta,nce T(A) of the invest;l.ga,ted li\yers 

:l.s also sho~m ;!,n F;l;g. 17 (c-f) , The p,reserice of an absorp-

t;l,on edge ;l.s reflected by the ;l,ncr:ease 011 decrease of the 
, 

transm]ttance at those values where absorption occurs·; 

J 
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The spectral transmittance '1'{A) and the photoconduct.ive 

response (J I pi curves have been used to calculate the 

spEwtrnl variation of the absorption .efficiency . If ().) . 

(eq. 49) of the layer 6b. '£he absorbance A (A) of ·the 

film has to be known In order to be ablelocalculate n. 

Slnce the transmittance an.d absorbance (eq, 47) depend 

on the optical constants Nand K! ~t is impossible to 

eValuate both Nand K frolTl the singl.e quantity. 'I'he values 

of N for CdS \'liven by K.W. Boer [30} \'1ere used. 

Using the same reasoning in approximating the absorbance 

A(eq. (47», the transmittance T can be \1ritten as 

(59) 

This can be used t.o calculate the absorption index K {and 

4 K the absorption coeff;i.cient (a '" +1, \1h;l,ch are contained 

inRl and R2 , The results aJ?8 presented in Fig. 18 (0.1. 

Knowing N fA) &nd K CA 1 the approximated reflectance 1'\ can 

be detenui,ned. 

Theabsorb&l)Cf.\ as \'liven by eg. 37 can be rewritten in the 

form 

heAl '" 1 -' {T(;\} +R(;.\.i}. 

The reflectance R, the absorbance A &nd transmittance T 

of the l&yer .6b are given in Fig. 18 (b). 
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(b) 

(c) 

Fig.18: 
(a) uptical constants 

of la;yex 6b, 

(b) spec'!;ral reflectance, 
transmittanoe and 

absorbance, 
(c) relative quantum­

efficiency 
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10 
The quantity (flv) in eq. (49) is constant due to the 

normalization of the spectral photoconductivity and thus 

one can write 

A g = 11..const. d < 

Assuming that the photoconductivity is due to carrier 

concentration (~n) 

where ~n stands for the saturation value Ceq. 18). 

An ", gT 

The quantum efficiency nre l is then 

CT!,:h tAraf 1 

AOl ref ) 

The curve of llrel(;\) is presented in Fig. 18 (cl for 

. Aref = 517 nm. 

(61) 

exhibits an edge, and inspite of relatively hiCJh 
<, -'-

absorption for longer wavelengths {Fig.18 (cl} I 

the resulting photoconductivity is small because nrel drops 

strongly. 
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4.4.3 Life Time Determination by Photoconductive Decay. 

'l'he carrier life time viaS determined by photoconductive 

decay, ie. decay of the photocurrent after switching off 

the illumination. For short life times, intermittent 

white-light radiation was produced by a light chopper 

while for longer life times, the decay was plotted by a 

chart~speed-recorder. The deCay curves gph(tl/gph(O) of 

the monocrystalline CdS and polycrystalline WK 65036 pho-

toconductors are given in Fig, 19, 

'fhe related life times as calculated from eq. (19) are the 

following: 

Monocrystalline CdS 2,5 IUS 

Polycrystalline CdS WK 65036 6 IUS 

Pressed CdS 3 IUS 

Layer 6b 5 s 

Layer 16 54 s 

The monoc:t'yst&lline and the pl?essed CdS y;leld sIU&ll life 

times while.f;I,lms pl?epared by chemicCll bath deposition 

IUethod exhibit very large lifetimes, The lifetimes howe 

a spectr&l depenqence which is clearly ;l;ndicated by layer 

16. 

