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ABSTRACT

Uniform polycrystalline p-type CulnSe2 films, thicknesses

ranging from 1 to 4 Mm, were deposited by a stable electrodeposi

tion process developed in our laboratory. A (112) preferred

orientation was found for the films. VaCUUm annealing experiment

results showed an improvement in the crystalline quality of the

films after the annealing. The metal ratio of the films was not

altered significantly by the annealing process. AI/CulnSe2

Schottky junctions fabricated on p-type culnSe2 films showed that

the current transport mechanism in the intermediate voltage

region was governed by a recombination component. A dispersion

effect of the capacitance-voltage curves with frequency, observed

on the Schottky junctions suggested the presence of either en

hanced interface states or deep levels in the depletion region.

Solar cells of CdS/CulnSe2 were fabricated by vacuum evaporating

low resistivity n-type CdS layers on the electrodeposited p-type

CulnSe2 films. The highest AMI active area conversion efficiency,

for the 0.9 cm2 cells, was 5.2% after an air heat treatment at

200°C. The efficiency value was increased to 5.6% in small area

devices fabricated using a similar procedure. The air heat treat

ment was found to reduce the apparent carrier concentration in

the CulnSe2 films. Current-voltage (I-V) characteristics of the

cells showed a definite relationship between the short circuit

current and the indium to copper ratio in theculn8e2 films.

Temperature dependent I-V curves revealed a dominant recombina-
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tion current component for the heterojunction cells. The value of

barrier height for a cell was estimated to be 0.64 eV. It was

found that the differential capacitance values depended on meas

urement frequencies, resulting in frequency-dependent voltage

intercepts. The C-2-V curves were also observed to shift to more

negative voltages under illumination. Interface states were

believed to be responsible for aIl these effects. The density of

the charged interface states under AM1 illumination condition for

a cell with efficiency of 5.2% was estimated to be 5x10 12 cm- 2 .

Adm~ttance spectroscopy results showed that there was a relation

between the composition of the CulnSe2 films and the activation

energy of the deep levels. For the films with an indium/copper

ratio of 1.1, the activation energy was about 50 meV. The trap

states were much deeper (160 meV) for the films with an In/Cu

ratio of 1.25.
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RÉSUMÉ

On a déposé des couches minces homogènes de 1 à 4 Mm d'épaisseur

de culnSe2 polycristallin de type p par un procédé d'électrodépo

sition développé dans notre laboratoire. On a trouvé que les

films déposés avaient une orientation préférentielle (112). Des

expériences de recuit sous vide ont résulté en une amélioration de

la qualité cristalline des films. Le rapport indium/cuivre n'a pas

subi de changement significatif durant le recuit. Des jonctions

schottky du type Al/CulnSe2 fabriquées à partir des films électro

déposés ont montré que le transport du courant dans la zone des

tensions intermédiaires était gouverné par un mécanisme de

recombinaison. On a observé une dispersion des courbes capacité

tension mesurées à différentes fréquences des jonctions Schottky,

ce qui suggère la présence d'états d' interface activés ou de

niveaux profonds dans la zone d'appauvrissement. On a fabriqué

des cellules solaires du type CdSjCulnSe2 en évaporant sous vide

des couches de CdS de type n de faible résistivité sur les films

électrodéposés de CulnSe2 de type p. La plus haute efficacité de

conversion sous illumination AM1 était de 5.2% après traitement

thermique à 200°C dans l'air pour des surfaces actives de 0.9 cm2.

L'efficacité augmentait jusqu'à 5.6% pour des dispositifs de

petites surfaces fabriqués de façon similaire. On a constaté que

le traitement thermique dar,s l'air réduisait la concentration

apparente de porteurs dans les films de CUlnSe2. Les caractéris

tiques courant-tension (I-V) des cellules ont montré une relation
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certaine entre le courant de court-circuit des cellules et le

rapport indium/cuivre dans les films de CUlnSez. Les courbes I-V

mesurées à différentes températures ont révélé que la recombinaison

était le mécanisma dominant de transport du courant dans ces

hétéroj onctions. La hauteur de barrière d'une cellule a été

estimée à 0.64 eV. On a trouvé que les va] eurs de capacité

différentielle dépendaient de la fréquence de mesure. On a aussi

observé un décalage des courbes C"z-V vers les tensions négatives

lorsque les cellules étaient sous illumination. On croit que des

états d'interface sont responsable de tous ces effets. On a estimé

à 5xl0 1Z cm- z ] a densité d'états d'interface chargés d' une des

cellules d'efficacité 5.2% sous illumination AMl. Des mesures de

spectroscopie par admittance ont montré une relation entre la

composition des films de CulnSez et l'énergie d'activation des

niveaux profonds. Pour les films ayant un rapport indium/cuivre

de 1.1, l'énergie d'activation était d'environ 50 meV. Les niveaux

de piège étaient beaucoup plus profonds (160 meV) pour les films

ayant un rapport In/Cu de 1.25.
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Chapter 1 INTRODUCTION

Results of environmental research in recent years have

raised public awareness of the green house effect. This effect

was mainly caused by the increased amount of carbon dioxide

released into the atmosphere from fossil fuel combustion. Analy

sis of air samples showed that carbon dioxide in the atmosphere

has increased by about 25% since the beginning of the industrial

revolution in 1800 1 . 1 . In order to prevent further increase of

the concentration of carbon dioxide in atmosphere and to avoid

the global warming, besides efficient use of energy, it is re

quired to develop carbon free energy resources such as solar,

wind, geothermal and other renewable sources.

In addition to the environmental problems (including air

pollution) caused by the conventional energy sources, energy

resources on the earth are also limited and will be exhausted in

the near future. On the contrary, the life of the sun is so

enormous that developing technologies for the use of solar energy

is very attractive. Among all of the solar energy technologies,

photovoltaic (PV) devices (or solar cells) which convert the

solar energy direct~y into electricity appear to be the most

attractive ones.

Since the first demonstration of the photovoltaic effect in

a solid state system in 1877 1 . 2 , more than a century has passed.

since then, the world has witnessed enormous progress in the
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photovoltaic area, including the demonstration of the first

modern silicon solar cells in 1954 1 . 3 , the use of photovoltaic

arrays to supply electricity to space ships and space stations,

and countless demonstration PV power panels. Photovoltaic cells

also play an important role in telecommunic~tions, navigational

aids, remote area power supply, water pumping and consumer e1ec

tronics. Following the increase in the efficiency for single and

tandem cells ~nd the maturing of the thin film technologies, th~

following concept is generally accepted by people: In the near

future, photovoltaic cells will supply electricity on a large

scale as part of a gr id network and it wiil meet part of the

electricity demand.

To compete with the conventional large scale generation

economically, it is essential to lower the cost of electricity

generated by the PV cells. This requirement can be achieved in

two directions: to increase the cell efficiency and to decrease

the manufacturing cost of the PV cells. Figure 1.1 plots the

required module cost as a function of efficiency for flat plate

modules1 . 2 . The vertical line gives the cost efficiency combina

tion required to compete with conventional electricity generation

systems.

To reduce the manufacturing cost, cells in a thin film form

are required. At the present, there are three thin film semicon

ductor materials which are considered to be the best candidates

for high efficiency thin film cells. They are polycrystalline

CdTe, CulnSe2 (also CulnGaSe2 ) and amorphous si. Among them, the

semiconductor culnSe2 is well known for its thermal stability

2



and high optical absorption coefficient. Nearly 99% of the inci

dent above-bandgap light is absorbed within the first half micron

of the material. The semiconductor CulnSe 2 has a tetragonal

structure with the lattice constant, a, equal to 5.78 Â1.4. It is

a direct bandgap material with Eg equal to 1.01 eV. CUlnSe 2 forms

a good heterojunction with CdS, since the lattice mismatch be

tween (112) plane of CulnSe2 and (001) plane of CdS is only about

1.12%1.5 and the electron affinities of the two materials are

very close. The properties of CulnSe2 are listed in table 1.1.

Parameters of the semiconductor CdS are also given in the table

for comparison. Photovoltaic cells based on CUlnSe 2 thin films

with a conversion efficiency over 14% have been successfully

fabricated 1 . 6 . In addition to the high efficiency required for

low cost applications, the semiconductor CulnSe2 is also an ideal

smal~ bandgap cell in a high efficiency tandem structure. Recent

ly, Gale and coworkers have reported an AMO efficiency of 23.1%

on a tandem structure fabricated by mechanically stacking a GaAs

thin film top cell and a CdZns/CulnSe2 bottom cell1 . 7

Up to the present time, most of the CulnSe2 films used for

the high efficiency solar cells are deposited using the three

source evaporation method 1 . 8 , 1.9, 1.10, 1.11 This method

provides the greatest degree of control over the stoichiometry of

the films. During the evaporation, sensors installed in the

chamber are used for precise control of the individual deposition

rate for each boat and the substrates are heated to a temperature

in the range of 350-450 o C. Sputtering methods, including dc, rf

and reactive sputtering, have been used for the preparation of

3



culnSe
2

thin films 1 . 12 , 1.13, 1.14 In the reactive sputtering

method, Cu and In are simultaneously sputtered in an atmosphere

containing Ar and H2Se. The substrates are held at 400°C during

the sputtering. The highest conversion efficiency obtainedby

this method is 6%1.15. A two-step method involving selenization

of metallayers has also been used for the deposition of CulnSe 2

films 1 . 16 , 1.17 In this method, Cu and In layers are first

deposited either by evaporationor by electrodeposition. The

metal films are then converted into CulnSe 2 films by carrying out

a selenization process in the presence of H2 Se. This process is

performed at a temperature in the range of 380-450°C for a time

period of 2-3 hours. A high conversion efficiency of 10.8% has

been obtained by using this process1 . 18 . However, the adhesion

of the metal films to the substrate remains a problem for this

method.

AlI of deposition methods mentioned above often require

expensive equipment and high energy consumption and therefore are

not ideal for future industrial production. Low cost technologies

such as spray pyrolysis1 . 19 , 1.20 have been reported. However,

the efficiency of cells fabricated using this method is still low

as compared to the vacuum deposited ones. Therefore, more efforts

are needed to develop. newmethods for CulnSe2 before they can

replace the vacuum methods for the terrestrial large scale appli

cations.

In our laboratory, a low cost electrodeposition method1 . 21

has been successfully developed for polycrystalline CulnSe2 thin

films. This method is not only simple but also has an optimum

4



material utilization rate. In addition, the energy consumption

required in this method is very small as compared ta the vacuum

methods. Recause all the materials are dissolved in a solution

and the process is carried out at relatively low temperatures,

potential safety hazard during the fabrication using this method

is also minimum. Another advantage is that the facility and

process can be relatively easily scaled up ta deposit large area

CulnSe2 films. using a prototype system designed in our labora

tory, uniform films with an area up ta IOXIO cm2 and a thickness

of l Mm have been deposited. The deposited CUlnSe 2 films were

studied by several analytical methods ta determine their quality.

Bath Schottky junctions and heterojunctions were then fabricated

and investigated. Results of analysis and junction investigation

are reported in this thesis.

In chapter 2 of the thesis, the theory of photovoltaic solar

cells is briefly reviewed. Results of deposition and characteri

zation of CUlnSe2 films are presented in chapter 3. The effect of

post-deposition heat treatment on the quality of the CUlnse2

films are described in chapter 4. In chapter 5, testing results

on Al/CulnSe Schottky junctions are reported. Fabrication proc

ess for CdS/CulnSe2 heterojunctions and the characterization

results of vacuum deposited CdS films are described in chapter 6.

Investigation of the fabricated Cds/culnSe2 heterojunctions is

then presented in chapter 7, which is followed by chapter 8 on

the admittance spectroscopy ta study the deep levels in the

electrodeposited CulnSe2 . Finally, the discussion and conclusions

of the thesis are given in chapter 9. Detailed film deposition

5



process will be released through a patent and will not be de

scribed in this thesis.

Table 1.1 Properlies of the semiconductors CulnSeZ and CdS 1.5.

Parameters

Crystal Structure

Microstructure

Energy Bandgap, Eg (eV)

Lattice constant, a (A)
c (A)

Relative Dielectric
Constant,

Electron Affinity (eV)

CuInSe 2

Tetragonal

ColumnarII

1. 04

5.781.4
11.62

10.00

4.301.22

0.091.23

0.121.23

CdS

WurtziteI

2.40

4.14
6.71

9-10.3

4.50

0.35

5.00

Mismatch between the two materials 1.l2%IV

l When deposited with the substrate temperature above 170 oc.
II with [221] direction perpendicular to the substrate surface.
III With the c-axis perpendicular to the substrate surface.
IV Between (112) plane of CUlnSe2 and (001) plane of CdS.
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Chapter 2 THEORY OF SOLAR CELUi

2.1 P·N Junction Solar CelIs

The Solar cell is a photovoltaic device which is used as an

energy converter. When the solar cell is illuminated by solar

radiation, it converts the solar energy directly into electrical

energy. In order to understand the conversion process, we can

examine the energy band diagram of the solar cell under illumina

tion. Fig. 2.1 illustrates the energy band diagram of an n+-p

homojunction solar cell. In this figure, Ec is the conduction

band edge, Ev is the valence band edge, and Eg is the bandgap of

the semiconductor material.

Under the solar radiation, the semiconductor material

absorbs most of the photons with an energy greater than the

bandgap of the material, Eg . The absorbed photons excite elec

trons from the valence band to the conduction band. The excita

tion leaves free holes in the valence band, therefore, creating

electron-hole pairs. These free electron-hole pairs will be

separated and swept by the internal electric field of the deple

tion region. The free carriers are finally collected by the

external circuit.

2.2 Absorption Coefficient and Spectral Response

The ability of a material to absorb photons at a given wave

length depends on its optical absorption coefficient, a. The

inverse of a gives the absorption length which is also a function
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of photon energy. Photons of low energy create free carriers even

deep in the material and photons with high energy are mostly

absorbed near the surface. Figure 2.2 shows the absorption

coefficients of Si, CdTe, CulnSe2 , CdS and three other semicon

ductors in the energy range from 0.9 to 2.6 eV2 . 1 . The semicon

ductor si is a material with an indirect gap and its absorption

coefficient rises slowly with the photon energy. Because of the

relatively small absorption coefficients, m9st of the absorption

occurs in a relatively thick region about tens of microns from

the Si surface. The semiconductor CulnSe2 has a direct band gap,

with its absorption coefficient rises steeply with the increase

of photon energy near 1 eV and attains high value at about 1.1

eV. The absorption length in CulnSe2 for the above-bandgap pho

tons is about 1 ~m. CdTe is also a direct gap material with the

absorption coefficient, rises abruptly above the energy of 1.45

eV.

The spectral response of a solar cell is defined as the

number of carriers collected per incident photon at a given

wavelength. Ideally, the spectral response is a step function of

energy when the surface recombination velocity is zero. The

spectral response of a si n-on-p cell with a non-zero surface

recombination velocity is shown in figure 2.3(a)2.2. The three

calculated components due to the front, depletion region and base

layers are seen to have peaks located at different energy values.

In this figure, the total spectral response is seen to first in

crease with the increase of photon energy and reaches a maximum.

It then decreases as the energy is increased further when most

9



of the electron-hole pairs are generated near the surface region

and these recombine because of the non-zero surface recombination

velocity. In Fig. 2.3(b), the total spectral response calculated

for different surface recombination velocities are shown. We can

see that the response in the high energy region decreases with

the increase of the recombination velocity. The spectral response

can be improved by increasing the diffusion length of the materi

al. For a material having large absorption coefficient, the

spectral response can also be improved by making shallow junc

tions.

2.3 Equivalent Circuit and I·V Characteristics

The equivalent circuit of a p-n junction under the solar

radiation is shown in Fig. 2.4. Fig.2.4(a) gives the equivalent

circuit for an ideal p-n junction and Fig. 2.4(b) shows the

circuit for a junction with a series resistance Rs and a shunt

resistance Rsh . In the figure, IL is the light generated current

and I s is the saturation current. The I-V characteristics of the

ideal diode under the illumination are given by

l = I s [exp (qVjkT) - 1] - IL. (2 • 1)

Here, I s is the saturation current, or bucking current of the

cell, V is the voltage across the cell. When the two terminals of

the cell are shorted, V = 0,

l (2.2)

A plot of the equation (2.1) is shown in Fig. 2.5 2 . 3 . Here Voc is

la



the open circuit voltage and I sc is the short circuit current, lm

and Vm are the current and voltage for the maximum output power,

P (=I V ). The conversion efficiency of the device is defined as,m m m

(2 • 3 )

In equation (2.3), FF is the fill factor, which is given by,

(2.4)

The open circuit voltage can be expressed as a function of the

short circuit current,

Voc (kT/q)ln(Isc/I s + 1) ~ (kT/q)ln(Isc/Is )'

(2.5)

For a given I sc ' the open circuit voltage increases logarithmi

cally with the decrease of the saturation current I s ' It can also

be shown that the open circuit voltage increases and the short

circuit current decreases with the increase of the bandgap of

the absorbing semiconductor. Therefore, the efficiency is a

function of bandgap and has a maximum value at a bandgap of

around 1.4 and 1.5 ev2 . 4 . For this reason, materials with bandgap

lie between 1 and 1.7 eV can DP- considered to be potential candi-

dates for photovoltaic applications.

For a practical solar cell (equivalent circuit shown in Fig.

2.4(b)), the I-V relation is2 . 5 :

ln[(I+Isc)/I s - (V-IRs)/IsRsh + 1] = (g/kT) (V - IRs )

(2.6)

The effects of the series and shunt resistances can be seen in

11



Fig. 2.62 . 5 . In most of the practical cases, the shunt resistance

is large enough so that it can be ignored and only the series

resistance is important. For p-n junction solar cells, the series

resistance mainly depends on the resistivity of the p and n

regions and the arrangement of the front contact.

