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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 polvcrystalline
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 CdS5, monocrystalline and pressed
CdS were used for photoconductivity measurements, The annealed
layers showed a spectral photoresponse similar to the monocry-
stalline CAdS with an absorption edge at 2.4eV., 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 ox
internal photoeffect, is the variastion of the electrical resis-
tance of a semiconductor or an insulator due to illumination by

light.

It was Willoughby Smith [},p.l] in 1873 vwho noticed for
~the first time a photoreéistive effect in illuminating sele@%um
" and since then hundredS$of photoconducting.materials have beéﬁ
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 importént properties of semi~
conductors and thus haﬁe contxibuted a great deal to the recent
wide-spread application of semiconducting materials. For ins-
tance, the forbidden energy.gaps of a number of semiconductors
and the ionization energies of impufity atoms have been deter-
mined by means of the spectral response of photoconductivity in
the infrared region though how such measurements can also be
done by determinééion of the optical ébsorption [?,p.452]. On
the other hand, réfined investigations of the photoconductive
process have been mad; possible by the development of high

?urity semiconductor technology especially by providing crys-

tals of defined purity and known doping.

After a wide investigation of monocrystalline semiconduc+

tors the research has become more concerned with polycrystalline
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and amorphous materials, too.Polyérystalline 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 arxe in vidicon television
cameras, photoresistors, light detectors (also infrared),
light sensitive switches, electrophotography, etc. Polycrys-
talline thin-film cadmium sulfide is furthermore one of the
most promising solar cell materials (window material) [3].
Together with suitable absorbers like Cu,S or CdTe [3,4] 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 chapter 1, models for the photocon-
ductivity of polycrystalline 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 TN MONOCRYSTALLINE SEMICONDUCTORS

Semiconductors

A semiconductor is a solid whose band gap energy Eg is
less than about 3eV. For a semiconductor without 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 carrxier concen-—

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

[5, p.198]

Eo ~ Ep - fg
n = NC exp (-~ ““jaﬁ"—*) = Nc exp (- sz) (1)
and
E, ~ E E
= -2 Y o - -3
p =Ny exp (- —Spp—) = Ny exp (= 7py) (2)
where N, and N are the effective density of states in

the conduction and valence band, respectively, and EC and
E, are the band edge energies of these two bands, k is the

Boltzmann copstant and T the absolute temperature.

For an extriﬁsic semiconductor, unlike the intrinsic one,
states exist in‘£he forbidden band as a result of imper-
fections which can be due to impurity atoms (dopants),
or due to crystal aefects, vacancies, etc. If the

ionization energies of such states in the forbidden band-

gap (donor or acceptor levels) is so-lqﬁ that already




low temperaturés are sufficient for their ionization, high
free carrier concentrations are observed (hiéh electron
concentration in an n~type semiconductor and high holé
concentration in a p-type semiconductor}. In accordance,
the Fermi level is shifted upwaxds towérds the conduction
band for an n-type or downwards towards the valence band

for a p-type senmiconductor. If n, is the electron and hole

i
concentration of the intrinsic sample, the following rela-

tion holds also for the extrinsic case:

ie. the higher the electron or hole concentration, the
lower the hole or electron concentration, respectively.
Cadmium sulfide can only be prebared as high—~conductivity

n-type material [;; a, p.452} . Anion=(8)~vacancies behave

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

rities, cation—(Cdlvvaéancies 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 [?, p.44§]. cds
has a direc£“£éndgap with a bandgap energy of By= 2.582 eV
at T=0K and ﬁéz 2.42 eV at 300K [%, p.ZIé} . The bonds of
Cds are of ionicqénd covalent character with an ionic con~

tent of 69% [8, p.BSJ .

Electrical Conductivity

The conductivity of a substance is determined by the con-

centration and the so-called mobility of free charge carriers.




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

n (3)

- E
Yo Mo

where My and up are the electron and the hole mobilities
réspectively, ie. their average drift velocity per unit
electric field. The total current is the sum of electron

and heole current and the current density becomes

-3

T
§H,+'3P = env, + epvp (4)

it

3
or with eq.(3)

+
3

it

eln u, + p ) B. (5)

e stands foy the elementary charge.

The electrical conductivity o¢ is defined as

- j = ok

so that the conductivity of the semiconductor becomes

o =elnu, +puw) (6)




1.3

Photoconductivity.

Photoconductivity involves the absorption of energy from an
electromagnetic radiation which exclites (creates) additional
free charge carriers in a semiconductor or an insulator.
Possible excitations that contribute directly to an inere-

ase in free carrier concentration are shown on Fig. 1

[1.p.43] .

conduction
band

o ———————

valence
band

Fig. l: Absorption and excitation.

Absorption éf a photon with an energy larger than Eg exci~
tes an electrén from the valence band into the conéﬁction
band (thus creating a free electron-hole pair). In this
generation process, the related change in free electron
concentration (An} 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 (Ap). Another absorption mechanism that indirectly

contributes to an increase of free electron and hole conce-

ntration is exciton absorption {ﬁ.p.aazj.

In accordance with eq.{6] the photoconductivity, which is
by definition the change in conductivity due to illumina-

tion, becomes:

Q
[}
o
=
it

po e{A(nu ) + A(.pupl}

= é{p on + nAun+npAp +phu} (D)

In a crystal the change in conductivity is attributed to
the change in carrier coricentration An, Ap and not to a

variation of the mobilities An_ , Au [5], and from

P
eq. (7) the photoconductivity becomes

Ope() = Ao(A) ="{upAn(A) + p Ap (Alle  (8)

The photoconductivity is strongly wavelength (}) dependent

because the spectral response has to reflect the optical

1.

properties of the semiconductor. For most of the photoconuc-

tors the mobilities u, and u, or the changes of the

P
carrier concentrations An add Ap are much different so that

in eg. (8) one term is dominating and the other can be
omitted. Backus [9] reports for CdS u = 340 cm?/Vs and

= 615 cm?/Vs and lifetimes {(cf. part 1.4} to be Ty = 100s
énd Tp = 10"28. As shown in séction 1,4, (eq.(18)) the

Hp
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saturation values of An and Ap therefore will be differ-
ent by a factor 10" and hence the photoconductivity is

mainly attributed to an electron current:

lz

pe e L An,

o
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 ingide the valence band. These holes

recombine via recombination centres with free electrons

leading to negative photoconductivity [2].

1.4 ~ Generation, Recombination, Trapping, Lifetime,

If a.semiconductor ig illumunated, free electrons and/or
holes are generated at a generationm. rate ¢g, If there no
means existed to return the charge carrxiers to their ini-
tial state the conductivity would have to increase conti-
nuougly. 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; oxr recombine in a recombination centre
thus electron-hole palrs being annihilated. Recombination

and trapping centres appear in stateSthat exist in 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 ewptied by capturing a hole, while ﬁrapm
ping is just only capturing either a hole or an electron

and releasing it after some time Dﬂ.

