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• ABSTRACT

Photovoltaic cells with a ZnO/CdS/CulnSe~ structure have been fabricated on bulk

C'JlnSe~ substrates. Conversion efficiencies of more than or near 10 % were routine!y obtained

on cells with an active area of up to 8 mm~ and without the use of an antireflection coating. The

highest conversion efficiency of Il.5 % was obtainea on a cell with an active area of -1 mm~. This

cell is comparable in conversion efficiency to the highest value of 12 % [Il reponed in the

literature for monocrystalline CulnSe~ cells but has an active area of more than five times larger.

The CulnSe~ single crystals were grown by a horizontal Bridgman method. Adhesion of

the CulnSe~ ingot to the inner wall of the quanz ampoule was observed in earlier experiments.

This problem was later overcome by the inclusion of a getter, such as a thick layer of carbon or a

piece of solid graphite, into the ampoule. Using this method, uniform p-type CulnS~ single

crystals ofup to 2 cm on a side were obtained. A thin layer of high-resistivity CdS was deposited

onto the mechanical-polished CulnS~ substrate as the buffer layer. The CdS layer was deposited

by a chemical-bath method and was about 300 to 500 Â thick. A low-resistivity ZnO window

layer ofabout 1 J,lm thick was then deposited on top ofthe CdS by r.f. magnetron sputtering.

An annealing of the CulnS~ substrate before the CdS deposition was found to be essential

in obtaining high photovoltaic performance. The optimal annealing condition was 350 oC in argon

for 2 hours. The annealing was able to reduce the large density of defect states on the

mechanical-polished CulnS~ surface and led to a substantial decrease of the dark junction

current. Both the open-circuit voltage and fill factor were significantly improved by the substrate

annealing. Temperature-dependent 1-V measurements showed that the CUITent transpon of the
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• ZnO/CdS/CulnSe~ cells was governed by a tunne1ing/recombination mechanism C'al'acit;lIlcc­

voltage measurements showed the presence of intertàce states and deep levels The buricd

homojunction obser'\'ed in some CdS/CulnSe~ cells [2] was not detcctcd by c\cctron-bcam­

induced-curr.~nt (EBlC) rr.easurements in the ZnO/CdS/CulnSe~ cells. Th" dit1ùsion \cngths of

the CulnSe~ substrates were also detennined by EBlC and were estimated to be about -l to 6 ~lm.

A deep level at about 0.23 eV l'rom the valence band edge was identified in most of the CulnSe~

crystals by deep-Ievel transient spectroscopy. The density of this deep level was about 101' to

la'· cm". A shallower deep level was also observed in sorne of the samples.

[1] J.L. Shay. S. Wagner and H.M. Kasper. Appl. Phys. Leu. 27.89 (1975).

[2] R.J. Matson. R. Noufi. R.K. Ahrenkiel and R.C. Powell. Solar Cells 16.495 (1986).
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• RÉSUMÉ

Des cellules photovoltaïques de structure ZnO/CdS/CulnSe~ ont été làbriquées sur

substrats de Cu[nSe~. Une efficacité de conver'ion de plus ou de prés de 10 % a régulièrement

été obtenue sur des cellules dont la surface active allait jusqu'à S mm~. sans l'utilisation d'une

couche anti.elle!. L'efficacité de conversion maximale de 11.5 % a été obtenue sur une cellule

ayant une surface active de 4 mm~. Cette cellule est comparable. en termes d'efficacité de

conversion. à la valeur maximale de 12 % [1) publiée au sujet des cellules monocristallines de

CulnSe~. mais possède une surface active cinq fois plus grande.

La croissance de monocristaux uniformes de CulnS~ de type p a été obtenue par la

méthode de Bridgman horizontale. Une adhésion du lingot de CulnS~ sur les parois intérieures

de l'ampoule de qual1z a été observée lors d'essais précédents. Ce problème a été résolu par

l'ajout d'un anti-adhésif. tel une épaisse couche de carbone ou une pièce de graphite solide, dans

l'ampoule. Gràœ i: cette méthode. des monocristaux de CulnS~ ayant des dimensions latérales

jusqu'à 2 cm ont été obtenus. Une mince couche de CdS à haute résistivité a été déposée sur le

substrat mécaniquement poli de CulnS~ à titre de couche tampon. La couche de CdS, d'une

épaisseur de 300 à 500 Â.. a été déposée par méthode de bain chimique. Une couche fenêtre de

ZnO à basse résisti~;té d'environ 1 /lm d'épaisseur a ensuite été déposée sur le CdS par

pulvérisation cathodique r.f.