2.4 Heterojunction Solar Cells

Heterojunctions are junctions formed between two different

semiconductors often with different energy bandgaps. Fig. 2.7

shows the energy band diagram of an n+-p heterojunction. In this

devicc, the n-type window layer has a larger bandgap, Eg1 , which

allows photons with energy smaller than Eg1 to penetrate through

it and reach the absorber layer with an energy gap of Eg2 . Pho

tons with energy less than Eg1 and greater than Eg2 will be

absorbed by the bottom absorbing layer and create electron-hole

pairs. The electron-hole pairs generated in the depletion region

and within a diffusion length from the junction will be collected

by the external circuit. Photons with an energy value larger than

Eg1 will be absorbed by the top layer. The electron-hole pairs

generated within a diffusion length from the junction or in the

depletion region will also be collected.

Heterojunction solar cells can achieve higher short wave

length spectral response over conventional homojunction cells.

This is because the large Eg1 which will allow the high-energy

photons to be absorbed in the depletion region of the semiconduc

tor with the energy gap Eg2 . The top layer can be heavily doped

so that the resistivity of the top layer is lower.

12



When fabricating a heterojunction solar cell, in addition to

the bandgap requirement, the following factors should be taken

into consideration: (1) The lattice mismatch between the two

materials should be as small as possible. The lattice mismatch

introduces interface states which affect not only the open cir

cuit voltage but also the short circuit current. (2) The Electron

affinities of the two materials should be as close as possible to

prevent any spike or step from forming in the conduction band.

The spike or step reduces the I sc and v oc values.

2.5 Thin Film Cells

For thin film solar cells, the absorption layer is deposited

on electrically conducting substrates. The films can be prepared

by various deposition methods, such as Evaporation, sputtering

and electrodeposition. Thin film cells are usually fabricated

from polycrystalline materials with large absorption coeffi

cients. If the film thickness is larger than the inverse of the

absorption coefficient of the semiconductor film, most of the

photons incident on the absorber will be absorbed. Furthermore,

if the film thickness is smaller than the diffusion length, most

of the generated carriers can be collected by the external

circuit. The main advantage of the thin film cells over the bulk

cells is the low fabrication cost and the relatively small

material consumption. However due to the relatively poor elec

tronic quality of the polycrystalline films, the energy conver

sion efficiency of the thin film cells is lower than that of bulk

monocrystalline cells fabricated using the same material.

13



, .)

trVEg-----]-
qVoc

----- ---------

hv

~

Ec --------------------

Ev

~

""

Fig. 2.1 Energy band diagram of an n+-p homojunction solar
cell under illumination.



~-1
E
u-

10'

10'

10'

10'

CulnSe,

CdS

10 u...l-......w.....L.........--:-':-.L...-..L-....l-......L..-:!";~_I....-..L-:...L--:; .......
1.0 1.5 2.0 2.5

hv (eV)

Fig. 2.2 Absorption coefficient for some semicon
ductor materials as a function of photon energy
(after ref. 2.1).

15



1.0 ç=-----;==:-:-::::=="'===-=--===c-==;

08w
Ulz
~
[-2 0.6
ct

..J
<r
ct
t; 0.4
w
C
Ul

0.2

Fig. 2.3 Calculated spectral response of a si n
on-p cell (a) showing the response components due
to tbe three regions and (b) the response for the
device with different surface recombination velo
cities (after ref. 2.2).

16



t 1-

l...

l [exp(qV/kT)-1J
s .

~ V

(a)

,. l

F\h v

(b)

Fig. 2.4 Equivalent circuits of (a) an
junction under the illumination and (b) a
junction with a series resistance Rs and
resistance Rsh '

17

ideal p-n
practical

a shunt



r
120r-------+--------,

Si solor cell
IL,IOO mA

80 T=300 K

40

- -t-------j;'77,77/'Tt-----r-V"" 0E

-40

-80

MAXIMUM
POWER

RECTANGLE

-12 0 L....L--..L----l~-__;:I_:___;::7_-___;'
-0.8 -0.4 0 0.4 0.8 1.2

V (VOLTS)

(al

l

o

MAXIMUM
POWER

RECTANGLE

(Pm)

"'V

(b)

Fig. 2.5 (a) I-V characteristics of a si
solar cell under illumination. (h) Inverse
of (a) (after reL 2.3).

18



volts
0.50.1 0.2 0.3 0.4

volts

"

60

k 60

1~on 5050

40
~ ~

1 ..c
;1

JO ~ JO
~ ~
1: 1:
QI QI

\D ~ 20 ~ 20·
~ ~
u u

10 10

Fig. 2.6 I-V characteristics of a p-n junction showing (a)
the effect of series resistance and (b) the effect of shunt
resistance.



.
c

0.
0.....

Cl .jJ

W
u
C
::l

.... 'n
CD 0

.0
,..

.... QI

0
.jJ

en QI

.0
.<::

ca p.
1

+
C

~u?~
C
n:l

.....
<J

0

S
n:l

--1~
,..
0'
n:l.....

WU '0

<l. '0
C
n:l

~
.0

0 ><
-0 0'

.~
,..
QI

~ C
r.LI

c: ...
WCl N.

U > 0'.....
W W Il«

20



Chapter.1 DEPOSITION AND CHARACfERIZATION OF CuInSe2

TffiNFILMS

3.1 Introduction

The electrochemical deposition method has long been used in

industry for metal film plating. This technique has been adopt~d

for mass production because the required equipment is inexpensive

and the process can be easily controlled. Furthermore, the

energy consumption is small and the material utilization rate is

high. The electrodeposition method has also been used for the

deposition

CdTe 3 . 1 ,3.2.

of binary semiconductor compounds such as

In 1983, Bhattacharya reported that the ternary

compound material culnse2 can be deposited by using the electro

deposition method from a single non-aqueous solution3 . 3 . He made

this claim based on X-ray diffraction results of his films.

However, he did not realize the similarity between X-ray dif

fraction patterns of the CUlnse2 phase and Cu2_x Se phases in this

compound system. The method reported by Bhattacharya was studied

by Hodes and Cahen3 . 4 later and they found that the deposited

films were Cu 2_x Se. Hodes and Cahen have also made an effort to

develop an alternative process for the CUlnSe2 films. They first

deposited a layer of In/Cu alloy then carried out chalcogeniza

tion in H2Se to form the CUlnse2 films. However, they had diffi

culties in controlling the morphology of the films. In 1986,
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Bhattacharya et a1 3 . 5 reported their resuJts on the deposition of

culn5e2 films from a single bath. Again, control over the film

composition appeared to be a problem.

The electrodeposition technique has been used in our labora

tory for the deposition of semiconductor films 3 . 6 ,3.7. This

technique has been successfully used for the deposition of

CUlnse2 thin films long before the first pUblication 3 . 8 . Since

then thousands of samples have been prepared. The quality of the

deposited culnSe2 films was found to be satisfactory for photo

voltaic applications. More recently, results of electrodeposition

of CUlnse2 have been reported3 . 9 ,3.10. In this chapter, the depo

sition process and the film study results will be briefly de-

scribed. Details of processes and results will be pl~blished

separately.

3.2 Film Deposition

The system shown in Fig. 3.1 was used for the deposition of

CUlnse2 thin films. In the system, a glass crucible was used as

the deposition chamber to contain the electrolyte. Two electri

cally conducting plates, placed face to face in the chamber,

acted as anode and cathode respectively. During the deposition,

a conducting substrate was used as the cathode and a platinum

foil was used as the anode. A dc power supply connected between

the anode and the cathode was employed to supply the electrical

current and ta drive the ions in the electrolyte in the desired

direction.
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It has been reported 3 . 11 that molybdenum can make a good

ohmic contact with the p-type culnSe2 films. Therefore, in the

initial part of the experiments, CulnSe2 films were deposited on

molybdenum sheets with a thickness of 100 ~m. In the subsequent

deposition runs for solar cell fabrications, glass slides coated

with a molybdenum layer were used to obtain good quality culnSe2

films. The thickness of the Mo coating layer was 0.8 ~m. In

addition to molybdenum, tungsten plates were also used in the

initial experimental runs.

For aIl of the three substrates, a cleaning process before

the deposition was always carried out. For the Mo sheets, a

diluted aquaregia solution (1:1 with water) was first used to

etch the surface (for about 30 seconds) and these were then

rinsed with DI water. The etching time had to be controlled to

avoid the formation of an uneven surface. A hot H20 2 solution

(temperature above 40°C) was used to etch the W sheets (for about

1 minute). The substrates were then rinsed with water. For the

Mo coated glass substrates, they were etched in a pure H2S0 4

solution for about 30 seconds then followed by rinsing. For most

of the experiments, the substrates were not dried before immer

sion in the electrolyte. However, it was found that drying the

substrates by blowing with N2 or Ar gas, before the deposition,

gave better results.

The electrolyte used for the deposition was an aqueous

solution containing ions of cu2+, In3+ and Se4+ and complexes of

these ions, which would move from anode to cathode under the

influence of an electric field. After the electrolyte was pre-
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pared, the cleaned substrate was immersed in it and a current was

passed between the two electrodes. The reaction for the Culn5e2

film deposition can be represented by the following simplified

equation:

1 cu2+ + 1 In3+ + 2 5e4+ + 13 e ~ 1 Culn5e2

After the deposition of Culn5e 2 was completed, the sub

strate was removed from the chamber and washed with DI water and

an another substrate was then loaded into the chamber to continue

the deposition. The thickness of the Culn5e 2 films was con

trolled via the deposition time. A typical thickness of 2 Mm was

oLcained after 20 minutes of deposition.

During the deposition, the temperature of the electrolyte

was controlled to a value in the range of 25°C - 90°C and the pH

value of the electrolyte was chosen in the range from 1 to 6. It

was found that the deposition rate was affected by both the

solution temperature and the pH values. The higher the tempera

ture and the smaller the pH value, the larger the deposition rate

was. In order to obtain a uniform fjlm, a stirrer, controlled by

a dc motor, was placed between the two electrodes to agitate the

electrolyte. The stirring rate was also found to affect the

deposition rate. It was observed in the present work that large

deposition rates sometimes resulted in non-uniform deposition in

the edge regions of the substrate.

The texture of the films under optical microscope was found

to be similar to that of the substrates. The films on the Mo

coated glass substrates were smooth and shiny while the ones on
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the Mo plates showed a texture of the etched substrates. Further

more, the morphology of the culnSe2 films was found to be af

fected by the metal ratio in the films. Films with a Cu/In ratio

larger than unity usually showed a bluish color with very fine

grains. A light gray color and larger grains were always observed

for In-rich films.

In order to test the process for large area depositions, a

deposition system with an inner diameter of 12.5 cm was used to

deposit films with an area up to 1üx1ü cm2 . For these deposition

runs, an anode with an area close to that of the film was used

for a better control of uniformity. The deposited culnse2 films

were found to be uniform with uniform edge regions.

3.3 Adhesion of the CuInSeZ Films to the Substrates

After the deposition, a pulling test was carried out on

these samples to determine the film adhesion: A piece of adhesion

tape was applied to the film and the tape was pulled up. The

deposited films were found to have very good adhesion to the two

kinds of substrates. Examination under an optical microscope on

the CulnSe2 samples after the pulling test showed continuous

films without visible defects.

3.4 Film Characterization

For the electrodeposited CUlnSe 2 films, the following meth

ods were used to investigate the compositional and structural

quality: Scanning Electron Microscopy (SEM), x-ray diffraction

(XRD) , Electronprobe Microanalysis (EPMA) and Secondary Ion Mass
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Spectroscopy (SIMS). The XRD technique was used to determine the

crystalline structure and preferred orientation of th2 films. The

micro structure of the films, the film thickness, smoothness and

macro defects were examined using the SEM. EPMA was used to

determine the overall composition while the SIMS was used to

determine the vertical distribution of the elements in the films.

In the following sections, results for all of the above mentioned

analyses will be presented.

3.4.1 SEM Photographs

SEM photographs were taken for the CuInSe2 films fabricated

on both the Mo and the Mo/glass substrates. Fig. 3.2 shows top

views of two samples, one on the etched Mo sheet (a) and the

other on the Mo/glass substrate (b). It is seen that the film on

the etched Mo plate substrate has a roughly vertical texture

which is similar to that of the substrate (not shown). The film

deposited on the Mo coated glass plate is very smooth with fine

grains. The cross-sectional view of a CUInSe 2 film deposited on

the Mo/glass substrate is shown in Fig. 3.3. Here it is evident

that the film has a very uniform thickness and a smooth surface.

In addition, a columnar structure is visible with the long axis

perpendicular to the surface of the substrate. Each column in the

film represents a single grain. This columnar structure has also

been found in high quality CUInse 2 films prepared by vacuum

methods 3 . 12 . Such a columnar structure is important for hetero

junction device fabrication involving CdS. From the X-ray dif

fraction, the direction of the columnar grains of the films was
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found to coincide roughly with the direction of the (112) plane

of the chalcopyrite structure. The lattice mismatch between this

plane and (001) plane of CdS is only 1.2%.

It should be pointed out that the quality of the electrode-

posited CulnSe2 films is greatly affected by the quality of the

substrates, because of the nature of the electrodeposition tech-

nique. An improper treatment of the substrates will result in

defects (for example, voids) in the substrates which will affect

the CulnSe2 films. For example, Fig. 3.4 shows a CulnSe 2 film

with a localized void (diameter about 3 ~m) on top of a smaller

void in the Mo film. This void in CulnSe2 will result in a short

circuit if a conducting top layer is deposited directly on the

CulnSe2 film by the conventional vacuum method.

3.4.2 X·ray Diffraction (XRD)

The principle of the XRD technique can be understood by

examining Fig. 3.5. In this diagram, the sample to be examined is

placed in the chamber with an X-ray source and a detector. During

the testing, an X-ray beam is incident on the sample surface

while the sample and the detector rotate in the same direction

with different angular velocities. The velocity of the detector

is twice of that of the sample so that the angle between the

incident beam and the sample (8) is always equal to half of the

angle between the incident beam and the diffracted beam. The

intensity of the diffraction beam is recorded with respect to

the angle, 28, and displayed on a recorder. When the sample is

rotated to an angle 8 and part or aIl of the material in the
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sample satisfies the Bragg's Law:

n À = 2dsinEi ( 3 . 1)

(here, n is an integer, À is the wavelength of the x-ray and d is

the lattice spacing), then a diffracted beam can be detected. By

rotating the sample over a range of angles and recording the

diffracted peaks, information on the crystalline quality can be

obtained.

In the experiments, a Phillips model PW1710 diffractometer

with a Cu Ka radiation (wavelength 1.54 Â) was used. The diffrac

tion results obtained for the electrodeposited CUlnSe 2 were com

pared with the powder culnse2 data of American Society for the

Testing and Materials (ASTM data). It was found that all of the

films with In/Cu ratio greater than 1 had a single phase chal

copyrite structure. A second weak phase could also be detected

for the films deficient in In. The X-ray pattern for one of the

CulnSe 2 films (sample No. 1306, In/ Cu> 1) deposi ted on the Mo

plates is shown in Fig. 3.6. All the peaks shown in this pattern

were identified to belong to the polycrystalline CulnSe 2 and the

Mo substrate. From the X-ray pattern, one can also see that the

ratio of the height of the (112) peak to that of the (204) peak

is about 2.5, which is much greater than the value of 0.7 for a

randomly powdered sample from ASTM data. This result indicates

that the deposited CulnSe2 films have the preferred (112) orien

tation, which is the desired orientation for CdS/CulnSe2 devices.

Such an orientation will yield heterojunction devices with a

minimum interface mismatch3 . l3 . Moreover, the lattice constant
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deduced from the present X-ray results was found to be close to

the data reported for CulnSe2 .

Another interesting fact to be pointed out is that the

CulnSe 2 films deposited on both the Mo sheets and the Mo/glass

substrates have the same structure with the same preferred

orientation even though the orientations of the Mo sheets and the

Mo films coated on the glass slides are different (see Fig. 3.7).

Therefore, the electrodeposition method developed in the present

work can be used favorably for the preparation of CulnSe2 films

for the solar cell fabrications.

3.4.3 Electron Probe Micro Analysis (EPMA)

Wavelength dispersive electron probe micro analysis (CAMECA

Analyzer) was carried out to determine the composition of the

deposited CulnSe2 films and to examine the uniformity of the

elemental distribution. The sample to be examined was loaded into

the chamber of the syst'm and the chamber was evacuated to 10-6

Torr. An electron beam (current 10 nA) was ejected from an elec

tron gun (accelerating voltage 15 kV) and directed onto the

sample. The induced x-ray from the sample was detected by detec

tors and the data was analyzed to give the composition results

(see figure 3.8).

From the EPMA experiments, it was found that the distribu

tion of the three elements was uniform over the entire sample

area for aIl of the samples. Furthermore, a slight excess of Se

was found in most of the CUlnse2 films. As an example, Fig. 3.9

shows the concentrational distribution of cu, In and Se along one

29



of the samples, where one can see that the Se concentration is

greater than 50%. The Cu/In ratio for the CUlnSe 2 film was also

found to be essentially constant over an are a of up to 9 cm 2 ,

which was very important for the control of electrical resistivi-

ty in the films.

The stability of the electrolyte, when depositing for more

than 10 samples one after another, was also studied through the

composition using the EPMA method. The results obtained are shown

in Fig. 3.10 where the elemental concentrations are plotted

versus the deposition runs. It can be seen that the composition

of the 11 samples was essentially constant. Results from a sepa

rate set of experiments showed that the same electrolyte can be

used to deposit more than 5û samples before replenishment is

necessary.