There are different forms that recombination may take accox-
ding to the way how the energy is released in the process

of recombination of the electron-hole pairs [1.p.301]:

al radiative recombination-in this type of recombination

a photon is radiated

b] non-radiative recombingﬁion—where a phonon is released

in the process of electron-hole recombination

 ¢] 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.-

di exciton recombinationw 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 recombinétion, inc-

luding the time it is trapped.
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The surface ofacrystal is a macroscopic deviation from the
crystal periodicity and for this reason the effects of trap-
ping and recombination are different at these boundaries,
compared with those of the bulk material. Therefore, the
effective lifetime of a free carrier includes two componen-
ts, a bulk lifetime Ty and a surface lifetime Ty which are

related by [6.p.33d}:

b

"1
L (9)

-

eff

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 electroh-hole'pairs per second. If t*
denotes the so-called trahsit time of a carrier which is

the time that a carrier needs to pass through a semiconduc-
tor of length & (interelectrode spacing). at a drift velocity
v, the photoconductivity gain becomes the ratio between the
lifetime 1t and the transit time t* . Cénsidering both types

of carriers (n,p] Bube [1.p.60] gets for t < t*

A . T ’
J; I (10}
n P

The transit time is derived from the drift velocity eq. (3)

as

22

. nv

where V stands for the voltage applied between the electro-

t* =

deg,. Hence, the photoconductivity gain can be rewritten as

G = (u,t, + n Tp) 22 (11)
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The maximum performance of a photoconductor is attalned

for v > t* , and gains greater than unity can be ohtained

(4,8,p.430].

A free carrier diffuses an average distance (L) before it

recombines (diffusion length) [5] which is given by

L = VDt (diffusion length) (12)

where D igs the diffusion consgtant:

kT

D = ﬁ?? (Einstein relation). (13)

Egs., (12) and (13) provide a functional ¢onnection between

lifetime and mobility:

. eL? | el
P n - ‘m .
YaTh T ERF 7 OHRpTp ‘“‘Ek-r (14)

If no is the free electron concentration in the dark and
n{t)} the concentration under illumination at time t, the

lifetime v can be used to define a recombination rate r

n n
by
- nlt)=-n
r, = (15)
¥ ] n

assuming that the lifetime is independent of n(an equivale-
nt recombination rate can be formulated for holes). Consi~
dering the time dependence of the free electron concentra-

tion n(t), the continuity equation becomes

a( .n(.tl‘—nol - d n(t} : n(;.tl.-no
at S Ta T T (16)

the generation rate g, being opposed by the recombination

rate x . Xf the light (generation) is switched on at t = 0O
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integration gilves for An(t] = n(t} - n0

q An(t) = gt {1l - exp(~ = 1}, (17)
n T _
For t > O the carrier concentration increases exponentially

and approaches for + >> T the saturation value

An (18}

sat = ng

If after reaching the saturation value An_. . the light is
switched off (at t' = 0), then

An(e') = gr_ exp(~ &) | (19}

, n T,
for t' > O; the photoconductivity ceases exponentially.
Eg. (14) represents the basic equation for the photoconduc-
tive decay method for the measﬁrément of the lifetime of
charge carriers, T ig the effective ‘excited lifetime!.
The photoconductive decay therefore reveals trap parameters,

too. © S - N RO
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" CHAPTER 2

PHOTQCONDUCTIVITY OF POLYCRYSTALLINE SEMICONDUCTORS.

Polycrystalline materisls are made up of small crystal-
lites packed together in a certain ordexr with a transi-
tional regioh between them. They are usually found as thin
layers formed on a substrate, Inlike 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 absoxrption

over a limited portion of the spectrum and so utilize only

a very thin layer of_thé_order of microns of the material.
Thus, easier preparation methods of thin-film layers that
can be attained economically make polycrystalline materials
alternatives thaﬁ replace single crystals for special app-

PR 3

lications,

" Review of Existing Theories.,

Theories of conductivity and photoconductivity of polycry-
stalline CdS were developed in line with those for other

polycrystalline semiconductors such as lead salts (10, 1;1

which are of great potential as infrared detectors due to
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their narrow band gap and polycrystalline silicon (poly-
silicon), which is of importance for low cost solar cells

and electronic units [12].

Throughout the investigation of photoconductivity in poly-
crystalline materials a certain controversy has been susta~
inéd: Is the photoconductivity due primarily to an inc-
‘rease in carrier density (A@ ’ AQ) or due to the increase
in mobility (Au# ' Appl of the ffée carriers? The answer

to this guestion is legss an experimental difficulty than a
problem of theorxetical interpretation of_conductivity and
mobility measurements. In contrast to single crystal semi-
donductors the carrier density and mobilitf are spatially
inhomogeneous within the ﬁélycrystalline material. Obéerh
vable quantities of the photoconductive thin film, on the
other hand,are a result of the average properties of the
polycrystalline matexrial, This brings about the necessity
to have models available that provide the rela£ionéhip
between thé observable (macroscopic) guantities and micro-

T S

scopic propéfties of the inhomogeneous sample.

Common to ali the _different médelg ié a consjderation of
the polycfystalliné_materials as to be composed of small
crystallites which are joined together by a transitional
region, Volgef (23] aﬁd Petritz [10] considered the transi~
tional region as being composed_of a different material

than the crystallites, eg, of ®xides,

{ur
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Volger [13] treated the resulting polycrystalline struc~
ture as a resistance netéork (geometric model) whereas
petritz [;d] assigned to this intergranular layer a poten-
tial barrier. In addition he argued that a great number of
trapping centres for winority carriers occur at the grain
boundary so that this ﬁodel can be called as "grain bound--
ary trapping model". He integpreted the photocurrent as
-a majority current caused by electron-hole pair generation
(primary process) due to light absorption within the crys-
tallites. A secondary 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, Petritz éhowed that the mobility is ther-
mally activated for the current flow is limited by thermi-
onic emission of carriers

eVB

by K e - .
u Mo exp (: T ) {20)

where eV, is the potential barrier height. The origin of

the potentiai~“barrier is not discussed in further detail,

In extending’ghe grain boundary tﬁépping model, Seto [12]
proposed a mechaﬂ&sm that clarified the origin of the

~ potential barrier. He considered the intergrénular layer
that provides the transition between adjacent crystallites,
being of the sane 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-boundary statesg are
brought about which,:epresent trapping centres for the free
éafriers. Hence, free carriers are trapped by these traps
at the grain boundary leaving behind a depieted region.
This space charge region causes a nonunifo:m electric
potentiél and consequently a band bending and a potentiai

barrier,

 Seto's discussion was aimed on the investigation of the

({dark} conductivity of polysilicon.

- Orton etal. [1{] used Seto's model as a basig for the dieg-
cussion of photocondﬁctivity and combined it with the
former proposal of Petiitz: Light absorption leads to a
generation of elect?onhole pairs. The c¢reated electrons
(for n-type material) ;ncrease the free carrieyr concentra-
tion whereas the holes.become trapped at ihe grain bouhdary
(secondary procésél.-'As a result, the grain boundary can-
not suppo?t a fully depleted,gréin as before so thét it
ghrinks. H.C Gﬁrd [15] ‘discusses that under optical illu-
mination tﬁ;#;;tential barrier which he déscribes as the
diffusion pé%éntial decreaBGS'froﬁ its dark value. Then, éhe
mobility, as canhbé seen from eg, (20], increages, Thus, the
grain boundary trapping model explainsboth the increage in

carcier concentration and the mobility under illumination

of polycrystalline materials.




Alﬁheugh thln-film peiycrystalllne cds is a three dimen-

sional structure, a one~&1mensicnal analysis exhibits the

characteristic features of the material,

.

FOllowing Seto I}Z] the oneﬂéimen81ona1 grain boundary tra-

ppingfmodel cons;dera the polycrystalline film to be comp-

& tial?crygtal;itESahavingQa;grg;n-size of Ly om

ution

f?fJgiE)ﬁéharge'aiétribuﬁibn
e} Energy band structure

of a nmtype polycryetalline semiconduetor [12] .
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The-crystallites contain uniformly distfibuted impurity
atomg of concentration Né/cm2 which should be totally
ionized. Thé_grain béundary is of negligible thickness
with a trap éoncentration of Qt;/cm2 at a single energy

level E The traps are initially neutral and become

£
' charged ‘by trapping majority carriers (electrons). As a
result of the electron trapping, the crystallites are
-'gartly'or‘completely depleted (Fig. 2 kbll from electrons
-depending'on_the relation between the humher of trapping
states Qt occuplied and the free elect;on concentration.