Une recuite du substrat de CulnS~ avant la déposition du CdS s'est avérée essentielle afin

d'obtenir de hautes performances photovoltaïques. Les conditions de recuite optimales étaient de

350 oC dans l'argon pour 2 heures. La recuite a permis de réduire la haute densité d'état de
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• defauts sur la surface de CulnSe~ mecaniquement polie et a conduit à un.: baiss.: substantidk dl!

courant de la jonction non ilIuminee. La tension en circuit ouvert et le facl<:ur d.: charg.: ont tous

deux ete significativement ameIiores par la recuite du substrat. Des mesures 1-V sdon la

temperature ont demontre que le transport du courant dans les cellules de ZnO/CdS/Cu\nS.:, etait

regle par un mécanisme d'effet tunnel et de réassocia:ion. Des mesures de capacite-tension ont

démontré la présence d'états d'interface et de niveaux profonds. L'homojonction .:nfoui.:.

observée dans quelques cellules de CdS/CulnS~ [2]. n'a pas été détectee par les m.:sures d.:

courant induit par faisceaux d'électrons (ElBe) effectuées sur les cellules de ZnO/CdS/CulnS.::.

La longueur de diffusion des substrats de CulnSe~ a également été déterminée par EBlC à environ

4 à 6 IJ.m. Un niveau profond ~ près de 0.23 eV du bord de la bande de valence a été identifie,

dans la plupart des cristaux de CulnS~, par spectroscopie transitoire à niveaux profonds. La

densité de ce niveau profond était d'environ \01; à \01' cm';. Un niveau plus superficiel a

également été observé dans quelques-uns des échantillons.

[1] lL. Shay, S. Wagner and H.M. Kasper, App/. Phys. LeI. 27, 89 (1975).

[2] RJ. Matson, R. Noufi, R.K. Ahrenkiel and R.C. Powell, Sa/or Cells 16, 495 (1986).
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• CHAPTER 1

INTRODUCTION

As world energy consumption increases steadily. concerns of the prospect of c:xhaustion of

convention energy resources. such as fossil fuels. are also growing. Combined with the

environmental issues offossil PJels. such as air pollution. acid rain and global warming. alternative

resources of energy production are earnestly considered. Nuclear energy has been used in sorne

countries and contributes significantly to their total energy production. However. radioactive

waste disposaI. safety concerns of the nuclear facilities and the possibility of misuse of the nuclear

materials not only raise environmental but also political issues. The widespread use of nuclear

energy is still controversial.

With minimum environmental pollution and unlimited resource. renewable energy has

great potential to become the major supply of energy in the future. Photovoltaic energy

conversion is one of the promising renewable energy sources. Although it is still too expensive to

become a major energy source, photovoltaic energy conversion excels in severa! areas, such as

space applications, consumer electronics and remote area power generation. With the continuous

decrease of cost and increase of conversion efficiency, the use of photovoltaic systems for large­

scale terrestrial energy production may be \vithin reach in the near future.

Copper indium diselenide (CulnSc:!) is one of the four thin-film materiais from which solar

cells with conversion efficiencies greater than 10 % have been demonstrated. The other three

materials are amorphous silicon. cadmium teIluride and cuprous sulfide. Actually, thin-film

CulnSc:! cells are approaching commercial applications with Siemens Solar Industries
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• demonstrating CulnSe, aUov-based large-area modules with an area of O.3ï m: and a conversion- - '" -
efticiency of 11.4 % [1.1]. Thin-film photovoltaic ceUs are desirable for lar!;:e-scale terrestrial

applications because the manufacturing cost can be minimized by the smaU material cost of thin

films and the use of low-cost deposition techniques. Therefore. most of the studies on CulnSe:

have been carried out \Vith thin polycrystalline films of this material. However. single-crystal

CulnSe2 has been proved to be valuable for providing fundamemal understanding of this

semiconductor. Furthermore. single-crystal CulnSe: ceUs. although not feasible for practical use

because of cost considerations. may help to explore the potentials and limitations of this material

for photovoltaic applications that may evemuaUy lead to improvemems in thin-film CulnSe2 ceUs.