3.4.4 Secondary Ion Mass Spectroscopy

Secondary Ion Mass Spectroscopy (SIMS) is a powerful method

for surface analysis especially in depth profiling of compound

semiconductor thin films. A schematic diagram of the SIMS system

is given in Fig. 3.11. During the analysis, the sample under

study is bombarded by an energetic primary ion beam. The primary

ions incident on the sample surface will knock out atoms and

molecules. Some of the atoms and molecules are charged (secondary

ions). The composition of the secondary ions is related to that

of the sample at the location of the bombardment. By collecting

and analyzing these secondary ions, the composition of the sample

can be obtained. For the depth profile analysis, the material is
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removed continuously by the primary ions and the probing results

are recorded as a function of depth.

In order to investigate the depth profile of the culnsez

films, three samples deposited on Mo/glass substrates with a

thickness of 4 Mm were selected for SIMS analysis. A square with

an area of 100x100 Mm Z was sputtered and analyzed. The results

for one of the samples are shown in Fig. 3.12. Here the counts

per second for aIl three elements are plotted against the dis

tance from the surface. One can see that the distribution for Cu,

In and Se is essentially uniform over the film thickness. This

property of uniformity is very important for junction fabrica

tions.

3.4.5 Hot probe

Hot probe measurements were carried out ta determine the

conducting type of the electrodeposited CulnSez films. Samples

with different composition (with the metal ratio varying in the

range from Cu/ln<l ta Cu/ln>l) were selected for the measure

ments. It was found that aIl of the samples tested were p-type

films. In table 3.1, the composition (from EPMA data) and the

conducting type for 14 samples are given. It is noted that the

films are p-type even for the one with deficient Se and Cu (CTN

3473). This may be due ta the presence of oxygen atoms in the

electrodeposited culnsez films. High resistivity n-type films

(with composition Se/metal>l and Cu/ln<l) reported by Noufi3 . 14

using a vacuum method was not obtained in the present work using

the electrodeposition method.
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3.5 Conclusions

using the electrodeposition technique, a stable process has

been developed for the deposition of CulnSe 2 thin films with

thicknesses in the range of 1-4 Mm. The quality of the films was

found to be suitable for the fabrication of optoelectronic de

vices. The crystalline quality of the films, examined by XRD,

was observed to be close to that obtained for the vacuum deposit

ed samples. A preferred (112) orientation was readily obtained

on both molybdenum plates and Mo-coated glass substrates. The

concentration distributions, which are very important for photo

voltaic device applications, both over the sample area and across

the film thickness were very uniform. A slight excess of Se was

found in most of the deposited films. The columnar structure,

which was always found in vacuum deposited CulnSe2 samples was

also observed in the electrodeposited CulnSe2 films.

Since the electrodeposited CulnS82 films adhere weIl to the

Mo substrates, separation of the films from the substrates with

out damage to the films was not possible. Thus, rhe electronic

properties of the culnSe 2 films, such as resistivity, carrier

concentration and mobility of the majority carriers, are not

obtainable at this stage. However from hot probe measurements,

the CUlnSe 2 films deposited by the electrodeposition method, with

the Cu/In ratio varying from smaller than unity to greater than

unity and with the Se/metal ratio greater than 1, were all found

to be p-type. Preliminary four point probe results were also ob

tained on two small samples separated from the Mo/glass substrate
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(thickness of about 1.3 ~m). The sheet resistance was about 10.3

n/square, yielding a resistivity of about 0.0013 n.cm.

Table 3.1 Hot probe results for as-deposited CulnSeZ samples with different composition.

Sample No. Composition(%) Metal Ratio Conducting
Cu In Se Cu/In Type

CTN 3517 24.0 12.8 63.2 1. 88 P
CTN 3484 27.0 17.1 55.9 1. 58 P
CTN 3489 24.8 18.3 56.9 1. 36 P
CTN 3518 22.3 19.0 58.8 1.16 P
CTN 3493 22.4 22.8 54.8 0.98 P
CTN 3471 23.9 24.6 51. 5 0.97 P
CTN 3485 20.5 21. 5 58.0 0.95 P
CTN 3472 24.0 25.6 50.5 0.94 P
CTN 3473 24.7 26.3 49.0 0.94 P
CTN 3486 21.6 23.9 54.6 0.90 P
CTN 3483 21.4 24.3 54.3 0.88 P
CTN 3482 20.9 24.7 54.5 0.85 P
CTN 3487 20.6 26.0 53.3 0.79 P
CTN 3488 19.3 26.0 54.8 0.74 P
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Fig. 3.1 A schematic diagram of the deposition system for
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Fig. 3.2 SEM photographs showing (a) the morphology of
a CulnSe2 film deposited on a Mo plate and, (b) the
surface of a film on a Mo/glass substrate.
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Fig. 3.3 An SEM micrograph of a fractured CUlnSe2 film
deposited on a Mo/glass substrate showing a uniform
culnSe2 thickness.

Fig. 3.4 An SEM photagraph of ~ curnSeZ film with a
localized hale, resulting from a p1n hale 1n the Mo film.
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Charter 1: BEAT TREATMENT EFFECfS OF CulnSe2 FILMS

4.1 Introduction

For photovoltaic cell applications, the crystalline quality

of the culnSe2 films is as important as electronic properties.

The CdS/Culnse2 cells reported by Devaney and coworkers4 . t with

an efficiency of more than 12% were fabricated using vacuum

deposited CUlnSe 2 films. In their experiments, quality of the

culnSe2 films was found to be optimum when the substrate tempera

ture was in the range from 350 to 450 o C4 . 2 . Therefore, in their

experiments a post deposition annealing for the CulnSe2 films

before the deposition of CdS is not needed.

As described in chapter 3, the electrodeposition of Culnse2

films in the present work was carried out at low temperatures

(T<1000C). Therefore, a post-deposition heat treatment is neces-

sary to improve further the quality of the CUlnse2 films. The

heat treatment, to be carried out at an elevated temperature,

will also vary the composition of the films because of the 1055

of elements during the treatment. In this chapter, the effects of

heat treatment on both the crystallinity and composition of the

films will be reported.

4.2 Heat Treatment Experiments

The treatment experiments were carried out in a horizontal

furnace (Linberg Heavy Duty) with a temperature range from 200

45



to 600°C (experimental set-up shown in Fig. 4.1). The samples to

be treated were first cut into rectangles of 1.5x3 cm 2 . Quartz

tubes with an inner diameter of 1.6 cm and a length of 60 cm with

one end sealed, were prepared and cleaned before the treatment.

The samples were placed side by side near the closed end in th~

tube with the surface facing upwards. Before the treatment, the

tube was evacuated to a pressure of about 10- 4 Torr by a rotary

pump. with the pump still running, the tube with the CuInSe 2 sam

pIes in it was introduced into the central zone of the furnace.

The heat treatment experiments were usually performed for a

period of 5 to 40 minutes.

After the treatment was completed, the tube was vlithdrawn

from the furnace and was cooled to room temperature in about 30

minutes. After the treatment, the surfaces of the samples were

examined by an optical microscope and a scanning electron micro

scope (SEM). It was found from the SEM photographs that there was

no visible change in morphology of the films after the treatment

(cross-section shown in Fig. 4.2). However, there was a slight

change in the color of the films. For the films with excess Se

before the treatment, the color generally changed from dark gray

to bluish gray. After the treatment, a layer of deposits with

red-black color was also found in the inner wall of the part of

the quartz tube located at low temperature zone during the exper

iment.

For some of the vacuum treatment experiments, Se pellets

were also placed in the tube (beside the samples) in order to

compensate the loss of Se during the treatment. It was observed
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that the Se pellets vaporized completely during the treatment

(even at a temperature of about 300°C).

Treatment experiments were also carried out in an inert gas

in an open chamber and in glass ampoules. The system used for the

treatment involving inert gas is shown in Fig. 4.3. Valve No. 1

was closed and valve No. 2 was open at the beginning of the

experiments. After the tube was evacuated, valve No. 2 was closed

and No. l was then opened to let the Ar gas fill the tube. After

the above steps had been repeated several times, both valves No.

land 2 were closed and the tube was placed in the furnace to

carry out the heat treatment. For heat treatment experiments

using the ampoules, glass tubes (inner diameter also 1.6 cm) were

used instead of quartz tubes. After the samples were put into the

glass tube with one end sealed, the tube was evacuated to a

pressure of about 10-4 Torr and then sealed to make ampoules of

about 20 cm long. The ampoule with the samples was then put into

the central zone of the furnace for the treatment.

4.3 EfTect of Heat Treatment on Composition

After the treatment experiments, the composition of the

CUlnse 2 films was determined by Electron Probe Micro Analysis

(EPMA) and the results were compared with the data obtained from

that before the treatment. Table 4.1 gives the results for six

CUlnSe 2 samples both before and after the vacuum treatment.

Treatment ternperatures from 350 to 450°C were used for these

samples. Before the treatment, all . six' samples had excess Se and

a Cu/In ratio which was smaller than 1. After the treatment, it
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was found that the selen'um concentration had decreased by an

average amount of about 4 at% for aIl of the samples and the

relative concentration of copper and indium had changed only

slightly. There was an average increase in the ratio (smaller

than 6.%) and the amount of ~ncrease in the ratio seemed to

increase with the treatment temperature. These results thus

suggest that the Cu/In ratio in the treated CulnSe2 films can

be controlled in the deposition experiment, as long as the post

annealing temperature is not too high.

Table 4.2 shows the EPMA results for five vacuum-treated

CUlnSe 2 samples with different copper to indium ratios. The

treatment temperature for the films was fixed at 350°C. The

relative concentrations of copper and indium, both before and

after the treatment, were also determined and are given in the

table. It is clear from the table that the Cu/In ratios for aIl

of the samples did not show a significant change while the

average decrease of selenium concentrations amounted to about 6

at%. Furthermore, the selenium in the film after heat treatment

was found to be affected by the Cu/In ratio: The larger the Cu/In

ratio, the more the loss of Se.

After about 50 heat treatment runs, deposits on the wall of

the quartz tube were separated from the tube (thickness of

deposits about 10 Mm). Samples were then selected and mounted on

glass slides for compositional analysis. The results revealed

that the deposits on the tube wall consisted mainly of Se with

very small amounts of Cu and In «0.5 at%). This fact confirmed

the results obtained in the compositional study of the treated

48



films.

compositional investigation was also made for the films

annealed in argon gas and that annealed in closed ampoules. The

results for four samples treated in argon gas at temperatures in

the range from 400 to 600°C are listed in table 4.3. A set of

vacuum treated samples with the same annealing temperatures is

also listed in the table for comparison. It is seen that the

variation of composition for the two sets of films is similar: Se

concentration and Cu/In ratios changed in a similar manner. For

most of the treated CulnSe2 samples, the selenium concentration

was found to be slightly less than 50%. Moreover, the variation

of Cu/In ratio appeared to be affected by the initial film

composition. EPMA results similar to those described aboya were

also observed for films treated in the ampoules. However, the

loss of Se was found to be smaller for the samples treated in

ampoules than those treated in vacuum and in argon gas. This is

because the amount of Se vapor transported from the high tempera

ture zone to the low temperature zone during the heat treatment

was less.

4.4 ElTects of Heat Treatment on Crystalline Quality

The crystallinity of the treated films was e· .amined by X-ray

diffraction experiments. In these experiments, the scanning speed

and the gain for the intensity of the XRD system was kept to be

the sa~8 for the samples both before and after the treatment

process. Fig. 4.4 shows X-ray intensity as a function of 26 for

two CulnSe2 samples, one is an as-grown film and the ether a film
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treated at 350°C for 20 minutes in vacuum. It is obvious that the

intensity of the diffraction peaks for the treated sample had

increased significantly and the width of the peaks at half height

had decreased. In other words, the crystalline quality of the

CulnSe2 films had been greatly improved by the heat treatment at

350°C. The diffraction peaks of the treated films were also

compared with the ASTM data and aIl of the peaks IYere identified

to belong to the single phase chalcopyrite culnSe 2 with (112)

preferred orientaticn.

The relationship between the diffraction intensity and the

treatment temperature for the two strongest diffraction peaks,

112 and 204, was also examined on five samples. AlI of the five

samples were treated in vacuum at temperatures between 200 and

400°C for 20 minutes. The results are shown in Fig. 4.5. It can

be seen that the magnitude of the peak.. increases as the treat

ment temperature is increased. A sharp increase in the magnitude

is noted at a temperature of 300°C. The result suggests that the

treatment temperature should be above 300°C in order to improve

the quality of the CulnSe2 films for device fabrications.

For treatment temperatures higher than 350°C, even stronger

diffraction peaks were evident in the X-ray results, however,

multiphases were also present. Fig. 4.6, 4.7 and 4.8 show X-ray

results for three samples treated at 350, 400 and 550°C respec

tively. As presented before, the sample treated at 350°C (Fig.

4.6) showed single phase characteristics. Upon examining the

X-ray data for the film treated at 400°C, one finds two unidenti-
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fied peaks, one at about 31 degrees (28) and the other at about

51 degrees (as shown by the arrows in Fig. 4.7). The two peaks

are believed to belong to a second phase that exists in CulnSe2

films treated at the high temperature. The magnitude of the two

unidentified peaks was greatest for the film treated at 550°C

(see Fig. 4.8). A few more small peaks were also visible. Of

these diffraction peaks, the one at 31 degrees (the second dif

fr,"c' :.on peak in Fig. 4.8) showed the strongest enhancement. The

main peaks for the chalcopyrite structure, 112, 204 and 216, were

reduced after the treatment at 550°C. This reduction could be a

result of loss of the constituent elements due to the treatment.

4.5 Conclusions

In this chapter, the effects of heat treatment on electrode

posited CulnSe2 films were described. It was found that treat

ments in vacuum at temperatures between 350 to 400°C signifi

cantly improved the crystalline quality of the films. Further

more, the treatment did not alter the structure of the film when

carried out below 400 oC. Treatments at temperatures above 400°C

resulted in films with multiphases. The second phase was greatly

enhanced after the film was tr8ated at 550°C and with a peak

magnitude comparable with the chalcopyrite phase.

The composition of the CulnSe 2 films was changed by the

treatment process. For aIl of the samples, the heat treatment

resulted in a loss of selenium. However, the relative amount of

copper and indium was essentially unchanged for the films treat

ed at 350°C. When the treatment temperature was increased, the
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change in the Cu/In ratio appeared to be larger. Similar results

were also observed on samples treated in argon gas.

52



(Jl

lN

"<-'.

Table 4.1 Compositional results of p-type CuInSe2 1 before and after vacuum treatments at different
temperatures. No conducting type change was detecfed after the treatment.

Treatment Composition Composition
Condition Before H.T. After H.T.

Sample
No.

T t Cu In Se Cu/In Cu In Se Cu/In
( 0 C) (min) (at.%) (at.%)

2821 350 20 20.6 25.2 54.3 0.82 22.6 26.3 51.0 0.86

2822 350 20 20.1 24.7 55.2 0.81 22.6 27.2 50.2 0.83

2823 400 20 20.3 26.4 53.4 0.77 22.5 26.6 50.9 0.85

2824 400 20 20.4 25.2 54.4 0.81 23.3 26.1 50.6 0.89

2826 450 20 19.1 25.6 55.4 0.75 23.2 26.9 49.9 0.86

2828 450 20 20.1 25.6 54.3 0.78 22.0 26.7 51.3 0.82

1 All sarnples have roughly the same metal ratio and are p-type both before
and after the treatrnent.
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Table 4.2 EPMA resulls for vacuum treated CulnSe2 films l with different as-dcposited mctal ratio.

Treatment Composition composition
Condition Before H.T. After H.T.

Sample
No.

T t Cu In Se Cu/In Cu In Se Cu/In
( 0 C) (min) (at.%) (at. %)

2835 350 20 25.6 21.2 53.2 1.20 28.6 24.8 46.9 1.15

2834 350 20 22.1 20.5 57.4 1. 08 26.7 24.9 48.4 1. 07

2836 350 20 22.2 23.8 54.0 0.93 25.7 26.0 48.4 0.99

2837 350 20 22.2 24.0 53.8 0.93 24.7 26.6 48.7 0.93

2821 350 20 21. 0 25.2 53.8 0.83 23.6 26.3 50.48 0.90

1 p-type both before and after the treatment.
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Table 4.3 Comparison of compositional results for samples1 treated both in vacuum and in Ar gas at differcnt
temperatures.

Sample Heat Treatment Composition Composition
No. Condition Before H.T. After H.T.