N4 L, . For Q. > Ny Ly the traps are not all occupied and

g
the crystallites are completely depleted whereas for

Q. < Nd Lg all-trags are occupieé and the crystallites

are depleted only partiaily.AThe depleted regions constiw
tute a spaée'charge reglion - (of ionized donors} in which

the related électric poiential can be calculated by inte-

_gratdng Poisson's equation:

2 . eN., B ¥
Sd= =3 foxr 2< |x| < (21)
P S

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

Fig. 2 (b), -and ‘e the dielectric permitivity. An abrupt,
depletion appro#fmétion is assumed to be valid and mobile
carriers in the depleted region are neglected in writing

Poismon's equation, The voltage is-

. &N 2
Vixt = Ve o+ 52 (x -8) (22)
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'QXI
dx‘tx=4%
denotes the potential of the conduction band edge at the

. with boundary conditions =0 and V(xllxzoxvg (v°

C

centre of the crystallite). The pafsholic potential causes

the energy bands to bend upwards by eV(x) (Fig. 2.(c)).

For . Q. > Nyq g the crystallites are éompletely depleted

. (de. £=01 and the potential reduces to

. eN L
Vix) = Vg + _ig' x? |x| <-—29- ! (23)

the potential barrier height takes the value
“g 2
Vg = V() - V() = —---Lg _ (24)
which increases linéarlYlwith‘qi keeping the other patra-~

meters constant.,

It is possible to evaluate the mobile carrier conentration

using Boltzmann's statistica:

‘ | .. evix] - E,
n(x]) = N, exp {~ T } o, (25)

it
N, being the effective denaity of states in the conduction
ﬂand. ﬁencé; mokile carriers also occur in the depleted
regionAwhich were neglected following Seto's lead for the
calculation of the potential. The electron concentration
[Eq. (25ﬂ 18 position dependent and the question arises,
which.value to insert into the expression for the donduc-

i

tivity B
¢ = eny.
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The spatially averaged value

L. /2
.1 g
n, o= $= J n(x)dx (26}
g ng/Z

appears to be most appropriate [;2, l4j and the conduc~

tivity gets the form

g = e n
au

Also u is spatially in homogeneous. To retain the commo-
nly used relationship g = eny , a so called effective

mobllity ds:to be taken

= & . : (27)

H
eff e na

n, can be calculated by inserting egs., (23} and (25) into

_eqg. (26) :
1 , ~EVQ*EF . éekT % |
ny = ok ol gt Gy erf{(2k —23} ; (28)

For Qt'< Ny Lg » the crystallites are only partly depleted

so that ¢ > O and an analogeous calculations give a barrier

height of

-—

. ep?
v t

B ~ BeN

. (29)
d

The potential barrier versus doping concentration Nd is

plotted schematically in Fig, 3. It increases linerly with
Nd for Qt > Nd Lg, attains a maximum at Ng Lg = Q. and

. 1
decreases rapidly as ﬁd for Qt'< N4 Lg .
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"V
Brna

[
Qt/Lﬁ Nd
Fig, 3: Schéﬁe 6f'the”vé£iétion of Ehe”barrier height
versus the doping concentration N
 If within the undepleted region the carrier concentration

is assumed to be that of gsingle crystalline Cds, . the

average carrier concentration becomes

_ D . . =16 T :

R b 1 ,2nkTe, k% £, 1
=~ n [0 N L b+ of G tert s Gy 15}
g g d d

(31}

Seto.[12] has demonstrated that the resistance of the
polyerystalline material is caused mainly by the grain
5oundéry and pot by the bulk of the crystallite and secon-
dly, after applying & voltage across the specimen; the
current is a result of thermionic enlsgsion, where the
_kunneling current can be neglected due to the relatively
large width of the barrier. If the applied voltage drops
by Va'across é grain, the therxmionic emission current den-
sity, jtﬁf across the grain boundary is

eVB

Jgp = © naciwi*k¥1% exp(- IV, - (32}
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where m* is the effectlve mags and it is assumed that
eVé << kT. Since the conductivity is related to the

current, ie,

Va
le=€E” 6’"-1-‘--,

g9

the mobility using eqgs. (32) and (27) can be written as

ev.

c ol k¥ exp(- B
Hegg = eLQCZﬂm kT 0 expl= ) 3
A S SR I o
/¢ i
na !

Fig. 4: Behavior of harrier height, mobility”éhd avérage

carxier density versus doping concentration [14].
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The results are suwmmarized in Fig., 4 . The harrier height

eVB approaches a maximum at Lg Nd = Q. while according to

eq. (33) the mobility reaches its minimum at this point.
For lafge and small Nd the mobility approaches that of a
single-crystalline Cds. The average carriler concentration
n, increases abruptly as Lg Nd approaches Q. and for a
further increase in doping concentration it takes the

value of Ng.

The Ferml level E, is determined by equating the number of

carriers trapped to the total number of trapplng states.

T O
t .
* =
LNy = “E, - E
2 expl

- (34)

vhere L* = L
9 g
Bis E, ~ KT fn %( L (35)
Thus, E, = - n - i - .
A ) t S NdLg
A scheme of these two céses.is given in Fig. 5,
\ ‘ . /ﬁ"' BC :
Y ' ‘ i
I A l\‘\ !
-..t:r'b-l-.![ / T T T e J—-'--d-l_::__n—:-_.
e ° !
[ SUR . A | |
: EC P
| - Et K
S S f
| T Ep I
i ' 1
' !
Ly o Lot lyp o
(a) (b)

Fig. 5: Band Bending Profile

a) Qp > Ny L, (b) @ < Ny L.

for Q, > L. Ng and L* = L_~2% for Q.¢ Ng L.
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For Qt:’ Lg Nd ;, the Fermi level is well helou'Eg and the
number of free carriers is small indicating that states at
E, are rarely occupled. For Q. < Lg Nd states at E, are
nearly all occupied and the number of carriers is high
because the Fermi level is close to the conduction band

(which is sgimilar to that of single c¢rystals of the same

doping) .

Under illumination the quasi-=Fermi level for electrons
moves upwards while the Fermi, level which determines the
trap occupancy moves down., Hence, the denslity of free elec~
'trons in the conduction band increases independent whether

Q. Is larger or smaller than Ny L.

On the other hand, the hoie occupancy of the trap level
increases as the quasimFermirlevel, which determines the
hole occupancy, moves dbynwards. For Qt > Ny Lg and low
1ight intensities, the whole crystallite remains depleted
and the potential barrier is found from eqg. (24}. Conse~
quently, the effective mobility does not change. If the
‘1ight intensity is increased for the case 0, > Ny L the
hole occuPaﬁcY‘of the trap levels can increase so strongly
that the barrier Cannot support a completely depleted
‘giain. As a result a flat portion of the band within the
crystallite ogcurs, the barrier height decreases leading
to én increase of the mobility. Thus, the electron concen-
- tration and mobility change, both contributing to the photo-

conductivity,




2,4

- 25 =

For Qt.< Nd Lg the depletion width will shrink always
under illunination, so that the carrier concentration and

the mobllity will always change under illumination.