The l.:lfetiroe' increases than its value4t the b&ndgaP 

energy :l;or both an increase or a decrecifie in wavelength, 
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l"ig.19: Examples of the decay of phOtOCOilducU_vit~' 

(a) monocr;ystalline CdS 

(b) polycrystall.ine CdS (NK65036) 

(light switched off at t~Os) 

---, 

0.8 

O!l-

o 
o 

(()rel ~.----~-

18 

I 
I 

light on 

light nff 

;--
10 L-,-......--_-.--_,,-,.----'-r_

i 

-" --,---

10 time t (ms) 

I!'ie. 20: 

Fhotoconductive 

decay of pressed CdS 
doped with NaCl 

(wavelength: 600nm) 

o 15 30 tillle(ms) 
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Wavelength (nm) 

400 

450 

500 

550 

600 

650 

700 

Time (sec) 

75 

45 

33 

34 

49 

87 

170 

A diffe:rent dec(3,y behavior was obse:rved when pressed CdS 

doped with NaCl "1(3,S illuminated "l'ith Ught of \'/avelength 

600 lUl), There E\ppeared a shqrp edge which then decrea,ses 

to a sa,tu:ra,tion value. This is follol'led by a sudden dec-· 

reqSe at slj';l.tch off l'lhich a,gqin exhibits a sha,rp inc:reC\se 

to another saturation V(3,lue (see F;t,g. 20). 

It 11as not poss·;lble to nleasUJ?e themob;l;lity a,nd its ch(3,n~ 

ges under ;UlurninRtiQn for theres,tstC\nce of the pr.ep(3,xed 

CdS layers 'was lClrge <- '" 1081n . 
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CONCLUSION ' 

In this dissertation the photoconductivity of cadmium 

sulfide has been discussed theoretically and investigated 

experimentally. A photoconductive response is observed both 

in monocrystalline one and polycrystalline cadmium sulfide, 

though its magnitude is reduced for the polycrystalline CdS. 

This can be explained by the grain boundary tra,pping \'1hich 

Can influence both the ca'rrier mobility and carrier concentra­

tion. According to theory of conductivity and photoconductiv;l.ty 

in polycrystalline materials, the average number of free charge 

carriers is very small if the trap concentration per area 

(Qi:/Lg1 is larger than the doping concentration Na • E'Venthollgh 

it is not in the procedure to find the t;t;a,p and doping concen~ 

trations qlla,ntita.t;l;'Vely, yet it is possib.le to sa.y th1\t the 

tra,p concentrGltion CQt/I.g ), is much la,rger thGln the doping con.,. 

centra,tion. This is a.s well supplemented by the low conducti­

vity va,lues obtained ~lh,tch forced us to us.e an operational 

<'\.1llplifier \1ith a 'Very high input res~;stance. 

. j.' 

The structure of the layers from x-ra,y diffraction is hexagonAl 

of very small crystallites (with 'Very :;;ma11 grain dimension) very 
'close to the al1)orphous <structure. The smqller the crystallite 

size the grea,ter the number of crystallites of a la,yer of 

certa,in thickness <'lnd the greater the number of grGlin bounda­

ries. This decre<'lses the dark and photoconduct;ivity thus ;incre­

aSing the r,esistl'lnce of the sRl1Jple under cousj,del;a,tion, 



The monocrystalline CdS photoconductor exhibits a dec­

rease in photoconductivity beyond the bandgap. But the WK 65036 

polycrystalline CdS and the prepared ones show a photoconductive 

response for longer vlavelengths. This can be explained by the 

fact that for rnonocrystalline CdS interband transitions are 

dominant vlhile for the polycrystalline ones a large nmnber of 

states occur in the bandgap which are responsible for the photo­

conduct:l.ve response at longer vriwelengtn (or smaller energ:l.esl. 

The curves of the photoconduct:l.ve response, the transm;l­

tance f absorbance and absorption coeff:l.c:l.ent curves of polycry~· 

stalline CdS'arein complete agreement w;lth each other defin;l.ng 

either a sudden fall or a sharp increase at the bandgap energy. 

The l;lgnt-dark conductiv;lty ratio! of the prepared layers 

is Clbout 10, It is more for the undoped thCln thClt of the doped 

polyc~stClll;l,ne layer, 

_ •. f> 
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