T t Vac. /Ar Cu In Se CU/In Cu In Se CU/In
( OC) (min) (at.%) (at.%)

1146 400 20 Vacuum 19.6 24.9 55.6 0.79 24.1 26.3 49.6 0.92

1150 500 20 Vacuum 20.5 22.9 56.7 0.90 24.4 26.0 49.6 0.94

1154 600 20 Vacuum 20.8 25.2 54.0 0.83 24.0 27.5 48.6 0.87

1147 400 20 Ar 20.7 24.6 54.7 0.84 23.9 27.0 49.1 0.89

1151 500 20 Ar 21. 2 24.5 54.2 0.87 22.9 25.9 51.2 0.88

1155 600 20 Ar 23.2 25.5 51.3 0.91 23.5 28.3 48.1 0.83

1 p-type both before and after the tre~~ment.
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Fig. 4.1 A schematic diagram of the vacuum treatment system .
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Fig. 4.2 A SEM photograph for a CUlnse2 film after a
treatment at 350 oC for 20 minutes in vacuum.
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Fig. 4.3 A schematic diagram of the experimental set
up for the heat treatment in argon.
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Chapter 5. AljCuTnSez SCHOTIKY JUNCfIONS FJ\BRICATED

USTNG P-TYPE CuTnSez FILMS

5.1 Introduction

The results of study on the electrodeposited CulnSe 2 films

have been presented in the previous chapter. In that chapter, the

properties of the CulnSe 2 films obtained from the x-ray diffrac

tion and compositional analysis were found to be satisfactory

for device fabrications. However, the electronic properties of

the surface layer of the CulnSe2 , which are the most important

for junction devices, were not known. In order to study the

surface electronic properties of the CUlnSe 2 films, both hetero

junction and Schottky junctions can be used. During the fabrica

tion of heterojunction solar cells involving CulnSe2 , elemental

inter-diffusions will take place. This is specially so during the

deposition of the window layer which is carried out at a rela

tively high substrate temperature (about 200°C). The elemental

inter-diffusion can modify the surface properties of the CulnSe 2

films and affect the investigation. In order to minimize this

problem, the deposition of top layer should be carried out at a

low substrate temperature. One way to achieve this low substrate

temperature is to fabricate Schottky junctions, which can be

fabricated at or even below room temperature.

Several papers on the investigation of Schottky junctions of

crystalline CulnSe 2 have been published by different workers.
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Robinson and Wilson 5 . 1 first reported the results on an

Al/CulnSe 2 (p) junction in 1975. From the 1/C2 versus V (C is the

- differential capacitance and V is the voltage), they obtained an

intercept voltage of 1.38 V. This large value suggested that an

interface layer was present in their schottky junctions. Yalcin

et a1 5 . 2 , using an n-type monocrystalline CulnSe2 sample, fabri

cated Au/culnSe 2 (n) junctions. In their study they found a

space-charge-limited current effect in the region immediately

below the Au layer. A point contact method was used by Prasad et

a1 5 . 3 to form AL/CucnSe 2 (n) Schottky junctions. They also ob

served the space-charge-limited current effect in their devices.

From I-V and C-V measurements, the electron affinity of CulnSe2

was estimated by them to be 4.55 eV. Leccabue and coworkers 5 . 4

fabricated Au/CulnSe 2 (n) junctions and observed a quantum effi

ciency of about 60% in the wavelength range from 0.72 ta 1.24 ~m.

Recently, results of Al/CulnSe 2 (p) Schottky junctions made on

monocrystalline culnSe 2 have been reported by Chen and Shih 5 . 5 .

It is interesting to note that aIl of the reported Schottky

junctions described above were fabricated on bulk crystalline

samples.

In order to obtain more information on the electrodeposited

CulnSe 2 films, Schottky junctions have been fabricated in the

present work on p-type CUlnSe2 samples5 . 6 . Bath I-V and C-V meas

urements have been performed and the results are presented in

this chélpter.

5.2 Theory of Schott")' J unctions
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A Schottky junction consists of a metal and a semiconductor.

When the two materials are brought into contact, thermal equi-

libriu~ is established and the Fermi levels on bath sides line up

(as shawn in Fig. 5.1). There are four basic current transport

processes in the Schottky junction under forward bias: (1) ther-

mionic emission current; (2) recombination in the space charge

region; (3) tunneling and (4) recombination in the neutral re-

gion. Process (1) is dominant for devices with moderate dop~ng

concentration in the semiconductor and (3) is only important for

heavily doped semiconductors (including ohmic contacts) For

process (1), the device current density is given by

J J ST [exp(qVjkT) - 1]. (5.1)

Here * 2J ST = A T exp(-q~BnjkT). (5.2)

*Here, A is the effective Richardson constant and ~Bn is the

barrier height of the junction seen from the metal side.

Under the abrupt approximation, Schottky junctions can be

treated the same way as one-sided p-n junctions. The depletion

capacitance per unit area for a Schottky junction made of p-type

semiconductor is given by

or

( 5 . 3 )

( 5 • 4 )

Here ES is the permittivity of the semiconductor, W is the deple

tion width, NA is the acceptor concentration of the semiconductor

and Vbi is the built-in potential at zero bias. If NA is constant
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throughout the depletion region, one can obtain a straight line

by plotting C- 2 versus V and from the slope of the line, the NA

value can be obtained.

5.3 Schottky Junction Fabrication

P-type CulnSe2 thin film samples deposited on molybdenum

coated glass substrate were selected after the film deposition.

The film thickness was about 2 ~m and the typical size of the

samples was 1.5x3 cm 2 . The samples were first treated at 350°C

for 20 min in vacuum. After the treatment, the samples were

mounted on an aluminum holder for Al contact deposition. An

aluminum mask with 50 circular windows (area 0.06 cm2 ) was mount

ed in front of the films to define the circular Al regions. High

purity aluminum wire (99.9999%) was used as the source and evapo

rated using a tungsten filament (see Fig. 5.2) to a thickness of

about 2 ~m. During the evaporation, the distance between the sub

strates and the filament was about 10 cm and the base pressure of

the evaporator was 10-6 Torr. There was no intentional substrate

heating during the Al evaporation.

The top view and the cross-sectional view of the final

Schottky diodes are shown in Fig. 5.3(a) and 5.3(b). The ohmic

contact to the p-type CulnSe2 films was obtained directly from

the part of Mo film not covered by CulnSe2 .

5.4 current-voltage Characteristics

Dark current-voltage characteristics measurements were

carried out using a Hewlett Packard (HP) model 4145A semiconduc-
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tar parameter analyzer. A block diagram of the measurement system

is shown in Fig. 5.4. The parameter analyzer was connected to a

personal computer for the data acquisition. A probe station was

used for room temperature measurements and a liquid nitrogen

cryostat was used for temperature dependent I-V measurements.

Spring-loaded metal pins were attached to Al and Mo pads for

electrical contact during the measurements.

The room temperature dark current-voltage characteristics

for the Schottky junction No. 3824 are shown in Fig. 5.5. The I-V

characteristics for a CdS/CulnSe2 cell (area is different from

that of the Schottky junction) fabricated on the same CUlnSe 2

substrate are also shown in this figure. For this device, recti

fication ratio is about 200 at ±0.5 V. In Fig. 5.6, the tempera

ture-dependent dark forward current of the same sample is plotted

versus voltage in logarithm-linear scales. In the low voltage

=e 9 ion, the cu r r e n t i s se e n t 0 f 0 11 0 w the rel a t ion

I=Ioexp[qV/(nkT)], with an ideality factor (n) of about 2. This n

value suggests that carrier recombination is a dominant process

in this junction. As the temperature is decreased, the slope in

the low voltage region decreases and the n value increases. Thê

room temperature I-V curves for another sample (No. 3852) are

shown in Fig. 5.7. For this sample, the ideality factor is about

1. 7.

In order to obtain further information of the Schottky

junctions, curve fitting was carried out following the method

reported by McLean and his coworkers5 . 7 using the following equa

tion:
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l IS{exp[ (q/ (kT)) (V - IRS )] - l}

+ IR{exp[ (q/ (2kT)) (V - IRS)] - l}. (5.5)

Here l is the total junction current, I s is the saturation cur

rent, IR is the recombination current, and RS is the series

resistance. The fitted results of the saturation current I S ' the

recombination current IR' the n factor and the series resistance

RS for three devices are shown in table 5.1. It is seen that the

IR values are much larger th an the I s values for aIl of the

devices. The fitted results thus suggest that carrier recombi

nation is the dominant process in the AI/cuInSe2 Schottky junc

tions. The fitted saturation current I S was too small and was not

used for the determination of the barrier height. It is also

interesting to note that there is a relationship between IR' 1S

and the n factor: For a sample with a small n value (e.g. 3852,

n=1.7), the difference between IR and 1 s is also small. Fitted

values are also given in this table for the sample No. 3824 at

different temperatures. As expected, when the device temperature

is decreased, n factor values and the series resistances RS in

crease.

5.5 DifferentiaI capacitance Measurements

The differential capacitance-voltage (C-V) characteristics

were obtained by using an HP model 4274A LCR meter. A block

diagram of the measurement system is shown in Fig. 5.8. The meas

urements were carried out in order to determine the carrier
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concentration of the CulnSe z film near the depletion edge of the

AI/CulnSe Z Schottky junctions. The measurements were carried out

at frequencies in the range from la kHz to 100 kHz with the

magnituoe of incremental voltage set at 20 mV. A plot of (A/C)Z

versus voltage for an AI/CulnSe z Schottky junction at 100 kHz is

shown in Fig. 5.9 (here A is the junction area). A similar curve

for a CdS(n+)/culnSez(p) heterojunction fabricated on the same

substrate (detailed fabrication and characterization processes

will be described in the chapters 6, 7 and 8) is also given in

this figure. It is noted, from the slope of the curve, that

values of carrier concentration of the CulnSe z film in the two

devices are nearly the same. However, the intercept voltage

(apparent diffusion potential) for the heterojunction is larger

than that for the AI/CulnSe Z Schottky junction. This voltage

difference has been observed in aIl of the CulnSe Z devices stud

ied in the present work.

From the C-V measurements at 100 kHz, the effective carrier

concentration, NA' was determined using the equation:

(5.6)

The apparent diffusion potential, Va' of the devices was also ob

tained by extrapolating the linear part of the C-V curve ta the x

axis. The results for three Schottky junctions on CulnSez films

and one on CulnSez bulk substrate reported in ref. 5.1, are given

in table 5.2. It is noted that the effective carrier concentra

tion in the thin film Schottky junctions is in the order of 10 17

cm-3 and is less than 1016 for the bulk device. In addition, the
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apparent diffusion potential for the bulk device is about 4 times

of that for the thin films ones.

Another interesting phenomenon found in the present work is

that the slop~ of the C- 2 -V curves cf the Schottky junctions

shows a strong frequency-dependent variation when compared to

that of the CdS/CulnSe2 devices fabricated on the same substrate.

This is illustrated in Fig. 5.10. In the figure, the C- 2-V curves

at frequencies of la, 20, 40 and 100 kHz are shown. It is clearly

seen that for the Schottky junction, the slope increases as the

measuring frequency is increased from la kHz to 100 kHz. For the

CdS/CulnSe2 heterojunction, the slope of the C- 2 -V curves also

varies with the frequ~ncy but with a very small change. Similar

effects were also observed for other samples and the results for

the sample No. 3824 are shown in Fig. 5.11.

It should be pointed out that several of the culnSe2 films

used for the Schottky junctions were stored in the laboratory for

more than 3 weeks after the CdS deposition for the heterojunc-

tions and before the Al Schottky con~act formation. In order to

determine the effect of the exposure to air, several CUlnSe2

films were deposited, treated and used in the same day for the

Schottky junction fabrication a~d the differential capacitance of

the devices was measured. A capacitance dispersion effect similar

to that shown in Fig 5.10 was also found on the untreated and

treated junctions. This dispersion in capacitance could be due

to the presence of slow traps with a large density or interface

states having a large density in the AI/CulnSe2 junctions.

In order to study the effects of post-fabrication heat
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treatment on device performance, three devices were ~reated at

200°C in air for 20 min. After the treatment, dark 1-V measure

ments were made. A decrease in the saturation current 1s was

found for all samples. The differential capacitance of the de

vices was then measured. The results for one of the samples at

100 kHz are shown in Fig. 5.12. 1t is seen that the effective

carrier concentr~tion (obtained from the slope of the curve) in

the surface region of the sample has increased from 1.3X1017 cm- 3

to 3.1x10 17 cm- 3 after the heat treatment. Si~llar effects were

aise found with the other two samples. This increase in concen

tration is believed to be due to diffusion of oxygen atoms into

the CU1nSe 2 films during the treatment. The apparent diffusion

potential of the devices was found to increase from 0.25 to 0.5 V

after the treatment. This increase suggests that either t;le air

treatment at 200°C had decreased the density of the interface

states or the air treatment had caused a very thin interface

layer in the present Schottky junctions.

5.6 Conclusions

Schvttky junctions of the form Al/Cu1nSe 2 (p) have Deen

fa~ricated using electrochemically deposited polycrystalline

CU1nse 2 thin films. The devices showed a rectification effect

with a ratio of about 200 at ±O.5 V. From the curve fitting

results, the current-voltage characteristics of the devices were

found to be controlled by a recombination process. The apparent

diffusion potential obtained from the capacitance-voltage data

was 0.3 ± 0.06 V. This value is mucI: smaller than that reported
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for a bulk monocrystalline device, suggesting the presence of an

interface layer in the bulk device. The (A/C)Z-V curves of the

Schottky junctions showed a large slope dispersion. This effect

is believed to be due to the presence of slow traps or interface

states in the Schottky junctions. (The possible causes for the

dispersion effect will be discussed further in chapter 7 and 9.)

The concentration results obtained for the Schottky junctions

were similar to those obtained for the CdS/CulnSez heterojunc

tions. Therefore, a Schottky junction fabricated by the simple

method could be used to monitor CulnSe z film concentration during

Cds/CulnSe2 photovoltaic device fabrication.

The apparent diffusion potential and the effective carrier

concentration of the Al/CulnSez junction increased after air

treatment at ZOO OC. The increase in the concentration is believed

to be caused by oxygen atoms diffusing into the CUlnSe Z films.

In addition, an interfacidl layer may have formed during the air

treatment. This would be the reason for the increase in the

apparent diffusion ~otential.
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Table 5.1 Fitting results fOI' AI/ClIlnSeZ Schottky junclions.

Sample
1

Area Temp. n IR I S RS J *
No. (cm2 ) (K) (A) (A) ( (1) (A/§m2 )

3852 1 0.04 298 1.7 6.56xl0-6 1. 89xl0-8 9.8 1. 6xl0-4

3841 0.06 298 1.9 2.19xl0-5 7.48Xl0-8 16.7 3.7xl0-4

3824A 0.06 298 2.0 5.58xl0-7 1.08xl0-13 266.5 -69.3xl0

....,
3824B 0.06 283 2.05 2.08xl0-7 1. 03xl0-14 422.3 3.5xl0-6

""
3824C 0.06 273 2.1 1.08xl0-7 4.17xl0- 15 573.8 -61.8xl0

3824D 0.06 263 2.2 4.84XI0-8 8.13XI0-16 774.7 -78.1xl0

3824E 0.06 253 2.28 2.37xl0-8 4.94xl0-16 1306.6 -74.0xl0

-- -

* J R = IRIA



Table 5.2 Room temperature electrical results obtained from the C·V
measurements at 100 kHz.

Sample No. NA (cm- 3 ) Vo (V)

3824 1.3xl017 0.24

3841 1.6xl017 0.36

3852 2.4xl017 0.33

bulk* 6.77xlO15 1. 38

* Al/CulnSe2 device fabricated on single crystal sample
reported ~n ref. 5.1.
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Fig. 5.1 En~rgy band diagram of schottky junctions
(a) in an n-type semiccnductor and (b) in a p-type
semiconductor.
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Fig. S.2 A schematic diagram of the evaporation
system for the fabrication of Schottky contacts.
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Fig. 5.3 (a) A cross-sectional view of the Al/culnse
2Schottky junctions. (b) Top view of a sample showing

the posii-ion of the Schottky contacts.
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Fig. 5.4 A schematic block diagram of the system used for
the current-voltage measurements.
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Fig. 5.5 Dark I-V characteristics of an Al/CulnSe
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fabricat:ed on the same CUlnSe2 sample.
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Fig. 5.6 Temperature-dependent forward I-V curves for the
Schottky junction No.3824, the room temperature ideality
factor of which is about 2.
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showing an ideality factor of about 1.7.
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Fig. 5.9 Plot of (A/C)2 vs. V for a Schottky junction
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film, showing nearly equal carrier concentration.
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Fig. 5.12 1/C2 plotted vs. V for the Schottky junction
N0. 3841. An increase in the carrier concentration is seen
after the treatment in air.
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Chapter 6. FABRICATION OF CdSjCuInSe2

PHOTOVOLTAIC CELLS

6.1 Introduction

Because of the large bandgap (2.4 eV) and good thermal

stability, the semiconductor cadmium sulfide (CdS) has been used

as a window layer in heterojunction photovoltaic devices. For

heterojunction cells, it is important to reduce the lattice

mismatch between the absorber and window material. The lattice

mismatch between (112) oriented CulnSe2 and (001) oriented CdS is

very small (about 1%). Therefore, thin films of CdS have been

used for the fabrication of high efficiency CdSjCulnSe 2 solar

cells6 . 1 . Different deposition methods have been used for the

preparation of CdS thin films. These methods include: single

source evaporation, two source evaporation, dc and rf sputtering,

screen printing, spray pyrolysis and chemical vapor

deposition6 . 2 .

For solar cell applications, the CdS layer must have a low

electrical resistivity. The low resistivity is needed in order

to minimize the unwanted voltage drop across the series resist

ance associated with the window material. To reduce the resistiv

ity of the CdS films, one can either control the stoichiometry of

the films or introduce foreign atoms (dopants) into the films. It

has been reported 6 . 3 that thermal stability of the doped CdS

films is good. Therefore, in the present work the resistivity of
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the CdS films was controlled by adding impurities.

In a conventional evaporation technique for CdS, a separate

boat is usually used for the dopant 6 . 4 . In this technique, a

precise control over the temperature of the two (sometimes even

three) sources is needed. In our laboratory, we have developed a

single boat method for the deposition of low resistivity CdS

films 6 . 5 . In this method, a tantalum boat was used to conta in

both the dopant (indium, in a form of In2s 3 ) and the CdS materi

al. This method was found to be effective in producing good

quality CdS films with a low resistivity. The deposition process

and the results of investigation for the CdS films will be de

scribed in this chapter. Results on the anti-reflection coating

and deposition of electrical contacts also will be reported.