The quantitative relationship between Aha and Aueff

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 guantitative differences
between theoretical and experimental results occur because

important characterigtics like grain size distribution as

- well as a non-uniform trap-level E, are not congidered.

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 with experimental results is not
possible. But the represented theories enlighten the qua-
litative relationship between measured quantities and
microscopic paramenters in photoconductive processes of

B

polyecrystalline semiconductors.

e

Calculation of the Absorxrbance of Thin-Film Photoconductors

" Depogited 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 ahgorption
coefficient o (A}, is of great importance for the spectral

response of photoconductivity.

A thin-film photoconductor, without considering the elec—
trical contacts, consists of an absorbing layer of the
semiconductor of thickness d, refractive index N = N +.iK
"fmhere N is the refractive index and K is the absorption
index] , deposited on a non-absorbing substrate (glass) of

refractive index N- (Fig, 6}].

T i e bt LM

{1 T (2) S, & /)
e ettt e o ﬂf"‘-”“( e _dw‘;_uv-,.ﬂ\_, 1
el o
aiy Photc:’ “I\ substrate . ' air
~
(=) | SZIUCET 2 gy (N =)
(N =N 4+ iK o .
N . N
e 4 \.
I, ' < N N N 1y
” - ~ // s ey N -
e _
~ AN N
I ' I '
B ( 5.’ A N . A
N M--....._v,,‘.‘-—--—.‘-b-d

'Fiérlﬁé ~ Scheme éf the photbconductor..

If monochromatjc¢ light of Wavelength'lland intensity I is
incident on a sample, a part IRLX} will be reflected, a
part I,(}) absorhed and the remaining part I,(Al leaves

the semiconductor as transmitted light., Introducing the

reflectance R, absorbance A and transmittance T by




ST, (A)
R(A] =
I('ZJ
I, (A)
A0) = -2 (36)
o]
I (A)
T
T(A) =
IO

the law of conservation of energy demands the following

relation
R(A) + A(A) + T(A) = L. (37)

The abgorbance A(\A] of the semiconductor is the determin-
ing term for the photoconductive résponse. For conmpletely
coherent and monochromatic light, for‘which the light amp-
litudes are to be added, R, A and T are given by Born and
wolf [16].

Petrowa etal.[;?] have obtained the relevant expressions
for R, A and T for the case that the.coherenﬁe length of
the light i% iarger than the film thickness d but smallef
than the suhétrate thickness D. On the other hand, for the
“case that thé'filmsare not of an;exactly constant thick-
negs and the incident radiation is not perfectly monochro-
matic or that the coherence length is very small, as it is
true in real'situations)interferencg 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 for incaharent light. In what follows lSquSCUSSEd the

exact eﬁgressions for R, A and T for the gystem of Fig. 6

for;_neaherent l1ight incidence.

:"%".,- .

Whenflight‘is incidént on the air/semiconductor/glass/air
sysﬁemrshewn on Fig. 6, the reflected, absorbed and trans-—
mittéa'inteaéities are & result of multiple reflections.
An'exﬁréssion for the absorbance A of an absorbing medium
with refiadtive index W, thickness 4, deposited on glass
bubatrate of refractive index Ng can be calculated. To
start with at firat the glass suhstrate is assumed to be

of infinite tﬁickness and thus not causing reflection

T r xve
- L J—
I_§
Ii
- -
e
I xra%az “E%d

xMulﬂiplemréfléCtlQRS ef air/semiconductor/ glass

system(where X = l—Rl and ¥ = 1~ Rzl

t




- 29 «

The reflectance, absorbance and transmittance of this

subsystem are found by sumning up all the multiple reflec-

tionsg <
(1-R,}% R, exp(~ 20d)

R(lZ) = R+ 1 2 , (38)
1mR1R2 exp(~ 2ad)

A2 _ (1-R; | {14R, exp (-0d) }_-_{_]_v-.exp.(f.adl}) (39)
1—R1R2 exp (-204d}
{1=R{}).(1~R,}exp (-ad)

T(_121= 1 2 (40)

l--RlR2 exp (-2ad)

where the sequence of syperscripts. indicate the direction
of ineident light and Rliand R, are given by o .ix

(N=1)2 ¥ K |
Ry = %ﬁ+1}5+_K? ) (41a)

' o A2 2
AN Ng). 4+ K

5 = (N+Ng12+zK" {41b}

R

For further calculations the equlvalent values for light
TP ¥ 2

incident from the opposite direction are needed, which

are found by interchanging R, and’Rzgl

(42)-

R B I-R;R, exp(- 20d] !
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(21) (1eR21fil+Rl . exp{~ oad}}{l-exp(~0d]}
A s

4
I-R R, exp(- 2ad] ! (43)

(21) ' - (l“Rz-) (l"Rl.l, exp{~ ad)

1~R;R, exp(~ 2ad]}

. (44)

(12} . (21} poen will be abbreviated by T!!
So far, we have considered the glass subgtrate to 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.

réflected_r absorbed  transmitted
A & § (2) . o 3

, 'Mxoa(ﬁa)‘, | rr! 1z
1Rl I
e ® e e n,

o i b g s " S gk S © e te 4

: l

"Fig,

0p pl21) () pl21)
o7 RaR T T RR 2

i

iy

., Vr"‘f?z'r" @22

. s

D L 2 L ] »

R A T _ e — e ET T

ultiple reflections of air/semiconductor/glass/

e v o @
a%

air system @ = 1-R3l.
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The total absorbance ig the sum of all the ahgorbed

portionsg
() (21)
T R, A"
A=l 02, 3 (45)
A l—Ra R
‘where
: - 132
3 (ﬁ'ﬁz {46)
g :

~

Since Ry = 0.05 and R(z’lti 1, approximation can be made

by neglecting R3.R(21) in the denominator'without.causing

Aany significant exror which 1ls equivalent to dropping the

contributions of light reflected mofe than once at the
interface 3., The second term can as well be dropped for it
containg Ry multiplied by terms that are smaller than one
which is equivalent to the assumption that the interface
(3} reduces only the transmitted light by a factor (1=R,)

without causing any reflections. Lastly, the denominator .

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

absorbahce‘gggthe approximated by

A'= (1-R,) (1R, e““dlfl—e"qd). (47)

-

Relation Between Abgorbance and Generation Rate.
The generation of charge by a photoconductor is propor-
tional to the number of absorbed photons per unit time.

If the intensity of the incident radiation is I (energy

per unit area and time), an amount of AT, is absorbed




é
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- within the photécohductor.of thicknesé d and area w ', & .

 'The nunber of absoihed photons per unit time for a mono-

chromatic source ié
i
where‘\)-is_the‘fréquency of light.

N The_generation raté (g} which is the increase in free

charge carriers peé_time and volume is defined as

-ﬁhﬁre'
' L C(AN) _ o (AN)

E%El is proportioﬁal to the number of absorbed photons

per unit time

where n is the quantum efficiency (ie. the probability

that an absorhed;ﬁétdnwill generate free charge carriers):

- Ed (An “d . (AN} .

97 7gE T Tv.aaes

.

I A0k 1A .
‘*%1- Foyold = " Fvd (49)

. E
A is glven hf eqs., (45) and (47).

e e

= m— AR T
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For the aboﬁe derivation it was assumed, ag proposed by
Petrita t}@l, 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_ié

laréer than the £ilm thiékness, 80 that a non-uniform
eaﬁrier condentration in the direction perpendicular to

. the film aiwayé becomes uniform Ey diffusion., Hence, it is
without influence, in which depth a photon is absorbed
lan&,geherates electron-hole pairs, so that the total absor-

- bance A c¢an be uged for calculation.

H.C, Card [15j consiiderg an arrangément for measurement
ag in Fig. 9 and assumes that a cérrier diffugion in the
;bdirection does not take place for the grain boundaries
occuxr in a vertical direction, The absorption of light is
a function of‘the'film'ghickneSS

4L = - 4T dx (50)

vhich makes the number of absorbed photonsg spatially non-

[E R LTS

uniform.

’,

According to eq, (47} }ﬂit&;wouﬁé?}be-vpossibleu to
calculate’ the .absoxption. profille within . the

thin £ilm. As a reault; the photoconductivity will depend
on the thickness .. As éhown on the figure, the meagured
current is the average current so that the x-dependece of

the photocurrent cannot be recognized, Therefore, assuning
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illumination
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Fig. g: Determiﬁation.6f”coﬁdﬁcti§ity.

a proportionality between charge carrier conceﬁtration {n)
~and photoconductive effect, a treatment as done before is
Jugtified. Furthermore, reflections at the interfaces

support this discussion by making the absorption profile

more smooth.
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'CHAPTER 3

PREPARATION OF POLYCRYSTALLINE CdS THIN-FILMS.

The Chemical Bath Deposition.

Different preparations methods exist in competition lead-

ing to comparable polycrystalline cadmium sulfide thin-

'fiims.AThermal‘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 ‘ttempe-

ratures., On the other hand, spray pyrolysis [3, 1&] '

'goreen~printing and sintering [19] , and chemical bath

éeposition can bhe uged to prdduce large area thin-film
layers economicaliy at relatively low temperature, The
chemical Eath.depositon method has been known for Sometimel
[20] , but the éiectriqal and photoélectrieal proPefties
are less investigated, Because of the availability of the
equipment needed for this method, it was chosen to apply

this method for the preparation of CdS thin-films.

A

: ‘Preparatidn‘Techniqﬁe.

Ccds layers are prépared hy'miXingwtﬁiquréa in.an.alkalliﬁe
soiutioﬁ éontaining a‘ cadmium salt, in thiscase cadmiun

acetate. The cadmium acetate reacts with the ammonia solu-
tion to form a complek tetrammonium compoound which disso-
ciateé the thiourea. Tﬁe chemical reaction for the formation

of CdS films is given by




L

rotating substrate

:ééction bath
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2 -
cat +(NH,), CS + 20H =+ CdS + NH, CN + 2H,0 . (51)

There are two possibilities for Cds layér formation. One
is the ion to ion combination from the colloidal éolution
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 chromium acid. The glass-substrates
were immersed in the reaction beaker and rotated at 120r.p.m

in order to stir the. aqueous solution of the reactants.

S

regulated heater

reaction beaker

——magnetic stirrer
(waterrgath stifring)

e el . SRR R . . s A e b e e D L
2 L

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

deposition. ,

-

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 sclution. A series of

wb
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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(CHBCOO)2 ;
10 nl 0.1 M (NH, ) ,CS8
10 ml 14 M NH4OH )
2.5 ml dist. HZO .

All weie mixed at room temperature and the mixture was

~ heated at a rate of about 1.5%/min up to é5°c with the
substrate immersed in the reaction beaker and rotated
120 rpm to ensure vigorous stirriﬂg. Once the optimum
deposition temperature has heen reached, the de@osition
was continued for an additional 10 minutes while the tem-
perature is kept constant. ?iﬁé&iy; the layers were taken
out and rinsed with distilled water and dried in air. The
ﬁhioknesa‘of these films,K Was measured as described in part

3.3’thhd- amounted td 5 ﬁm.
) Earh = LA

The following variations of the parameters resulted in
thick, porous, poudery and roughflayers in contrast'to.the
opﬁimum_results obtained which are adherent, reflecting

and uniform (non~pouderyl:

- extension of the deposition time to 15 and 20 minutes

after reaching the final temperature,

~ increase of the final temperature to 7500;
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':fé 5;ncr¢ase in cadmium_acetata.concentratién)

= fﬁééééase of the ammonia concentration and thus decrease

of the EﬁHFvalue of the reaction solution.

Films prepared by decreaszng the ca&mium acetate concent~

’ ration malntaining the thiourea concentration constant are
,comparahle to those ones obtained undex optimum conditions

| except that the thickness of the layers was smaller. A dec~
. rease in the final temperature of deposition to 50°c gtron~
gly’ slowed_down the deposition rate. This affects the thick~-
‘ness of the 1aYerS'whiéﬁ-qould not he compensated by an

extension of the deposition time to 90 minutes.

An intended dopiny of the films is possible [2;]. Dopihg

with’ lithium can be done by adding 1.5 ml O. ol M LiF to -
the reaction mixture which‘gave layers similar to those
withouﬁldeping. A similar procedure waa_done-to dope the N

: léyeré with copper by adding 1.5 ml 0,01 M Cuso, wﬁiéhAgame
_a_nggligible cas depésiﬁien. The reagon could be a forma~"

- tion of éopﬁ@f”éemplexes ﬁhich,hinder the &epositién;

— 1

Other variationg gr;ed Were an imﬁeraibn of the.substfata
after hgﬁ;pg attained ﬁhe final températﬁséjand'é double
bath,aepogﬁﬁibﬁ~(repetiﬁion of the deposition on the same
sﬁbstraté usiﬁg_a fresh bath). The first resulted in thin
layers, while the latter increased the thickness of the
uniformziaYér to i3rum. Hence, a repeated deposition allows

the preparation of the films of desired thickness.




'-‘u39-.
The deposition was dorié on a glass-substyate which was

alxeady éeatedrwith a hithy conducting and transparent

o tﬁin‘film‘Qf tin oxide (8n0,}, that can gerve as the back
'&antadt=f6r 8 CdS/Cu2$ golar cell, The result was similar

| to thg deposition on a'cleah_glass"subatrate.

Table 1. Samgles Prepared.

Sample Compound Concen- Depasi« Deposition Specialiites
- number ‘tration compared tion - tiﬁg _
with 0 temp. (PC) Guin) T
1 I 70 15
2 _ze@é c&tcagxxﬂé 65 30
3 - - .30

'4a.
R & B & 65 15 '
ib ) ,annealed at 120 C

..............

5 2@@? cd(@a@esz L S T e T

. oc 65 e
T, _ ,annealed at 120°
ﬁbf, R f‘%a‘ féx L hr at, 70 Pa,

‘Ja ;éﬁe s — | 516"' .
9 - ._{:;:,5.0 $ of NH,OH 5 o
o asw

1la
16 _  0C + Li doped 65 10
19 |
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Table 1 (cont.}

1lb oC + Li. doped 65 . 20 ... L
12 7
14 OC + Cu doped 65 10
16 e e
13 . OC . 65 . ... 10 ..
17
18 oC + Li doped 65 10 double bath deposition
20 L
© 23a ocC. 65 10 thiourea added after
 reaching 65°C
23b  OC 65 10 substrate immersed
- after reaching 65°C
"7'24a
OC + Li doped 65 10 ,
24b . substrate immersed
| after reaching 65°C
25a - 10
60% Cd(CH,CO0) 65
25 . . . . % 15
II*  oc B 65 10 amnealed at 120°C for
i ’ 1 hr at 70 Pa,
annealed at 550°C for
 Lhrinatr
IIT* . OC + Ii doped 65 10 apnealed at 300°C for

. 20 min at 0,013 Pa .
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" Measurement of the Film Thickhess

The electrical and photoélectrical measurements as desc-
ribed in chapter 4,provide the dark-and the photo-resisg-
tance. The related resisﬁivities and conducﬁivities can
only be calculated if £hergeometricalrdimenaions of the
sample, especially its thickness d, are known, Further—

more, the -film thickness is needed for a determination of

thevoptical constants of the filims from tranamigsion mea-

suremehts‘as well as for a gquantitative evaluation of the

film depoéition by the method applied.