6.2 Deposition Process of Low Resistivity CdS Films

The deposition experiments for the CdS films were carried

out in a conventional vacuum system with a diffusion pump capable

of a chamber base pressure of about 10- 6 Torr. The schematic

diagram of the chamber is shown in Fig. 6.1. Weighed amounts of

high purity (99.9999%) CdS powder and high purity (99.9999%)

In2 s 3 powder (2 wt%) were well mixed and used as the source

material. Indium was added in order to reduce the electrical

resistivity of the CdS films. The mixed powder was loaded into a

tantalum (Ta) boat with a tungsten wool placed at the out let of

the boat to prevent spattering of the source material during the

evaporation. Four CUInse2 samples, prepared by electrodeposition,

were mounted on an aluminum block which was resistively heated
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during the deposition. A glass slide was also placed beside the

CUlnSe 2 samples to obtain CdS films for monitoring purpose. An

aluminum mask with square windows of an area 0.9 cm 2 each was

placed in front of the samples. The mask was designed so that on

each culnSe2 film, there were two CdS regions, therefore two

heterojunction devices. The distance between the substrates and

the boat was about 12 cm during the evaporation process. The

temperature of the sample holder was monitored by an iron-con-

stantan thermocouple and controlled by a temperature controller.

An aluminum shutter was provided to control the evaporation

time-sequence and the thickness of the films.

After the vacuum chamber was evacuated to a pressure of

about 10-6 Torr, the sample holder and the samples were heated

up slowly (average heating rate of about 6°C/min). The deposition

process was started when a substrate temperature of about 180°C

was reached. This temperature was maintained during the deposi-

tion process. The deposition rate was controlled by adjusting the

current flowing through the boat. Typical deposition runs usually

took about 6 minutes which resulted in films with a thickness of

about 3-4 ~m, giving an average deposition rate of about 0.6

~m/min. When the deposition process was completed, the sample

holder was cooled to room temperature by a water cooling system.

The samples were then removed from the vacuum chamber. The elec-

trical properties and the crystallinity of the CdS films were

obtained from the films deposited on the glass slides.
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6.3 Examination of CdS Films

X-ray diffraction measurements were made on the films depos

ited on the glass slides, using a Philips model PW1710 diffrac

tometer. Tt was found from the X-ray results that aIl of the

films doped with 2 wt% indium had a wurtzite structure with the

prefer~ed (001) orientation. These results are important because

the CdS films with this orientation have a minimum mismatch with

the (112) oriented CulnSe2 . Fig. 6.2 shows intensity of diffract

ed X-ray versus 26 for one of the CdS samples deposited on the

glass slides. We can see two peaks in the 26 range from 10 to 70

degrees, one at 27.5 degrees and the other at about 55 degrees.

From ASTM data, these peaks were identified as diffraction peaks

from CdS films having a wurtzite structure with the (001) plane

aligned to the film surface.

The microstructure of the CdS films was examined by SEM and

a columnar structure was found for aIl of the samples. The long

axis of the columns was observed to be perpendicular to the sub

strate surface (see Fig.6.3). For a powdered CdS sample, the

ratio of hight for the (100) peak (26=24.8°) to that for the

(002) peak is 1.25. In Fig. 6.2, the (100) peak is not visible

and the above ratio is equal to O. It is thus evident that the

direction of the long axis is perpendicular to the (001) plane.

From the film thickness of about 4 Mm in Fig. 6.3, the average

deposition rate is estimated to be 0.6 Mm/min. SEM pictures were

also taken on several CdS/CulnSe2 structures and one of the these

is shown in Fig 6.4. In this picture, one can see that the long
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axis of the CdS grains is aligned almost along the long axis of

the CulnSe 2 grains. However, a small inclination is also visible

in the CdS film. This inclination effect was found for all of th0

samples located at positions away from the outlet of the CdS

boat during the d8position process. Therefore, the long axis of

the CdS grains can be controlled by controlling the relative

position of the substrate and the boat6 . 5 .

In order to determine the electrical properties of the CdS

films, room temperature Hall effect measurements were carried out

using the Van der Pauw method. From the measured values, both

carrier concentration and mobility were deduced. The results for

four of the as-deposited CdS samples are given in Table 6.1.

Results for the sample 2351 aftp.r an air treatment at 200 oC are

also shown. The carrier concentration of the as-deposited CdS

films is in the range from 10 20 ta 1021 cm- 3 . The value is seen

to decrease after the air treatment at 200°C due to the oxygen

diffusion. The mobility value of the sample also decreased after

the treatment. From the Hall effect ,neasurements, the resistivity

of the CdS films was found to be about 10-3 n-cm, which is con-

sistent with that obtained using a four point probe method.

The optical properties of the CdS films were investigated by

transmission measurements in the wavelength range from 0.4 to 2

~m. A Beckman model 2400 monochromator with the input light

chopped at 86 Hz was used as the light source. The light intensi

ty, both transmitted through a glass slide and through a CdS

coated glass slide, was measured. Two detectors were used for the

intensity measurements. One was a calibrated silicon detector for
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the range from 0.4 to 1.1 Mm and the other an InSb detector

operated at 77K in the range from 1 to 2 Mm. A 10 0 resistor was

connected across the detector and the voltage developed across

it under illumination was measured by a lock-in amplifier. The

light intensity was determined from the ratio of measured voltage

to resistance. Finally the transmission values were obtained by

taking the ratio of the light intensities transmitted through the

CdS coated glass slide to the intensity transmitted through the

uncoated glass slide.

It was found that the transmission values, especially those

in the long wavelength region, were affected by the resistivity

of the CdS films. As an example, Fig. 6.5 shows the transmission

results for two samples with different resistivites. In the short

wavelength range, the transmission for both samples increases as

the wavelength is increased from 0.5 Mm until a maximum transmis

sion value (at about 0.7 Mm) is reached. For the sample with a

resistivity of 9xl0-3 D-cm, the transmission remains essentially

constant as the wavelength is further increased. However, the

transmission shows a continuaI decrease for the sample with

resistivity of 2xl0-3 n-cm.

In order te stUdy the effects of heat treatment on the

transmission of the CdS films, the sample 3659 was treated in air

at 200·C for 1 hour. This treatment did not result in a large

change in the resistivity. After the treatment, the optical

transmission of the sample was measured aga in and the results are

shown in Fig. 6.6. The transmission value in the long wavelength

range was increased by the treatment.
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For photovoltaic window applications, it is important to

have a high optical transmission value in the short wavelength

region (0.5-1.0 Mm). In this region, the density of the solar

.Y
t

photons is highest. In addition to controlling the window materi

al, this high optical transmission value can be further improved

by depositing a thin layer of anti-reflection material, SiOx on

top of the CdS films. In the present experiment, several CdS

films were selected and a SiOx layer was evaporated. The thick

ness of the SiOx film was controlled by controlling the amount of

the source material introduced into the Mo boat. It was found

that a SiOx layer with a thickness of 900 Â was effective in

reducing the reflection losses and therefore in increasing the

transmission value in the short wavelength region (see Fig. 6.7).

For this sample, a 10% increase in the transmission is seen in

the short wavelength range from 0.5 to 1.0 Mm.

6.4 Al Contacts Deposition

After the CdS film deposition, the top electrical contacts

were deposited by evaporating aluminum grids through an aluminum

mask in a separate vacuum system. The thickness of the grids was

about 2 Mm and the active area of the cells was about 0.71 cm2 .

Fig. 6.8 shows the top view of a Cds/culnse2 cell after the

contact deposition. The width of the fingers is about 250 Mm and

the separation between the fingers is about 800 Mm. A schematic

cross-sectional view of the device is also given in Fig. 6.9.

The contact resistance between the Al grids and the CdS film

was determined to ensure an ohmic contact. The investigation was
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done by carrying out dark I-V measurements between disconnected

fingers. The results for one of the devices are shawn in Fig.

6.10, where the I-V characteristics between the fingers ( 0-1,

0-2, 0-3, 0-4 and 0-5) are plotted. It is seen that the current

varies linearly with voltage for aIl four sets of measurements.

Therefore, the resistance between the fingers can be calculated

from the slope of the lines. This resistance is the sum of the

lateral resistance associated with the CdS film between the two

fingers and the resistances of the two contacts (see Fig. 6.11).

In Fig. 6.12, the resistance between the fingers versus the

finger spacing is plotted for two devices. Here, finger spacing

is the number of the unit space, which is defined as the space

between the two nearest fingers. The contact resistance can thus

be obtained by extrapolating the resistance line to the vertical

axis. For the sample No. l, the contact resistance value is about

2.5/2 n for one finger contact and that of the sample No. 2 is

even smaller. The results for sample No. 2 after an air treatment

at 200°C for 20 minutes (to simulate the post treatment for the

CdS/CulnSe2 cells) are also shown in this figure. It was found

that the contact resistance was not affected by the treatment.

6.5 AR Coating Deposition

For the photovoltaic device fabrication, the anti-reflection

(AR) layer was deposited after the deposition of the electrical

contacts. The thickness of the AR coating was usually small

(about 900 Â) and the coating could easily be penetrated by the

probe during the test. AR coating with the right thickness was
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always a dark blue color, however, green colored AR coating also

showed sorne improvement in the short circuit cuerent.

6.6 Conclusions

A single-boat evaporation method has been used for the

deposition of the low resistivity CdS thin films. An addition of

2 wt% In2S3 was found to be effective in producing CdS films with

resistivity as low as 2X10- 3 n-cm. A columnar structure with the

long axis of grains perpendicular to the surface of the substrate

was observed for all of the samples deposited in the region

immediately above the CdS boat. From the X-ray measurements, the

direction of the long axis of the columns was confirmed to be

perpendicular to the (001) plane. This orientation is important

in reducing the lattice mismatch between the CdS film and the

(112) oriented culnSe2 film. An inclination of the long axis of

the columns was observed for the films deposited at a position

away from the projection of the CdS source, which can be used to

fine tune the lattice constant of the CdS films.

For CdS with low resistivity, the optical transmission was

found to decrease continuously with the increase of wavelength in

the long wavelength range. The transmission increased after an

air treatment at 200°C (which decreased carrier concentration).

This fact thus suggested that the variation of the transmission

coefficient could be due to a free carrier absorption effect.

Optical transmission of the CdS films was found to be further

improved by depositing an anti-reflection siOx layer with a

thickness of about 900 Â. Top electrical contacts to the CdS

films were achieved by evaporating aluminum grids. It was con-
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firmed that the contact between the Al and the CdS film was

ohmic.

Table 6.1 Hall elTect results of In-doped CdS films.

Sample n Il Conditions
No. (cm- 3 ) (cm2v-1sec-1 )

2789 1.4X102O 47 2% In, untreated

2842 3.1x10 2O 22 2% In, untreated

2846 1. 7X10 21 4 2% In, untreated

2351 3.0X10 2O 13 2% In, untreated

2351 6.0X10 19 6 Air heat treated
at 200°C, 20 hrs
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Fig. 6.3 An SEM photograph showing the cross section
of a CdS film on a glass substrate.

Fig. 6.4 A cross-sectional view of a CdS/Culnse2 structure
on a Mo/glass substrate. The colümnar micro-structure is
clearly seen for both CdS and CulnSe2 layers.
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Chapter 1 CHARACfERIZATION OF THE Ü.lS/CulnSez

SOLAR CELLS

7.1 Introduction

After the first report of a high efficiency monocrystalline

CuInSe cell?·l further efforts have been made by several re-
2 '

search groups to fabricate thin film Cds/CuInSe2 cells and to

improve the efficiency. As mentioned in chapter 1, the semicon-

ductor CuInSe2 is one of the best candidates for low cost photo

voltaic cells if a low cost deposition technique can be de-

veloped. For the CuInSe 2 films, the electroneposition method

developed in our laboratory appears to be the most economic one

because of the high material utilization and low energy consump-

tion. Like all the other deposition methods, this technique can

be proved to be useful only by fabricating photovoltaic cells and

testing their optoelectronic properties. Therefore, in the

present work cells of Cds/cuInse2 were fabricated on the elec

trodeposited CUInSe2 films and the optoelectronic properties were

investigated.

In the present work, the following specifie research experi-

ments have been carried out on CdS/CuInSe2 cells: (1) Investiga

tion on the effects of post-fabrication air heat treatment, (2)

Examination of the effects of film composition on the cell per

formance, and (3) Investigation of the current transport mecha

nism of the CdS/CuInSe2 devices and study of interface state
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effects on cell efficiencies. Results of the above studies on the

CdSjCulnSe2 solar cells, are described in this chapter.

7.2 Current-voltage Characteristics

After the fabrication of the CdSjCulnSe2 photovoltaic cells

using the procedure described in chapters 3, 4 and 6, both dark

and illuminated I-V characteristics of the cells were measured

using an HP mode 4145A Semiconductor Parameter Analyzer. For the

preliminary testing of the illuminated I-V characteristics, a

tungsten light source, with light intensity adjusted to the AM1

condition (using a si cell), was used. In order ta obtain the

solar to electrical conversion efficiency, devices were illumi

nated by noon sun light. In order to prevent heating of the cells

by the illuminated light during the testing, the illuminated I-V

characteristics were measured immediately after the application

of the light.

7.2.1 EITects of post.fabrication air heat treatments

7.2.1.1 CeUs fabricated on the Mo plate substrates

Using molybdenum plates as the substrates, the as-fabricated

cells were either shorted or very leaky with very little photo

voltaic effect. A short post-fabrication air heat treatment, at

temperatures in the range from 180 to 200 oC, was found to be

efficient to improve the I-V characteristics of the cells. In

most of the cases, the treatment was carried out for a period of

10 minutes to form the junction. An additional heat treatment

was found to improve further the I-V characteristics by reducing

110



the reverse current. The dark current-vol~age characteristics for

a sample (CTN-2436) after different heat treatment experiments

are plotted in Fig. 7.1. After the first heat treatment for 20

minutes, the I-V curves show a rectification ratio of about 100

at ±0.4 volt and a near ideal ideality factor of about 1.15. The

reverse current of the cell is seen to be reduced by additional

treatments for 10 and 20 minutes. It is noted that after the

additional treatments, the forward current is essentially not

affected and the n factor is not changed.

Illuminated I-V characteristics obtained under the AM1

condition for the cell No. 2436 are shown in Fig. 7.2. A photo

voltaic effect is seen after the fabrication, with a small open

circuit voltage (Voc ) of 0.083V and a fill factor (FF) of 0.25.

After the first heat treatment for 10 minutes, the short circuit

current (Ise)' open circuit voltage and the fill factor are seen

to improve. A further treatment in air is seen only to increase

the Voc value. This increase in the open circuit voltage is

consistent to the decrease in the saturation current (Fig. 7.1).

It should be pointed out that the open circuit voltage for aIl

of the cells fabricated on the Mo substrates was generally

small even after a prolonged treatment. This is due to the rela

tively rough surface of the CUInSe2 films deposited using the Mo

plates.

7.2.1.2 Cells on the Mo/glass substrates

For the as-fabricated cells on the Mo/glass substrates, the

"- open circuit voltage was generally larger than that on the Mo
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substrates. As an example, Fig. 7.3 shows the dark and illumi

nated I-V curves for the cell No. 3827. A rectification ratio

of more than 100 at ±0.4 volt was obtained for the untreated

device. Under the AMI illumination condition, the cell showed an

open circuit voltage of about 0.26 V and a short circuit current

of more than 21 mA, corresponding to an active current density

of about 30 mA/cm2 (active area 0.71 cm 2). After 10 minute air

treatment at 200 oc, the cell showed an increased J sc of about

33.2 mA/cm2 and a Voc of more than 0.3 V, yielding an active area

efficiency of 5.2%. Therefore, it is evident that the performance

of the cell was improved greatly by the 10 minute treatment. For

the cell No. 3827, additional heat treatments were found not ta

improve much of the efficiency.

7.2.2 Compositional elTects on the I-V characteristics

For the CdS/CulnSe2 cells made of electrodeposited CulnSe2

films, an interesting effect has been observed: The short circuit

current was found ta depend on the composition, or the metal

ratio of the CulnSe 2 films. Figure 7.4 shows the illuminated

I-V characteristics for four devices (aIl on Mo substrates) with

different In/Cu ratios in the CUInSe 2 film: sample No. 3387:

In/Cu=0.98, sample No. 3388: sample In/Cu=1.01, sample No. 3389:

In/cu=1.05 and sample No. 3390: In/Cu=1.08. The four samples were

aIl deposited on Mo plates and the CdS films were deposited in

the same deposition run. One can see from the figure, that the

I sc value increases progressively with the increase in the In/cu

ratio.
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Dark current-voltage characteristics for the four devices

were also measured and are given in Fig. 7.5. It can be seen that

the rectification ratio of the devices, except No. 3388, in

creases as the In/Cu ratio is increased. Furthermore, the reverse

current for device No. 3388 is the smallest among the cells which

explains the relatively large Voc of the cell. The compositional

effect was also observed on other devices. Fig. 7.6 shows another

set of samples with different In/Cu ratios in the CulnSe 2 film:

sample No. 3636: In/Cu=1.05; sample No. 3638: In/Cu=1.06; sample

No. 3639: In/Cu=1.08 and sample No. 3640: In/cu=1.10. It is thus

evident that, from the present results, the larger the In/Cu

ratio is, the larger the I sc is obtained. It is not correct to

say, however, that the In/Cu ratio should be as large as possi

ble, because larger In/Cu ratios usually resulted in smaller open

circuit voltage of the cells, as shown in the figures. A compro

mise must be made in order to obtain higher efficiency.