‘The thickness of the filmg was measured using.a Spencer

microscope., An ocular micrometer containing 100 equidis-

tant'intervals (ocular micrometer scale units = OMSU]l was

calibrated by comparigon with a 2 mm long object microme-

1tér'of interval spacing 10 ﬂm. For a lO-fold-ocular and

objectives of 10~, 45-~,.and 1l00«fold magnifica%ion,one
OMSU was.found to correspond to

| 14,8 um  for 10x10,

3 3.3 pm  for LlOx45, and

1,45um  for | 10x100 total.magnification.

For the measurement of the. £ilm thicknegas, the films were

-

. positioned vertically and illuminated from below. Bedause

of the strong absorption by the vertical filmsa they appea~
red black when observed throuéﬁ.the micoracope and the
strong céntrast between the filmg and the adjacent media
(substrated, air] allowed the measurement of the thickness

with a good accuracy.
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Investigation of the 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 coherentiy and cause intensity maxima at

certain angiesre gi#en by Bragg's rélation
2 4pp48in & = m) , (52)
where m is the diffraction order and Gt the interplaner

spacing of planes with Miller indices (hkl}.

The_stéhlé_form_of cadmium gulfide is hexagonal structure
(wurtzite structure), which is the only one for which single

crystals can be grown with the following lattice constants

-.[22]

a = (4,1367 + 0,0003) R
b = (6.7161 + 0,0005) R -

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

dependence of the interplanar spacing dhﬁl on the Miller

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

by [24] |
' -2 T 4 B? 4 hk ¥ k2, 12

= e ¢4

dpr1 = 3 a2 o2

(53)

-Table 2 presents d,,,-values of hexagonal CdS observed by

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

tion pattern if hexagonal CdS is exovected.
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Table 2: d,,,-values of hexaoonal Cds according to

. Swanson et al. r25]

hkl 4,18 e*|grad]
100 3.583 18.64
002 3,357 19.94
101 3.160 21.24
102 2.450 27,86

¥) for m=1 and A = 2,29 R (chromium-K =

radiatioh)

Cadmium sulfide filme can be either hexagonal ox cubic or
both [8] . Cook et al.[22] report -a lattice constant of

a = 5.839 A for cubic Cds (zinc blendenfcc structure). For-
a cubic structure dhkl_is_given by

dg ,_‘_' R (54)
hkl = "hZ + k% + 2

and Bragg reflections occur for the fcc-atructure only if

the hkl are unmixed (all odd or all even) f?,p 61]. Expected

reflections fotﬂthe lowest (hkl} are calculated in Table 3.

Table 3: dy,i-values of expectedrdiffraction maxima of
cubic CAS (zinc blende structure)] with a = 5.8398

hkl . @18 e*)|grad
111 3.371 19.86
200 2.920 23,09
1220 2,064 33.68
311 1.761 40,57

*] form=1 and A = 2,29 & (Cx-K)
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En'the procesas of Cd8 ﬁreparation, egpecially during its
anneallng,CdS can be oxidized to form cadmium oxide which

" has a face-centered structure with a lattice constant

a = 4.6958 [;i].

Possible diffraction maxima caused by Cd0 axe given in

Table 4 |29 -

Table 41 Expected dhk1~values of fec CAO

hkl ahkliﬁi Axeﬁ)]grad{
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 2 (CrﬂKq)

* The X*ray.diffréction spéctra of the films prepared by the
chemicallbath,degosition techhique were recorded by Dr,

~ Neumann (Physics Depaétment of the'Wilhelmafieoknvniversity
Rostock/GDRL.»The radiation used was Cmea A = 2,29 R .
Six layers hayé beenAinvéstigateﬁ‘which.were'prepargd accoxr—
ding to the optimum-condition prééedute with and withbut

doping9aﬁa a post~annealing as listed in Table 5.
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Table 5: Preparatlon conditions of the layers investiga-
o ﬁad by X-ray diffractien
- doping double bath

-layer- gnmealing ,
. P Wi-th: Iii depositi.on - R o - A ..

, no

1T | at 120°C for 1 hr at 70 Pa
1T X no , ““"
v X at 120°C for 1 hr at 70 Pa
v b4 X ~ no

vI X X at 120°C for 1 hr at 70 Pa

I?* layer II, in addition gnnealed at 550°C in airx for L h

IIT* layer ITI, in addition gmealed at 300°C for 20min

at 0.013 Pa

The spectra found are shown in Fig, 11 togethex with the
spectra of CdS~p9wder.'C&S powder shows clear peaks at 18.6°,
20.0° and 21:3° which relate to thé interplanar spaeihg
“3.58ﬁ, 3.368 and 3,168 respectively in agréement with

Bragg's relation

[ T
24 8in © = mA
~ 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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Flg.1l: X-ray spectra of the layers liated in Table §.
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4

() layer Irv B
The diffraction spectra of all the -layers with or without
anealing at 120°C are not very sharp, similar to those of
- amorphous semiconductors. The lavers can be considered as
polycrystalline layers of very small grain dimension, All
the layeérs show a peak at © = 20.25° (d = 3.318) which is

more pronounced for the layer VI (Fig. 11{g)}.
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An anealing at 300°C for 20 min at 0.013 Pa (Fig. 11(1))
-é‘ﬁnaﬁ_ced the peak but shifted it to 20.1°(d=3.348). This
iﬁaicates a recrystallization and formation of a hexagonal
texture with (002) orientation. An anealing at 550°C in
air gave peaks (Fig. 11(h}) at 25.1° and 29.25° in place
of the 15t peak at 20.25°%, This can be identified as (200)
| and (111} lines 6f Cd0. Hence, in ailr, an oxidation of cas
£llms is:unavoidable. The shift of the (002Z) reflection
towards smaller angles due to an jncreased lattice spacing
a(from 3.31 to 3.34%) after anealing can be explained as
follows: The preparation of the films from an agueous
digpersion leads to an inclusion of i,0 molecules iﬁto the
layer in quite a‘lérge amouné, which are responsible for-
-tﬁe formation of nearly amorphous structure for they intexr-
rupt the growth of large crystallites. The annealing aimed
on a reCrystallizatioﬁ~and formation of larger crystallites
breaks these bindings and replaces them by those of CdS, As
a-resuLt of_annealing H,0 is femoved and a structure of a

somewhat larger interatomic distance is formed.
. E S 4 T

One can conclude that the peaks of the layers I - VI
(Fig. 11 (b~g}} at 20.25° (a = 3.318) correspond to the
peak of CdS-powder at 20.0° (3.368]) which are due to the

(002) planes of hexagonal CdsS.
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CCHAPTER 4

o itk oty

| ELECTRIC&L AND PHOTOELECTRICAL MBASUREMENTS.

Conductivity Measurements. Cénﬁacting,

Conductivity meagurements were done uging the current-volt~
age (i-V) method [26] which is based on the measurement of

current 1 flowing thrbugh'tha probe when a voltage V is

- applied to it by méans of electrical contacts, The condugc-

are derived fibm

_ _ ph
Ohm's laW) ie.
g = R A VA « 1 . (55}
cph..-rs Aq =k A iph {56}

where R, & and A represent the resistance, the electrode
separation and the crogs~sectional area of the specimen
respecively. The geometrical dimensions & and A can be

obtaineﬁ-uéiﬂg a miéréséopé.as described in-part 3.3.

In perfoimiﬁ&fﬁhe;ﬁeasgréméﬁtSe a coplanar geometry of the
cpntaets éaé“ﬁéed,{Thgh¢pnta¢ts éhau;d not intrpduéa.aﬁfaddiﬂ
tional reststancé 'so that the 1~V characteristics displays
the reéiéﬁ#yity~of thé‘speéiméﬁ; Such contactsa ére called-
obmic conéédﬁs-ih contfaétftb'réctifying coﬁﬁacts'wﬁich
arise due to the preéeﬁce of an electrostatic 5a£rief {space-

charge-region) between the metal and the semiconductor [1,27].
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,Ta};_AKmatal with a work functian {¢ ) smallez than that of

:fnaC&S ($ ) shcula be chasen*

5%ﬂhe metal uSEd should aeﬁ as a donor im§urity: Same
?éifzu&ion of the metal Lnto the semiconauctor impraves

'{ithe quality of Lhe ccntact,
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Fig., 12: Energy level diagrams and ohmi¢ metal-n-type

semiconductor contact with @m < ¢S [6]

a) before contact (b) after contact
¢) when metal is negatively biased

d) when metal is positlively biased,

Light Sourcés.

The magnitude of-the photoelectric effect depends not only
on the total energy of the incident photon flux but also
gtrongly on its specdtral energy distribution. Therefore,
information about the'spectral characteristics of the light
sources utilized for photoconductivity measurements have to

be supplemented,

Megsurements of photoconductivity are done eithery undex the
so~called "white light" illumination, (which ls reglized

moatiy By an Incandescent tungsten filament lamp) or underx
monochromatic illumination, In the first case, a normall-

zation with yespect to g constant enexgy flux as well as a
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constant mamber of incident photons ig common. Both an
incandegcent tungsten filament radiation (220V, 150W,
21002m) 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 sgpectral emissivity
e(A, t), which is the ratio of the spectral emittance of

the radiator M(A, T} to that of a black~body radiatoxn

tung
at the same temperature M(}, T)black‘ For tungsten e(i,T)

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

MO™ fung * € QIMOD), - (57)

are pldtted for dlfferent tempeyatures in Flg, 13,

All spectral phctocdnductivities were normalized to g

congtant number of lOl3

mm?“.

photons incident'per second and

The spectral energy distfibution of the 150W tungsten bulb
was nmegsured hy means of two different metal intexference
filters (504 and 644 nm) of known transmittance combined

with an infrared absorbing filteﬁjand a vaccum therxmopile
VTh8 (Caxl Zeiss Jena, reclever awed 7.1 mmz; sensitivity
4¢5V/W1.- Comparison of the relative intensitles found at
the. different wavelengths with the curves of Fig, 13 gave
an approximate filament temperature of 2400K, The total

, . 2
intensity in a distance of 15 om amounts to 156 mW/cm™ .
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descent tungsten lamp,

The spectral energy distribution of the monochyromator

{operating voltage of the tungsten lamp 5,6V emexrging fron

the exit slit of the grating monochromator was also getern-
mined with the same thermopile VTh8, The rasults are wopra-

sented in Fig, 14 in number of incident photons pex time




and area. Obtained spectral photocomductivities were nor-

malized by these values,
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Fig. l4: Spectral distribution of the number of incident

pvhotons per time and area of the monochromator.
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The dark resistance of geveral samples tuwrned out to be so
high that the resulting small currents could not be measured
accurately bgﬂéﬁe galvanometers avallable, This made neces-
sary the appliéation of & measuring amplifier which has to
be designed, assaﬁéléd and tested, A voltage smplifier was
proposed that utilizes the potential drop across a 10kQ
series reslsto¥ R due to these gmall currents, To realize
an iﬁput reglatance (Rin} much lgrger than LOCkn , a;MDSFET
with an input vegistance greater than lolzﬂlwas included

(see Fig. 15).
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A switch {8} was inciuded to prevent the apglicatien of

excaas voli¢qe by openxng it during the measuvements,

Loy

The ouwtput voltgae Vout OF the opepational mmplifier measa-

red with a digital multimeter amountsg to

}Qut -A‘Vih

where Vin &8 the votential drop goross the wegistor R, which

with a known applied voltaqa‘?a gives the resistnace of the

photocenductor,
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v
R, = R(A 5= = 1) . (58)
ph ?out

,Beéahse'of the £olerance of the resistors Rl and R2
the linearity of the amplification factor (A) of the ampli-
fler was determined experimentally by applying a known
voltage Vin‘ The resulting output voltages are shown in
Flg, 16. The operational amplifier possesses an offset
~voltage of 940mv, which is to be subtracted from the out-
put readlng. It operates linearly for output voltages

,voutl ¢ 5 .V with an amplificatlon factor of 96.5.
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Fig, 16: Heasured Vout/v , relatlonship of the operational

amplifier,




Together with the layers prepared by chenmical deposition
technique, monocrystalline CdS photoconductor (VEBR Carl
els Jena), polyerystalline sintered Cd8€ photoconductor

(type WK 65036) and pressed CAS powder were investigated,

Besides the gpectral sensltivity, the ratio between the

- light and dark conductivity is an important property of a

photoconductor, The values obtained under white light illu-

mination are the following:

dl;ghﬁjgﬁark
Monocrystalline CASs 113
Polycrystalline WK 65036 108
Layer 6g (CC) 2G
Liayer &b (OC + gnnealed) 11
Layer 16 (0OC + L} doped] 12
Layer 17 (OC, Ii doped, double bath) 1,4
Pressed Cd5 16
Presged Cd§ (annealed) 1,2
Pressed CdS (NaCl doped, annealed) 2.6

fn order to attajin a large light/dark conductivity ratio,
the dark conductivity should be as small as pOSSible.'ThiS
can be regched if there ayxe no impurities (intwinsic beha-

viour) oy Lf the donor impurities are compensated,
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The first tfpe ig realized in the monoccrystalline Cd5
photoconductor for which only interband transitions are
possible (execitation 1, ¥ig, 1)'which is confirmed by the
spectral measurements. Doping reduces the ratio as can be
noted by comparing the values of the layer 16 with that of
the undoped layer 6a. In the case of annealing, the dark
conductivity increases more faster than the photoconductd -
vity thus resulting in a decrease of the wratio of the Tlight
dark conductivity which 1ls lndicated by comparing 6a and 6b,
and by anneallng pressed C4S. The high value for the photo-
conductor WK 65036 lLs probably due to g verv high doping
concentration of both donors and acceptors so that g tye-
mendous number of states exist inside the bandgap, In the
dark the photoconductor 1is compensated and the darvk conduc-
tivity is small, Under 1llumination trvansitions of the type
2 and 3 {Fig, 1} ave possible thus resulting In an increase

of the photoconductivity,

Spectral Photocondnctivity.

In Flg, 17 taﬂj) the spectral phntocohductivity'res?onses
of the samplés investigated ave shown, For monocrystalline
Cds (Fig, 17 (a};_ an edgeé is indicated at 517 nm which
implies the photoconductor's sensitivity for wayvelengths
greater than 520 nm is low, Since only interband transitions

gre indicated, the Cdg crystal 1s of high purity.
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The spectral response of the polycrystalline CdS (WK 65036)
photoconductor (Fig, 17 (b)) showed a strong sensitivity

at wavelengths greater than 550 rm whilch corresponds to
smaller photon energies., Thig rhotoconductor does not in-
dicate a bandgap at 2.4 eV as monocrystalline one. This can
be explained by nothing but the trxansitions that take place
within the band~gap due to lots of impurities (which have
been mentioned earlier) and for that reason the sensitivi-

ty of the WK 65036 ig high in that spectral region.