7.2.3 Anti·reflection (AR) coatings

A layer of AR coating (900 Â thick Si02 ) was deposited on

the CdS/CulnSe2 cells to increase the I sc value. For most of the

cells, an increase of about 10-15% in I sc was obtained. As an

example, Fig. 7.7 gives the illuminated I-V characteristics for

sample No. 3742 (active AM1 efficiency of 4.4% with the AR coat

ing). One can see that the short circuit current is increased by

about 15% after the deposition of the AR coating. The open cir

cuit voltage, however, remains unchanged. For sample 3821, the

~> increase in the short circuit current is also about 15% (see Fig.
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7.8). In our experiments, only cells with an active efficiency

more than 4% were coated with the AR coating.

7.2.4 Series resistanee eITeet

It was observed that a prolonged air heat treatment would

produce poor I-V characteristics on some of the cells, probably

due to elemental interdiffusion in the junction. The same effect

was also perceived on some devices with a short air treatment.

For those devices, a very small fill factor was observed and a

large photocurrent was obtained only in the reverse bias region.

Figure 7.9 shows the I-V curves for samples No. 2889 and 2881.

For the two cells, most part of the I-V curves in the forward

voltage range are linear. The resistance for the linear region of

the I-V curve was calculated for the two devices. The value for

sample No. 2889 is 9.45 n and is 4.9 n for sample No. 2881.

These results indicated the presence of a large series resistance

in the cell, which was believed to arise mainly from the bulk

region of the CdS and the CulnSe2 films. Another possible source

for the series resistar.ce is the resistance of the front or/and

the back contact. When a layer of high resistivity formed between

the contact and the semiconductor during the treatment, a large

Rs would be produced. The latter appeared to be the reason for

the cells treated only for a short period of time.

In order to confirm the series resistance effect, one set of

experiments was carried out. In the experiments, resistors with

resistance in the range from 1 to 10 n were connected in series

with a Cds/Culnse2 cell (see inset of Fig. 7.10). The resistance
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values used were 1, 2.2, 4.7 and 10 D. External I-V characteris

tics of the cell with the resistor were measured and the results

are given in Fig. 7.10. The knee of the I-V curves is seen to

smooth out gradually when the Rs value is increased from 0 to 10

D. As a result, the fill factor as weIl as the short circuit

current decreases greatly with the increase of the Rs value. It

is seen that the decrease is more rapid for this device as the

resistance value is greater than 2.2 D. The open circuit voltage

value, however, is not affected by the series resistance. For a

non-zero Rs value, the I-V curve shows characteristics similar to

those presented in Fig. 7.9. It is therefore believed that a

large Rs is responsible for the small fi Il factor for sorne of the

present cells.

7.2.5 Temperature-dependent I-V characteristics

In order to und2rstand current transport mechanism for the

CdS/CulnSe2 heterojunction devices, temperature-depenùent dark

forward I-V measurements were carried out in the temperature

range from 173 K to 300 K. The same measurement set-up described

in chapter 5 was used in the experiments. Fig 7.11 shows the re

sults measured at 7 different temperatures for one of the devices

(No. 3870) fabricated on a Mo substrate. The n factor for the

curve taken at room temperature is about 1.1. When the tempera

ture decreases from 298K to 193 K, the slope of the curves in the

middle voltage region remains essentially unchanged. The ideality

factor of the curve at 181 K (curve not shown) was about 1.4. As

.~ the temperature is decreased from room temperature to a value
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below 233 K, a second current component with a larger n factor

(could be due to a tunneling current) appears in the low voltage

region. Similar results were also observed on other samples. Fig.

7.12 shows the results for sample No. 3784 (fabricated on a Mo

substrate) at fivc different temperatures. For this device, the

ideality factor at 273 K is close to unity.

Since the room temperature n factor was close to unity for

most of the cells fabricated on Mo substrates, the current trans

port mechanism was assumed to be governed by a diffusion current

component. Based on this assumption, the saturation current I o

was obtained simply by extrapolating linear part of the forward

I-V curve to the vertical axis. The I o value for the cell No.

3870 was found to vary over a range of more than three orders of

magnitude in the temperature range of 173 to 298 K. For the

sample No. 3784, the saturation current increased by three orders

of magnitude as the temperature was increased from 193 to 273 K.

For an n+p one-sided heterojunction, the barrier height may be

obtained from the Schottky junction model. Therefore the barrier

height, ~B' of the one-sided junction can be estimated from the

slope of the (Jo /T2 )-(1/T) plot according to the following equa

tion:

(7.1)

Here, A is the area of the device, A* is the effective Richardson

constant an~ k is the Boltzmann constant. In Fig. 7.13, J o /T 2

values for the sample No. 3784 are plotted versus 1000/T in a

semi-logarithmic scale. From the figure, the barrier height of
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the cell was estimated to be about 0.4 V. This value is smaller

than the value of 0.9 V obtained on cells fabricated using a dif

ferent method7 . 2 . In Fig. 7.14, a comparison is made between four

devices: two Boeing cells 7 • 3 and two cells from our laboratory

(NO. 3784 and 3870). The same method was used to calculate the

barrier height for the Boeing cells. The barrier height for

samples 3870 and 3784 is about 0.4 V and is 0.66 V for the two

Boeing cells.

7.2.6 Fitting results of the cells

In order to obtain further information for the junctions,

the saturation current (1 8 ) and recombination current (IR) were

determined by the fitting program used in chapter 5 (see equation

5.5). The fitted 1 8 and IR as weIl as the series resistance R8

for two Cd8jCuln8e2 cells are listed in table 7.1. At room tem

perature, IR is in the order of 10-5 A and 1 8 is about one order

of magnitude less for the sample No. 3772. The fitted room tem-

perature series resistance for this device is about 5.2 n. For

the sample No. 3784, fitting results for seven different tempera

tures are listed. It is noted that as the temperature is de-

creased, both IR and 18 values decrease. When the temperature is

decreased from 273 K to 188 K, 1 8 decreases almost three orders

of magnitude. In the same temperature range, 1 8 varies from

6.5X10-7 A to 5.4X10-13 A, a change of about 6 orders of magni

tude. The series resistance varies in the opposite manner. It

increases from 7.6 to 17.1 n as the temperature is decreased from

~~ 273 to 188 K.

117



using the fitted I S values, I S /T 2 was recalculated and

plotted versus 1000/T in Fig. 7.15. The data points in the figure

are weIl fitted by a straight line. The slope of the line, corre

sponds to a barrier height of about 0.64 V. This value is larger

than the one obtained from the measured data in Fig. 7.13 and is

believed to be more close to the real barrier height value.

7.3 DilTerential Capacitance-voItage Measurements

To determine the differential capacitance-voltage (C-V)

characteristics of the cells, the LCR meter (HP model 4274A)

employed in chapter 5 was used. The differential capacitance was

measured at four different frequencies: 10, 20, 40 and 100 kHz.

7.3.1 Dark C-V results

Fig. 7.16 shows the dark C-V results for a cell with low

efficiency (No. 3079), fabricated on Mo/glass substrate. In the

figure, C-2 values are plotted versus voltage for four different

frequencies. The depletion width, W, at zero bias is obtained

directly from the zero bias capacitance C(O) using the equation:

(7.2)

Here A is the area of the cell and €r is the dielectric constant

of culnSe2 . At 100 kHz, the depletion width is about 0.08 ~m for

the cell. One should note that this value is much smaller than

0.28 ~m for the high efficiency cells reported by Boeing7 . 2 . It

is also smaller than that for the cells with an active efficiency

in the range of 3 to 5%. Of those cells, the zero bias depletion
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width is around 0.15 ~m. It is highly unlikely that a cell with

such a small depletion width would give a large short circuit

current density and a high conversion efficiency. It was found

that after a short air treatment at temperatures from 180 ta

200°C, a larger depletion width was usually obtained. For exam

ple, W(O) increased from 0.066 to 0.12 ~m for sample No. 3827

after a treatment for 10 minutes. Further heat treatment led ta a

further increase in the width of the depJe.tion region but with a

slower rate. These results suggested a reduction in the space

charge concentration near the junction afte.c the treatment.

It is seen from Fig. 7.16 that the measured capacitance is

frequency-dependent. However, the slope of the curves is essen

tially independent of the measurement frequency. This fact sug

gests that the density of deep levels near the junction is not

very large. In addition, it is also seen that the slope of c- 2

curves is not a strong function of the bias voltage, indicating

that carrier concentration in the CulnSe 2 film is relatively

uniform.

For the present cells, the carrier concentration in the CdS

is much greater than that in the CulnSe2 . Therefore, the carrier

concentration of the culnSe2 film can be determined from the

slope of the C-2 curves. For the concentration determination, it

is necessary ta have low density of deep levels and interface

states. From the slope of the curve taken at 100 kHz, the appar

ent acceptor concentration (NA) was estimated from the following

equation:
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(7.3)

For the device in Fig. 7.16, the NA value is about 1.3X1017 cm-3

near the depletion edge at zero bias. The carrier concentration

deeper in the CUlnSe 2 film is slightly higher (1.8X10 17 cm-3 ).

The apparent diffusion potential VD for this cell is about 0.68 V

at 100 kHz.

It is important to point out that a variation in the volt

age intercept for the 1/C2 curves at different frequencies was

common to most of the present cells. This characteristic sug

gested the presence of interface states (or deep levels near the

interface) with different relaxation time constant.

7.3.2 ElTect of heat treatment

In Fig. 7.17, dark C-V results for a cell with an efficiency

of 5.2% (No. 3827) measured at 100 kHz are given to show the

effect of the air heat treatment on the effective carrier concen

tration. The upper curve was measured after a treatment for 20

minutes and the other after an additional treatment for la

minutes. Note that the C- 2 values after the treatment for 30

minutes treatment have been divided by la before plotting on the

graph. After the 20 minute treatment, the carrier concentration

is about 1.OXI017 cm- 3 in the voltage region from -0.2 to -1.0 V.

The concentration value near the physical junction is slightly

smaller (8X10 16 cm- 3). After the additional treatment for la

minutes, the NA value decreases to about 1.6X1016 cm- 3 in the

voltage region of -0.5 to -1 V. The charge carrier concentration

near the physical junction is also decreased after the air heat
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treatment. The results indicate that the air heat treatment,

which is required to form the junction, causes a decrease in the

charge carrier concentration of the culnSe2 film. This is differ

ent from what has been seen for the Al/CulnSe 2 Schottky junctions

described in chapter 5. Furthermore, the concentration in the

voltage range of -0.5 to about 0.2 V is now larger than the bulk

value and the value increases as one goes toward the interface.

The slower rate of decrease for the concentration near the physi

cal junction can be explained by the compensation effect of

oxygen atoms diffused into the junction. The diffused oxygen

atoms act as acceptors in the p-type CulnSe2 films.

7.3.3 IIluminated C·V results

In order to investigate the interface states of the cells,

illuminated capacitance was measured. Under external illumina

tion, charge carriers in the junction are excited. If the light

intensity is sufficiently high, the excited carriers can fill the

deep traps or the interface states7 . 4 . The occupation probability

for the bulk deep traps or the traps at the interface is close to

l under high light intensities. The filled deep traps decrease

or increase the measured capacit~nce, depending on the type of

the traps (majority or minority). More importantly, the charged

deep levels will modify the slope of the C- 2 curve (or modify the

apparent acceptor concentration of the CulnSe 2 side). If the

density of the charged interface states is large, the C-V curve

will be shifted toward a more negative voltage region.

The measurements were carried out under a constant illumina-
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tion condition in a frequency range of 1 kHz to 100 kHz. The

light intensity, measured using a calibrated silicon detector,

was maintained to be about 30 mw/cm2 for some of the experi

ments. While for some other experiments, devices were illuminated

under an AMl condition. In Fig. 7.18, both the dark and illumi

nated C-V results for sample No.2514 are plotted. This cell was

fabricated on a Mo substrate. It is seen that the slope of the

curve is net altered by the illumination, indicating that the

change in the effective carrier concentration with illumination

is negligible. This fact suggests that under the present light

intensity (30 mW/cm2), the density of the charged deep levels in

this device is small as compared to the total density of the

shallow levels. At a given dc bias voltage, the total space

charge density or the apparent carrier concentration under the

illumination is given by a modified equation from equation (7.3):

In this equation, CL is the illuminated capacitance and nt is the

density of filled (or charged) deep traps by the illumination. If

the deep levels are electron traps, then nt is positive. From

equation (7.4), value of nt can be estimated. However, the equa

tion cannot be used for accurate calculation of trap concentra

tion unless the effects of the charged interface states are

small. Because the shift of the c-2 curve under the influence of

the charged interface states, one obtains an apparent NA value at

a smaller voltage than the applied bias voltage.

Under the illumination, the c-2 curve for sample No. 2514 is
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seen to shift by about 0.2 V to more negative voltage region,

yielding same amount of a reduction in the apparent diffusion

potential VO. The shift of the C- 2 curve under illumination is a

common effect for our CdS/CulnSe 2 cells and is also observed by

other researchers on some of their thin film CdznS/CulnSe 2

devices 7 . 5 . It is believed that the presence of light induced

interface stat~s accounts for the shift in the c-2 curve. If the

interface states for a CdS/CulnSe2 device are charged, no matter

whether they are filled by light or electrical current, the

effective diffusion potential Vo is lowered by an amount of

Qis2/2q€sNO. In another words, the apparent diffusion potential

VOi is given by

(7.5)

Qis(cm-2 ) is the charge per unit area of interface states and can

be expressed as Qis=qnis' with nis to be the density of the

charged interface states per unit area. It can be shown7 • 5 that

the open circuit voltage is related to the diffusion potential in

the following way:

(7.6)

Here, S is the interface recombination velocity. Therefore, the

open circuit voltage is also reduced by the amOUnt of qnis2/?€sNo

with the presence of the charged interface states. This effect

has been confirmed by experiments. Ahrenkiel 7 • 5 has demonstrated

that very small shift in the CL- 2 curve was found for a 10.2%

~, cel1 and a relatively large shift was observed for a 9% cell. The
.'.•<.
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large shift in the c-2 plot for our cells is also consistent with

t the small open circuit voltage of the cells.

To ensure the interface state effect on the intercept of the

c-2-v curve, dark and light capacitance measurements were also

carried out on a commercial si solar cell with a conversion effi-

ciency of 12%. The density of interface states in the si homo

junction cell was assumed to be very small as compared to that in

the CdS/culnSe2 cells. The light intensity used for the si cell

was about AM2. The AM2 condition (instead of AM1) was used to

prevent the high level injection condition to occur. The C-V

results for the si cell are given in Fig. 7.19. From the figure,

one can see that the tv'o curves have essentially the same inter-

cept. Therefore, the diffusion potential of the device was

unaffected by the illumination.

Figure 7.20 is the plot of C- 2 versus V for the 5.2% cell

(3827) both under dark and AM1 conditions. Under the AM1 illumi-

nation, an increase of about 30% in the effective carrier con-

centration is observed in the voltage region of 0.4 to -lV (NA =

10 17 , nt = 3X10 16 and NA'= 1.3X1017 cm-3). This increase is due

to the negatively charged electron trap centers. In the figure,

a large shift of about 0.2 V from the dark C-V curve, is also

seen for the light C-V curve. Using equation (7.5), the density

of the charged interface states for sample No. 3827 was estimat

ed. A space charge density of 10 19 cm- 3 for the CdS side was

assumed. The nis value obtained for this cell is 5x10 12 cm- 2 ,

which is about one order of magnitude larger than that reported
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on ARCa cell by Tavakolian and sites7 . 7 . This large density of

interface states would result in an interface recombination

dominated current transport (see chapter 9). Comparing the

effects of the deep levels and the interface states, one conclu-

sion can be made on the present CdS/Culnse 2 cells. The density

of interface states must be reduced in order to increase the open

circuit voltage and the conversion efficiency of the cells.

7.3.4 Effect of series resistance on the C-2 curve

It has been reported7 . 8 that a minimum in the C- 2 curve

would occur if there was a non-zero series resistance in the

junction device and the value of the series resistance can be

estimated from the equation

l/C ' 2 = 4 W 2R2 .min (7.7)

c'min-2 is the minimum value in the C-2 curve, W is the measure

ment frequency and R is the series resistance. For sorne of our

CdS/CulnSe2 cells, minimum C- 2 value has been observed for the

C- 2 -V curves (see Fig.7.21, sample No. 3784). In Fig. 7.21, a

constant R value could not be obtained for aIl four curVèS, by

using the equation (7.7). The estimated resistance value is fre-

quency-dependent and it increases with the decrease of the fre-

quency: R(100kHz) = 113 n, R(40kHZ) = 239 n, R(20kHz) = 447 n,

an d R ( 1 0 kHz) = 8 4 1 n. an e po s s i b l e exp l a n a t ion for the

frequency-dependent series resistance is that the back contact

(between CUlnSe2 and the Mo substrates) is non-ohmic. The con

tact impedance is a complex number and can be expressed as
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"

Y' = G' + jwC', or

(7.8)

as shown in the inset of Fig. 7.21. The real part of the imped-

ance decreases with the increase of the frequency.

7.4 Spectral Response

Spectral response of the CdSjCulnSe2 cells was determined in

the wavelength (À) range from 0.5 to 1.2 Mm. For the measure

ments, a monochromatic light source (Beckman model 2400) with a

slit width of 1 mm was used. The light intensity was determined

by a calibrated si detector (model PIN 6DP). Short circuit cur-

rent of the devices was measured at a Àinterval of 0.02 Mm by a

pico-ammeter.

Fig. 7.22 gives the spectral response for a low efficiency

device No. 2954 (efticiency smaller than 2%). In the short wave-

length region, the quantum efficiency increases rapidly with the

increase of À and reaches a maximum at about 0.6 Mm. As À is fur-

ther increased from 0.6 Mm to about 1 Mm, quantum efficiency

remains essentially constant. The quantum efficiency value starts

to decrease linearly with À when À is increased to beyond 1 Mm.

This decrease is different from that of the vacuum deposited high

efficiency CdSjCulnSe2 cells, where essentially constant quantum

efficiency region extends to about 1.2 Mm7 . 2 . The spectral re-
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sponse in the long wavelength region could be affected by the

narrow depletion region for most of our cells or could be due to

a loss through interface states. The former appears to be the

most possible reason for the long wavelength loss. To increase

the field region width, one has to reduce the concentration in

the CUlnSe2 surface. Alternatively, a high resistivity CdZnS

layer could be deposited on the CulnSe2 before the low resistivi

ty CdS to reduce the lattice mismatch with the CulnSe2 film and

thus the density of interface states.

7.5 Isc'Voc Relationship

The relationship between the short circuit current and the

open circuit voltage for the CdSjCulnSe2 cells was studied. A set

of I sc and Voc values was first obtained by applying light with

different light intensities. The results for sample No. 2781 are

given in Fig. 7.23. In the figure, a linear relationship between

I sc and Voc is seen. This is expected for an ideal cell, for

which the relationship between I sc and Voc is given by

(7.9)

For a real device with series resistance Rs ' the relationship is

more complex and a simple equation between Voc and I sc cannot be

obtained. However, if the series resistance is small enough, the

above equation can still be used as a close estimation.

7.6 Conversion Efficiency

Active area conversion efficiency, short circuit current
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density J sc ' open circuit volt~ge Voc and fill factor FF, of some

CdS/CulnSe2 cells are listed in Table 7.2. It is seen that for

the devices fabricated on the Mo plates, the short circuit cur

rent values are around 20 mA and the open circuit voltage values

are small (average about 0.2 V). The average AM1 active area

efficiency is around 2.3% for the cells fabricated using Mo

plates. For the cells on the Mo/glass substrates, the average

efficiency is more than 4%. Although the devices made on the

Mo/glass substrates have larger open circuit voltage values, they

are still low (average 0.3 V). As described in section 7.3.3, the

low Voc value of the cells is due to the large density of inter

face states. Fig. 7.24 shows the illuminated I-V characteristics

for the 5.2% cell, No 3827. This cell is the best among the

single layer CdS/CulnSe2 cells with an area of 1 cm2 .

In order to test the stability of the cells fabricated using

the electrodeposited CulnSe2 films, the cell was ~ested after

being stored in the laboratory for several months. The measured

I sc was found to decrease slightly but the open circuit voltage

was found to increase, yielding essentially the same conversion

efficiency.

7.7 Small Area Cells

As presented in chapter 3, small pin ho les exist in the

CUlnse2 films due ta the defects in the Mo films (see Fig. 3.4).

Those defects in the culnse 2 films act as leakage paths for

current if the cells are formed by directly evaporating low

resistivity CdS films on the CulnSe2 films. This leakage would
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increase the saturation current and therefore decrease the open

circuit voltage (see equation (7.9)). In addition to the pin

holes in the culnSe2 films, defects were also observed in the CdS

films. Fig. 7.25 shows a hole found in the CdS film for a 4%

cell. In the circular area, only bare culnSe2 film is seen. These

defects in the Cds films could also act as leakage paths when

the metal contact is evaporated.

To minimize the effect of defects, small area devices with

an area of 0.09 cm2 were fabricated. The same fabrication proc

esses as that for the large area devices were used. After the

deposition of CdS films, aluminum contact bars of about 1.2 mm2

were evaporated en the CdS surface through a metal mask. A con

ventional photolithograph technique was then applied te pattern

the CdS films into regions with the areas of 0.09 cm2 . Concen

trated HCl was used to etch the unwanted CdS films. After the

etching of CdS film and removing of the photoresist, the samples

were washed with de-ionized water and air aried. Eight CdS areas,

each with an Al bar in the center, were fabricated on each sub

strate (four on each original 0.9 cm2 CdS pat). These CdS areas

were divided into two groups with a center-to-center distance of

1.4 cm (see Fig. 7.26).

The as-fabricated cells usually showed a poor rectification.

After an air treatment at 190 Oc for 20 minutes, a layer of SiOx

wi th a thickness of about 0.1 J.Lm was evapc'rated to reduce the

optical reflection. The fabricated cells were tested at about

25 0 C under solar illumination (incident power clensity 100

mW/cm2 ). The I-V results showed a 10% variation in J sc and Voc
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for different cells on the same single substrate. This variation

is believed ta be due ta the non-uniform properties of the CdS

films. The I-V characteristics for one of the best cells are

shawn in Fig. 7.27. The short circuit current density is 40

mA/cm2 and the open circuit voltage is 0.28 V, yielding an active

area conversion efficiency of 5.6% for this cell. It is noted

that this value is slightly higher than that for the large area

devices (5.2%).

7.8 Energy Band Diagram

The energy band diagram for the present studied CdS/cells

was constructed based on the results obtained from the measure-

ments and is given in Fig. 7.28.

7.9 Conclusions

I-V and C-V characteristics of the CdS/CulnSe2 cells fabri

cated using the electrodeposited CulnSe2 films have been studied.

For the as-fabricated cells on the Mo plate, a short circuit

current output was always obtained even though the rectification

was generally poor. With a short heat treatment in the air at a

temperature in the range of 180 to 200 oC, the rectification of

the cells was found ta improve significantly with an n-factor of

about 1.15. For the as-fabricated cells on the Mo/glass sub

strates, the properties were often better. The ideality factor

was found in the range from 1 ta 1.5 for most of the cells. The

I-V results also demonstrated the effect of composition or metal

ratio (In/cu) in the CUlnse2 films on the electrical properties.
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An In/Cu ratio of 1.1 was found to give better devic0s. Tempera

ture-dependent I-V measurements showed a continuous decrease of

current and an increase of the ideality factor with the decrease

of the temperature. The barrier height value, obtained directly

from the plot of J o /T2 vs T- 1 was about 0.4 V, which was smaller

than that for high efficiency devices fabricated by vacuum

methods. The fitted I-V results gave a barrier height of about

0.64 V (see figere 7.28). The fitted results also showed that

the room temperature saturation current was about one order of

magnitude less than the recombination current.

The effective carrier concentration for the CdS/CulnSe2

cells was obtained from the C-V measurements. A value ranging

from 1016 to 1017 cm- 3 is typical for the present cells. The

carrier concentration was found to decrease after the air heat

treatment. A slower decrease rate was observed for the region

near the physical junction. The differential capacitance was

found to vary with the measurement frequencies. The slope of the

C- 2 plot was, however, essentially independent of the frequency,

indicating a relatively small density of the deep levels. The

density of the charged deep levels under the AMI illumination

condition for one of the cells was estimated to be about one

order of magnitude less than the effective carrier concentration.

In addition -to the above, the shift in the C- 2-V plot with illu

mination and the frequency-dependent apparent diffusion potential

allow one to conclude that interface states with a large concen

tration were present in the CdS/CulnSe2 junction. This conclusion

was further supported by the small open circuit voltage of the
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cells. From the illuminated capacitance measurements, the density

of the charged interface states under AMl illumination was esti

mated to be 5xl012 çm-2 . This value is large enough to affect the

junction current transport mechanism. These interface states

could also reduce the open circuit voltage.

The spectral response of the cells was found to be affected

by the presence of the interface states. The loss in the long

wavelength of the quantum efficiency could be the result of a

small depletion width due to the presence of charged interface

states. Another reason for the narrow field region is the

single-layer device structure used in the present study. For the

present cells, low resistivity CdS film (with high electron

density) was deposited directly on tne CulnSe2 films (also with

a relatively high carrier concentration). The short wavelength

cut off was controlled by the bandgap of CdS and can be improved

by replacing the CdS material with a larger bandgap window mate-

rial, like ZnO.

The conversion efficiency of the present cells are still low

due to the small open circuit voltage. In order to increase the

open circuit voltage, a layer of high resistivity CdZnS should

be deposited. This layer can reduce the lattice mismatch with

the culnSe2 . The pin hole defects in the electrodeposited CUlnSe2

films and the CdS films are also sources for the leakage current,

which also must be minimized. The pin holes in the CulnSe2 films

can be reduced by adopting an improved cleaning process for the

Mo films or by using thicker Mo films. The relatively large

variation in the device performance with the position in the
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present cells is due to the non-uniform properties with the

position for the CdS films which were deposited in a vacuum

system with a relatively small chamber.

Table 7.1 The fitted l-V results for CdS/CulnSeZ cells using the McLean's equation.

Sample No. Temp. (K) IR(amp) Is(amp) RS ([1)

3772 298 3.2x10-5 4.4X10- 6 5.2

3784 273 5.0x10-6 6.5x10-7 7.6

3784 263 3.5x10- 6 2.9X10- 7 7.8

3784 248 1.lX10-6 5.4X10-8 8.6

3784 233 3.2x10-7 6.5X10- 9 9.9

3784 218 9.6x10-8 7.0x10-1O 12.2

3784 203 2.9x10-8 3.3X10-11 14.3

3784 188 7.8x10-9 5.4X10-13 17.1
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Table 7.2 IIIurninated I-V results for sorne of the CdS/CulnSe2 cellsa.

Sarnple No. Subs. Isc(rnA) Voc(rnv) FF 1) (%)

2954 Mo 20.0 195 0.43 2.36

2620 Mo 15.8 235 0.43 2.25

3742 MojG 25.4 250 0.47 4.22

3797 MojG 18.7 294 0.44 3.41

3821 MojG 23.6 290 0.46 4.40

3824 MojG 24.3 275 0.45 4.24

3827 MojG 23.6 310 0.51 5.25

3829 MojG 23.7 266 0.45 4.00

3851 MojG 21.1 303 0.45 4.05

a Active cell area = 0.71 crn2 and aIl cells have AR coating.
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Fig. 7.1 Dark I-V characteristics for a CdS/culnse
2cell on a Mo substrate, measured after each successive

10 minute heat treatment.
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Fig. 7.2 Illuminated I-V characteristics for a cell
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the air heat treatment.
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Fig. 7.3 Dark and illuminated I-V characteristics for
a cell on a Mo/glass substrate. An air heat treatment
for 10 minutes improved the cell efficiency.
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Fig. 7.4 Illuminated I-V characteristics for four cells
with different In/Cu ratio in the CUlnSe2 films: Sample
3387: In/Cu=O.98i Sample 3388: In/Cu=l.Oli Sample 3389:
In/cu=l.OS and Sample 3390:In/Cu=1.08.
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Fig. 7.7 Illuminated I-V curves for a cell, showing a
15% increase in I sc after the deposition of AR coating.
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Fig. 7.8 Illuminated I-V characteristics for the cell
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Fig 7.10 I-V curves showing the effect of series resis
tance. Inset gives a schematic diagram of the measurement
set-up.
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Fig. 7.11 Temperature-dependent I-V curves for the
sample No. 3870.
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Fig. 7.12 Results of I-V measurements on a device at
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Fig. 7.16 Results of dark differential capacitance measured
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treatment on the carrier concentration of the crs film.
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Fig. 7.27 Illuminated I-V characteristics for thê
small area device with the active area efficiency
of 5.6%.
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Fig. 7.2B Energy band diagrarn constructed for the Cds/culnse2devices studied in this work.
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Chapter ~ ADMITfANCE SPECfROSCOPY FOR THE STUDY OF

DEEP LEVELS IN THE ELECfRODEPOSITED CuInSez FILMS

f.l Introduction

The conversion efficiency of solar cells is often found ta

be affected by electrically active deep energy levels present in

the semiconductor. These deep leveJ.s can capture charge carriers

and reduce their life time. Many methods have been used for the

investigation of energy levels in the semiconductors, including

DLTS 8 . 1 , photoluminescence8 . 2 , theramlly stimulated capaci

tance8 . 3 and admittance spectroscopy. The admittance spectroscopy

technique was first introduced by D. L. Losee 8 . 4 , 8.5 and was

further developed by Pautrat et a1 8 . 6 . It has been applied ta

several semiconductors like: Si 8 .?, 8.8, CdS8 . 9 , CdTe8 . 10 , and

GaAs 8 . 11 . Results obtained for Schottky junctions using the

admittance spectroscopy method also have been compared with those

obtained using the deep level transient spectroscopy (DLTS)

method. The admittance spectroscopy is a relatively simple and

useful method for the investigation of comparatively fast trap

levels of majority carriers.

Fabick and Eskenas 8 . 12 have studied znO/Cds/CulnSe2 thin

film heterojunction devices using the admittance spectroscopy

method. with this method, they found a single conductance peak

between 160 K and 230 K in the frequency range from la kHz to

500 kHz. The data obtained suggested that a single deep level at
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about 0.237 eV from the valence band edge was present in the p

type CulnSe2 films. vaidhyanathan et a1 8 . 13 have also applied

the admittance spectroscopy technique to CdSjCulnSe 2 devices

fabricated using vacuum deposited CulnSe2 films. They observed

two conductance peaks in the temperature range of 40 to 280 K at

a frequency of S.3 kHz. The two peaks located at about sa and 160

K and the corresponding activation energies were sa and lS0 meV,

respectively. Using devices fabricated on vacuum deposited

CulnSe 2 thin films, Demetriou and Rothwarf 8 . 14 reported the

presence of a deep level at 130 meV with a capture cross section

of 3.3x10-17 cm2 from the admittance spectroscopy results.

In order to obtain further information and to increase the

conversion efficiency or, cells fabricated using the electrodepos

ited CulnSe2 films, admittance spectroscopy measurements have

been carried out on several devices. The main purposes of this

work are (1) to obtain activation energy of electrically active

level(s), and (2) to investigate the relationship between the

activation energy of the deep level(s) and the composition of the

films.

8.2 TheOl"y of Admittance Spectroscopy

In a Schottky junction or a one-sided heterojunction, the

admittance is affected by the presence of traps of majority

carriers. If the dc bias voltage and the frequency of ac signal

are kept constant during the measurements, the conductance

values obtained from the admittance measurements can be used to

deduce the activation energy of the traps. The small signal
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equivalent circuit of a junction is shawn in Fig. 8.1(a). In this

figure, Rs is the series resistance and GD is the shunt conduct

ance of the device. C* is the capacitance resulting from the

charging and discharging of bath the shallow and deep levels. The

capacitance, c*, which is complex when deep levels are involved,

is given by: C* = C -jG/w. Here, C is the junction capacitance;

G is the junction conductance and w is the angular frequency of

the ac signal. The measured admittance is represented by the

parallel circuit given in Fig. 8.1(b): Ge is the measured con

ductance and Ce is the measured capacitance. Fig. 8.2(a) shows

the energy band diagram of a Schottky junction (using a p-type

semiconductor) with a shallow level located at Es and a deep

level at Et. Here W is the depletion width and xt is the position

at which the deep level crosses the Fermi level. The correspond-

ing space charge density variation is illustrated in Fig. 8.2(b).

When there is a small increase in the bias voltage, OV, the

to~al change in the electric charge oQ is given by the sum of the

charge increase at x t and at W (oQt and oQs)' The capacitance C*

then is given by the following equation:

* . /c = c - JG W

It can be shown8 . 8 that

oQ/oV (8.1)

c (8.2)

In the above equations,
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(8.4)

(8.5)

In the equations, W is the angular frequency of the ac voltage

and T is the emission time constant of the majority carriers from

the deep levels located at Et. When WT» 1, holes trapped 2.n

deep level at position xt can not follow the change in the volt

age. Therefore equation (8.1) becomes

*C = C = Cs = €jW. (8.6)

When WT« J., holes in the deep level at xt respond to the volt

age change without delay. Under this condition, the capacitance

* . lC lS rea :

C* = C =Cs +t

To obtain the activation energy, the measurements are car-

ried out over the temperature range in which the emission rate,

en' of majority carriers from the deep level traps varies. For

such measurements, it is possible to reach a temperature value so

that WT= 1. When the condition WT = l is satisfied, the junction

conductance (G) given above will :each a maximum value. For

devices with a relatively small series resistance Rs (usually

true at high temperatures), Ge ~ G + GD. Because GD increases

monotonically with temperature, the temperature value for the

peak of conductance G can be obtained directly from the measured

conductance Ge versus temperature curve. This is especially true

. if the peak in the junction conductance G appears in the low
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temperature region where the shunt conductance GD is relatively

small. Furthermore, the magnitude of junction conductance peft]~s

is directly proportional to (see equation (S.3)).

By applying equations (S.4), (S.5) and the condition WT =1,

the activation energy of the deep level, Et, can be obtained

from a plot of In(w/Tm
2 ) versus l/Tm. Here Tm is ~he temperature

value for the conductance peak at a fixed frequency.

To estimate the density of a deep level, C-V measurements at

temperatures bath below and above the conductance peak, associat

ed with this level, have to be carried out. The slope of the

c-2-v curve measured below the conductance peak gives the density

of the shallow level, Ns ' And that of the C- 2 curve obtained

above the peak yields the total density, Ns+Nt . By comparing the

two concentration values, the density of the deep level can be

obtained.