Pressed (ds powder, annealed, doped, doped and annealed
samples have been investigated, The dark - conducti-
vity of first sample is higﬁ and doping shifts the maximun
from 625 te 575 nm. Annealing of the undoped and doped
samples increases the respective sensitivities for lonaer
wavelengthg, This indicates +hat states inside the band-

- gap gre actlvated for absorption/generation processes,

For the cwystalline Cds, polyexystalline WR 65036 CdS and

the pressed Cd§ powder, the conductivity measurements were
only in velative units, for the active thickness of the
samples cannot he determined, On £he other hand, photocon=
ductivity of the films 4a, 6h, 16 and 17 (Table 1) have been
¢alculated in absolute units, Fig. 17 (c) gives the spec-
tral photoconductive response of the layer 4a. Annealing

(17 (4)) leads to two possible results, At first the photo-

conductive sensitivity inereases by about one ordexr and
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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 investigations (part 3.4).

The photconductive response of the doped layers 16, and 17
are ghown in Fig., 17 (emf}} ¥rom which one can see that
the overall sensjitivity is larger than that - of the unanne-
aled fiim fa, one can realize from Flg, 17 (f) that double
bath deposition doas not gilve layers of simply increased
thicknegs, but the physical properticvs of the additionally
depogited part is different from those of a single deposi-
tion, This was noticed in making the contacts because wWeak
tensiong were suffilcient to disattach the contacts. Pro-
bably, the upper part of the layer contalns microveoids in
additton to crystal imperfections that reduce the mechanical
strength, The'electricai properties are also influenced by
thege milcrovoids, for the wveslstance increases which could -
be due to the reduction of the available cross-section for
current conduction, Since almost all of the light absoxrp-
tion occurs in these region, generation of free charge
carriers takea-place in this part, and the mobility of these

carriers will bhe reduced due to these microvoids,

The spectral transmittance T(A} of the investigated layers
Ls also shown in Fig, 17 (c-f), The presence of an absoxrp-

tion edge ls reflected by the increase or decreagse of the

transmttance at those values where absorption occurs:
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The gpectral transmittance T{(X) and the photoconductive
response Uph curves have been used to calculate the
gspectral variation of the absorption efficiency n(i}-

{eq. 49) of the layer 6b. 'The absorbance A{)X) of the

film hasg to be known in order to he ablelkcalculate n.
Since the transmittance and absorbance (eq. 47) depend

on the optical constants N and X, it is impossible to
evalugte both N and K from the gingle quantity, The wvalues

of N for Cd3 given by K.W. Boerxr [édj vere used.

Using the same reasoning in approximating the absorbance

A(eq,{é?ﬂ, the transmittance T can be written as

. i | Had

This can be used to calculate the absorption index K {(and
the absorption coefficient (o = E%E}, whlch arxe contained
in Ry and R,. The results are presented in Fig, 18 (a).
Knowing N(A)} and K(A) the approximated reflectance R can

be determined,

The abgorbance as given by eq. 37 can be rewritten in the
form -

AGY =1 =~ {T() + RO,

The reflectance R, the absorbance A and transmittance T

of the layer 6b are given in Pig. 18 (b),
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I
The guantity (E%) in eq. (49) is constant due to the
normalization of the spectral photoconductivity and thus

one can write

g = n-const. % d

Agssuming that the photoconductivity is due to caxrierx

c¢oncentration (An)
Ao = dph = ey, An
where An stands for the saturation value (eq, 18),

An = g7t

The quantum efficiency n ~ds then

rel

cph(A)'/ qphtﬁrefl_

] = (61)
rel :
A{x) A(Krefl
The curve of nrel(A) is presented in Fig. 18 (c) for
-Aref = 517 nm,
Nyel axhibits an edge, and inspite of relatively high

absorption for longer wavelengths { Fig.18 (c)}
the resulting photoconductivity is small because Npel drops

strongly,
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4.4.3 Life Time Determination by Photoconductive Decay.

The carrier life time was determined by photoconductive
decay, ie. decay of the photocurrent after switching off
the illumination. For short life tiwmes, 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 Uph(t)/cph{O) of
the monocrystalline Cds and polycﬁystalline WK 65036 pho~

toconductors are given in Fig, 19,
The related life times as calculated from eq. (19} are the
following:

Monocrystalline CdS 2,5 ms

Polycrystalline C4dS WK 65036 6 mg

Pressed Cds 3 ms
Layer 6h 5 s
Layer 16 _ _ 54 ' s

The monocrystalline and the pressed CdS yleld small life
times while films prepared by chemical bath deposition
method exhibit very large lifetimes, The lifetimes have
a spectral dependence which is cléarly indicated by layer
16,

The lifetime: increases than its value gt the bandgap

energy for both an increase or a decrease in wavelength,
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ig.19: Bxamples of the decay of photoconductivity
(a) monocrystalline Cdg
(b) polycrystalline CdS (HK65036)

(light switched off at t=0s)
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Wavelength (nm) Time {sec)
AQO 75
450 45
500 33
550 34
600 49
650 87
700 170

A different decay behavior was observed when pressed Cds
doped with NaCl was illuminated with light of wavelength
600 nm, There appeared a sharp edge which then decreases
to a saturation value., This ls followed by a sudden dec-—
rease at switch off which again exhiblits a sharp increasge

to another saturation value (see Fig, 20).

- It wag not possgilble to'measure the mobility and itg chan~
ges under illumination for the vesigtance of the prepayed

Cds layvers was large {,E10891,
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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 pne and polycrystalline cadmium sulfide,
though 1ts magnitude is reduced for the polycrystalline Cds.
This can be explained by the grain boundary trapping which
cgn influence both the carrier mobility and carrier concentra-
tion, According to theory of conductivity and photoconductivity
in polycrystalline materials, the avervage number of free charge
carxriers is very small if the trap concentration per area
(Qt/Lg) is larger than the doping concentration Nj. Eventhough
it is not in the procedure to find the twap and doping concen~
trations Quantitatively , yet it ls possible to say that the
trap concentration (Qt/Lg).is'much larger than the doping con-
centration. This is as well supplemented by the low conducti-
vity values obtained which forced us to use an operational

anplifier with a very high input resistance,

The structure of the layers from X-yay diffraction is hexagonal
of very small crystallites (with very small grain dimensioh) very
‘wlose £o the amorphous structure. The smaller the crystallite
stze the greater the number of crystallites of a lgyer of
certain thickness and the greater the number of grain bounda-
ries., Thils decreases the dark and photoconductivity thus incre-

aslng the pesistance of the sample under consideration,
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The monocrystalline CdS photoconductor exhibits a dec—
reage in photoconductivity beyond the bandgap. But the WK 65036
polycrystalline CdS and the prepared ones show a photoconductive
response for longer wavelengths. This can be explained by the
fact that for monocrystalline CdS interband transitions are
dominant while for the polycrystalline ones a large number of
states occur -in the bandgap which are responsible for the photo-

conductive response gt longer wavelength (or smaller enexgles).

The curves of the photoconductive response, the transmi-
tance, ahgorbance and absofption coefficient curves of polycry+—
stalline CdS are in complete agreement with each other defining

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

The light-dark conductivity ratior of the prepared layers
ts about 10, It is more for the undoped than that of the doped

polycrystalline laye#'
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