8.3 Measurement Results

For the admittance spectroscopy measurements, CdS/CulnSe2

devices with different as-deposited Cu/In ratios in the CulnSe2

films were selected. The In/Cu ratio was in the range from 1.1 to

1.25. The selected devices were tested for I-V characteristics.

The dark I-V results showed that the diode factor of the selected

devices was slightly greater than 1. Fig. S.3 shows the dark I-V

results for one of the CdS/CulnSe2 devices, No. 3772. The energy

conversion efficiency of the selected devices was about 3-4%

under AM1 illumination condition.

After the initial testing, the device was mounted on the
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cooling finger of a liquid nitrogen cryostats for temperature-

1 dependent admittance measurements. The temperature of the device

was first reduced from room value to liquid nitrogen temperature

(77 K) over a period of about 30 minutes. After a short stabili

zation, the device was warmed up gradually at a rate of about

0.5-2.5 K/min. and the admittance of the device was measured at

seven different frequencies: 1, 2, 4, 10, 20, 40 and 100 kHz. The

measurements were made over a temperature range from 80 K to 300

K with a fixed temperature step of 5 K. A block diagram of the

measurement set up is given in Fig. 8.4. The admittance measure

ments were made using an HP 4274A LCR meter controlled by a

microcomputer. The temperature of the device was monitored by a

thermocouple connected to a computer-controlled voltmeter. The

measurements were performed under a dark condition with a zero dc

bias voltage. However, for sorne of the measurements, a dc reverse

voltage was applied to the device to enhance the conductance

peaks8 . 8 .

More than 10 devices were measured using the admittance

spectroscopy method described above. For aIl of the samples, a

peak was found for each Ge vs. T curve. In addition, a step was

found for each Ce vs. T curve. The mid-point of the step was

located at the same temperature as the conductance peak.

From the temperature-dependent conductance characteristics,

the devices may be divided into two groups. Deviees in the first

group had conductance peaks in the temperature range from -170°C

to -130°C as frequency was increased from 4 kHz to 40 kHz. In the

second group, conductance peaks were in the temperature range
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from -90·C to -50·C for the same frequency range. This effect is

illustrated in Fig. 8.5. In this figure, the conductance peak of

the sample No. 3093 occurs at -130·C (Tm)' ~he temperature Tm for

the samples No. 3853 and 3870 is about -70·C. It is also noted

that the conductance values of samples 3853 and 3870 are smaller

than those of sample 3093 over the entire temperature range

studied. In Fig. 8.6, the measured capacitance Ce for samples

3093 and 3853 are plotted vs. device temperatures. The difference

in the temperatures for the mid-point of the capacitance step is

obvious.

In order to obtain the relat;.onship betw82n the temperature

Tm and the measurement frequency, conductance results measured at

four different frequencies are plotted in Fig. 8.7 for the sample

No. 3853. The Ce-T results for the same device are also plotted

in Fig. 8.8. In Fig. 8.7, the position of the conductance peak

is seen to shift progressively towards lower temperatures as the

frequency is decreased. This effert is also observed for the

mid-point of the capacitance step (Fig. 8.8).

From the Ge(T,w)-T plots, W/Tm
2 values were obtained. These

values were plotted versus l/Tm in Fig. 8.9 for the devices No.

3621, 3093 and 3772 (all with In/Cu ratio of about 1.1). It is

clear from the theory of admittance spectroscopy that the slope

of the ln(w/Tm
2 ) vs l/Tm plot yields the activation energy of the

active states in the semiconductor. The activation energy value

obtained for the samples No. 3621, 3093 and 3772 is about 50 meV.

The conductance results for three other devices (with a In/Cu

~~~ ratio of 1.25) are also shown in Fig. 8.9, giving activation

~.,
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energy values of about 160 meV.

It was reported that a reverse voltage applied to the

devices would enhance the conductance peak without changing the

position of the peaks 8 . 8 . In the admittance measurements, two

devices (3853 and 3770B) were biased to -1 volt. The results were

plotted in Fig. 8.10. The results for the two devices under zero

bias condition were also shown. Activation energy values between

140 and 160 meV were obtained without the r~verse bias. A small

deviation for the energy values was observed when the devices

were biased to -1 volt. This deviaticn could be due to the varia

tion of the shunt conductance, GD' with the voltage. It cou Id

also indicate a non-uniform distribution for the deep levels near

the CulnSeZ film surface, resulted f'Gm element interdiffusion.

Since the activation energy value for the three samples with

the In/Cu ratio of 1.1 is relatively small (SO meV) , it is also

possible to obtain the energy value of a shollow level by plot

ting In(GsJ vs l/T. Here Gs is the conductance value of the

series resistor of the device. The slope of the plot gives the

activation energy of the shallow levels8 . 7 . The required values

of Gs were deduced from th~ measured Ce and Ge using the follow

ing equation:

(8.8 J

,.

The results for the sample No. 3093 measured at 40 kHz are shown

in Fig. 8.11. The data may be fitted by a straight line with an

apparent activation energy of 36 meV. This value is roughly equal
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to that obtained from Fig. S.9.

For the devices with the large activation energy of 160 meV,

the plot of ln(Gpeak ) versus ln(f) showed a linear variation. The

slope of the line was about 1 (see Fig. S.12). The results thus

suggest that the conductance peaks observed in the CdS/CulnSe 2

devices were due to a single trapping level in the electrodepos

ited CulnSe2 films S . 12 .

In the present experiment, density of the deep levels was

not obtained. This is because that by using the present measure

ment instrument, the temperature of the device could not be

maintained at a given temperature value for the C-V measurement.

In table S.l, the energy levels found in the CulnSe2 thin

films using the admittance spectroscopy measurements are summa

rized. The results obtained in the present work and those odtaind

by other workers are given in the table.

8.4 Conclusions

Thin film cells of the form CdS/CulnSe 2 fabricated using

electrodeposited p-type CUlnse2 have been studied by the admit

tance spectroscopy method (in a temperature range from sa to 300

K). From the temperature values of the conductance peaks measured

at different frequencies, the activation energies of the deep

levels in the electrodeposited CUlnSe2 films were determined. The

results obtained show that the activation energy values of the

deep levels in the CulnSe2 films were dependent on the stoichi

ometry. For those devices fabricated using films with an In/cu

ratio of about 1.1, the activation energy of the level was about
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50 meV. For those devices fabricated using CulnSe 2 films with Qn

In/Cu ratio of about 1.25, the average activation energyrgy value

was about 160 meV. Limited by the measurement instrument, density

of the deep levels in the electrodeposited CulnSe 2 films was not

obtained.

Table 8.1 Summary of different energy levels obtained in p-type CulnSeZ
from admittance spectroscopy measurements by different groups.

Worker Preparation method level 1

Fabick8 . 12 Vacuum Evap. 237 meV

Vaidhyanathan8 . 13 Vacuum Evap. 150 meV*

Demetriou8 . 14 Vacuum Evap. 130 meV

McGill** Electrodeposition 160 meV

level 2

50 meV

50 meV

* levels one and two were found in the same sample.

** Level 1 was found in sample with Cu/In ratio of 1.25. Level 2
was found in samples with Cu/Ir. ratio of 1.1.
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Chapter 2 DISCUSSION AND CONCLUSIONS

In order to simplify the procedure and to lower the cost for

the fabrication of the CulnSe2-based solar cells, a one-step

electrodeposition process has been developed in oUL laboratory to

prepare thin films of CulnSe 2 . Using this method, uniform

CulnSe 2 films with a thickness of 1-4 Mm were deposited on both

Mo and Mo/glass substrates. The electrodeposited CulnSe2 films

were found to '::>e polycrystalline with a single phase and the pre

ferred 112 orientation perrendicular to the substrate. Composi

tional uniformity of the films was found to be satisfactory for

device applications. Because the adhesion on the CulnSe2 films to

the substrates was very good, separation of good quality films

from the substrates was difficult. Therefore, electronic parame

ters were not measured for the CUlnSe 2 films using the standard

Hall effect measurements. Although sorne of the n-type samples

were successfully separated from the substrates, reliable Hall

effect results were still not obtained due to the large density

of pin holes produced during the separation.

Effects of vacuum heat treatment on the electrodeposited

CulnSe 2 films were studied. X-ray results revealed a strong

relationship between crystalline quality of the CUlnSe2 samples

and the treatment temperatures. The crystalline quality of the

films was improved significantly as the temperature was in

creased, with a critical temperature value of about 300°C. Howev

er, heat treatment at a temperature above 400°C produced films
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with multiphases. The diffraction in~ensity of the second phase

became stronger as the temperature was increased further. Re

sults also showed that composition of the films was affected by

".' heat treatment. However, if the treatment ·temperature was not

too high, the Cu/In ratio in the treated films was essentially

the same as that jn the untreated ones. Therefore, the metal

ratio in the final films could be predetermined during the depo

sition experiments.

Al/CulnSe 2 Schottky junctions made with the electrodeposited

CulnSe 2 films showed a dominant recombination process for the

junction current. The apparent diffusion potential for those

devices was small (0.3 ± 0.06 V), suggesting the presence of

interface states with a high density in the devices. The frequen

cy-dependent dispersion effect in the C-V characteristics of the

Schottky junctions was first assumed to be due to the enhanced

interface states. The possibility of the effect to be d'le to

deep traps was excluded in the present devices because no fre

quency dispersion was observed in the c- 2 versus V curves for

the CdS/CulnSe2 cells fabricated on the same Culnse2 film. Since

the apparent diffusion potential was essentially independent of

measurement frequencies, it was further assumed that the inter

face states in the Al/CulnSe2 Schottky junctions had characteris

tics which were different from that for the ones in the

CdS/CulnSe2 heterojunctions. However, the proposed large density

of interface states alone could not interpret the frequency-de

pendent variation of the slope of the c- 2-v curves for the

Al/CulnSe2 Schottky junctions. Another possible explanation for

186



the dispersion effect in the C-V curves is the elemental inter

diffusion which affected the density of deep level in the CulnSe2

surface. In the AljCulnSe 2 devices, the density of deep traps is

large and these are responsible for the dispersion in the C-V

curves. During the post-fabrication air heat treatment of the

CdSjCulnSe2 cells, an interdiffusion occurred and this cftused a

decrease in the density of the deep levels in the CulnSe2 film.

with the low defect density, the dispersion effect is negligible

and can not be observed in the CdSjCulnSe2 cells. However, in

order to obtain a complete understanding of the two kinds of

devices, further investigation using other methods, like deep

level transient spectroscopy must be carried out.

The carrier concentration in the CulnSe 2 films of the

Schottky junctions was found to increase after the 200°C air

treatment, which was believed to be due to the diffusion of oxy

gen. This change was opposite to the change in the heterojunc

tions after a similar air heat treatment. Therefore, one should

be careful when using the results obtained from the Schottky

junctions to optimize the solar cell fabrication procedure using

the electrodeposited culnse2 films. Only the information obtained

before any treatment reflects real properties of the CulnSe 2

films. After the heat treatment, the apparent diffusion potential

was increased. This could be due to the formation of an interfa

cial layer.

Cells of CdSjCulnSe2 with single layer Cds and CUlnse2 were

made on two different substrates: molybdenum plates and molybde

num coated glass plates. Photovoltaic effects were readily ob-
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tained for the cells on the Mo/glass substrates. However, an air

heat treatment (at 200 OC) had to be carried out for the cells on

the Mo plates in order to produce strong photovoltaic effects.

The air heat treatment was also found to improve the performance

of the cells on the Mo/glass substrates. The treatment resulted

in a decrease in the carrier concentration of the CulnSe2 films,

which is interpreted as a result of elemental inter-diffusion

during the treatment. It was also observed that the change of

concentration in the region near the physical junction was small

er, indicating an oxygen compensation effect during the air heat

treatment. The short circuit current in the CdS/CulnSe2 cells was

observed to be affected by the composition of the CulnSe2 films.

An inèium to copper ratio of 1.1 was found to give the best

results for the single-layer cell structure. The fitting results

for room temperature I-V characteristics of the cells showed that

recombination current was about one order of magnitude larger

than the saturation current. From the saturation current, a

barrier height of about 0.64 V was obtained. This value was close

to the diffusion potential value obtained from the C-V character

istics.

From the fitting results given in Tables 5.1 and 7.1, curves

of I r /T 3 / 2 versus 1000/T were obtained for a Schottky junction

(No. 3824) and a heterojunction (No. 3784) (see Fig. 9.1). From

the slopes of the lines in Fig. 9.1, the activation energy values

for the recombination current can be obtained according to the

equation:
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(9.1)

Here Ir is the pre-exponential term in the second term of equa

tion (5.1). It is seen that the Ea value obtained for the Schot

tky junction is about 0.9 eV, which is close to the reported ba~d

gap value for the crystalline CUlnSe Z ' The results thus allow

one to conclude that the dominant current in the Schottky junc

tion is the space charge recombination in CuInSe Z side. For the

heterojunction device, the activation energy is about 0.66 eV,

suggesting that the interface recombination process is dominant

in the recombination current of the heterojunction device.

The intercepts of the C-Z_V curves for the cells were fre

quency-dependent. This effect suggested that the interface states

presented in the CdSjCuInSeZ cells have a wide range of response

time constants. In addition to the above, the C-V results were

also affected by external illumination. Under the illumination,

the C-Z-V curves shifted to a more negative voltage region,

giving a smaller voltage intercept value. These results suggested

the presence of interface states with a high concentration. Under

AM1 illumination condition, the density of the light induced

interface states was estimated to be about 5x10 1Z cm- Z for a 5%

cell. This value, which is large enough to cause a large inter

face recombination component in the junction current, was be

lieved to be smaller than the total density of the interface

states. The effects of deep levels on the illuminated C-V were

also observed. The slope of CL-Z-V curves was slightly smaller

than that for the non-illuminated ç-Z_V curves. The charged deep

level density under AM1 illumination was estimated for one of the
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cell to be less than one third of the dark effective carrier

concentration.

The electrically active energy states in the electrodepos

ited CulnSe2 films were investigated using the admittance spec

troscopy technique. In such experiments, the admittance of the

CdS/CulnSe2 devices at different frequencies was measured in the

temperature range from 80 K to 300 K. Conductance peaks were ob

served for aIl of the devices studied and the devices were clas

sified into two groups according to the location of the conduct

ance peaks. For the first group, conductance peaks occurred in

the range from 100 K to 140 K for frequencies ranging from 4 kHz

to 40 kHz. The activation energy value for these devices was

about 50 meV. The second group of samples showed conductance

peaks in a much higher temperature range (180 K to 220 K) and an

activation energy of about 160 meV was obtained for those sam

pIes. The difference in the activation energy was found to be

related to the metal ratio in the CulnSe2 films. The In/Cu ratio

was about 1.1 for the first group of devices (energy 50 meV) and

was 1.25 for the second one (energy 160 meV) .

From the results obtained in this thesis, it is clear that

the electronic quality of the electrodeposited CulnSe2 thin films

is appropriate for photovoltaic device fabrication. However, in

the present cells studied, the resistivities of the CdS and the

CulnSe2 films were too low to form a wider depletion region. In

addition to the above, the open circuit voltage of the cells was

relatively small due to the presence of interface states and

defects in the CulnSe2 films. Due to the large leakage current
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and the relatively large series resistance, the fill factor of

the devices ~as also limited. AlI of the above mentioned problems

are the basic problems of the single layer CdS/CulnSe 2 cell

structure.

In order to improve the performance of the cells, new device

structures must be adopted. For instance, double layer CdS and

CulnSe2 (with high resistivity CdS and CulnSe2 layers adjacent to

each other) can be used to increase the I sc and FF values. If

high resistivity CdZnS film is used, the lattice mismatch can be

reduced and the density of the interface states will decrearease. An

additional increase in the short circuit current can be obtained

if the low resistivity top CdS layer (Eg=2.4 eV) is replaced by a

low resistivity ZnO films (Eg=3.3 eV). The defects in the CulnSe2

films can be reduced by a more careful treatment of the sub

strates or by increasing the thickness of the Mo films. The cell

results in the present work also showed that it is important to

achieve uniform properties in the deposited CdS films.

From the results obtained in this thesis, it can be stated

that solar cells made with thin films of CUlnSe2 deposited using

the electrodeposition method have a very encouraging future

especially for large scale photovoltaic applications. The price

of the cells can be very low if large area cells are fabricated

using this method of low energy consumption and high material

utilization. By adopting better cell structures, the conversion

efficiency is expected to approach that Qf the vacuum deposited

cells. A lot of work has to be done, however, before this target

can be achieved.
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Finally, main contributions of this thesis are summarized as

follows:

The first contribution of the work is on the successful

development of a chemical deposition process for the preparation

of ternary compound semiconductor CulnSe 2 . The conditions were

established for the deposition of good quality Culnse 2 thin films

with controlled composition. The second contribution is on the

investigation of effects of a vacuum annealing on the crystal

linity and the composition of the electrodeposited CulnSe2 films.

The third contribution is on the participation in the study of

I-V, C-V characteristiss of the Al/(p)CulnSe 2 Schottky junctions.

The fourth contribution is on the fabrication of CdS/CulnSe 2

solar cells on the electrodeposited CulnSe2 films with an active

area conversion efficiency up to 5.6%. The fifth contribution is

on the investigation of effect of post-fabrication air-treatment

on the performance of the cells and variation of spa ce charge

concentration in the electrodeposited CUlnSe 2 films with the air

heat treatment. The sixth contribution is on the investigation of

the current transport mechanism in the CdS/CulnSe2 cells. This

includes studies of interface states and deep levels in the

CUlnse2 cells by illuminated C-V measurements. The last contribu

tion is on the identification of energy levels in the electrode

posited CulnSe2 films by admittance spectroscopy measurements.

This includes the observation of the relationship between the

energy level(s) and the metal ratio in the electrodeposited

CUlnSe2 films.
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