Copper indium diselenide is a ternary compound semiconductor with a chalcopyrite

structure and an direct energy gap of about 1 eV. It has the highest optical absorption coefficient

( > 10l cm") reported for any semiconductor. Solar ceUs based on this material are also weU

known for their lifetime stability. Copper indium diselenide was first investigated in the 1950'5 as

a member of the Cu-1II-VI2 family [1.2). which showed a potential in a variety ofopto-electronic

applications. However, the e:1.1raordinary absorption coefficients make CulnSe: an ideal absorber

for solar ceUs. especiaUy for thin-film applications. Shay. Wagner and Kasper [1.3) were the first

to demonstrate its potential with a smaU-area 12 % CdS/CulnSC2 photovoltaic ceU in 1975 based

on a single-crystal CulnSe: substrate. Later developments showed an extensive research activities

on thin-film CulnSC2-based solar ceUs and a steady increase of conversion efficiency for thin-film

ceUs. However, there were limited research activities on single-cry<;tal CulnSC2 ceUs and the 12

% efficiency has remained the highest for single-crystal ceUs for the past Iwo decades, probably

due to the difficulties in growing high-quality CulnSC2 single crystals and preparing the CulnSC2

• surfaces for device fabrication. The main objectives of the present work are to grow large and

2



• gaad-quality CulnSe2 single crystals and ta fabricate solar cells based on these CulnSe2 single

crystals with high conversion efficienc)·.

ln the pioneering work of CulnSe2-based solar cells, Shay et al. [1.3] fabricated a cell

with a conversion efficiency of 12 % by depositing a 5-10 Ilm thick CdS onto the cleaved "B"

(selenium) (112) face of CulnSe2 platelets. The CdS window layer was deposited by a coaxial

isothermal double source method [1.4]. Au was used as the ohmic contact to the p-CulnSe,

substrate. The open-circuit voltage (V0<) , shon-circuit current density (J",), fill factor (FF) and

conversion efficiency (1» measured under a solar illumination of about 92 mW/cm2 were 0.5 V,

38 mNcm2. 0.60 and 12%, respectively. It should be noted that an anti-reflection coating of SiO

was applied on the cell for these measurements and the uncoated cell had a conversion efficiency

of 10.6%. The high efficiency was measured in a small active area of 0.79 mm2 in order to avoid

microcracks, which severely limited the performance of the solar cell, on the CulnSe, subst;ate.

An earlier CdS/CulnSe, cell fabricated by the sarne workers [lA] as a broad-band visible and

near-infrared detector showed a solar conversion efficiency ot about 5 %. The single-crystal

CulnSe, substrate, however, was mechanically polished and etched in aqua regia before the CdS

deposition.

An indium-tin-oxide (ITO)/CulnSe, heterojunetion ceU was fab":.::ated by Kazmerski et al.

[1.5]. The lTO provided a wide-bandgap window layer (3.7 eV) for the monocrystalline CulnSe,

absorber. The ITO films were grown by electron bearn depositicn. An elevated sub~1rate

temperature of 180 oC had to be used in order to get improved device performance. No

information was provided for the CulnSe, surface preparation or crystal orientation. The CulnSe,

surface was ion-etched in situ before the lTO deposition and this procedure was essential in

obtaining high V0< and FF. Au was used as the back contact metal to the CulnSe, substrate. The

3



• Vu<. J~. FF and Tl were 0.50 V, 30.77 mA/cr.l~. 0.55 and S.5 %, respectivcly, under AMI

illumination. The active area of the cell was O. 13 cm~.

Arya et al. [1.6] also reported a CdS/CulnSe~ cell fabricated on a CulnSe~ polycrystal

grown by the Bridgman method. Thin pellets of about 1 mm thick were cut from a large-grained

Cu1nSe~ boule, mechanically polished on both sides. and then etched in a 2 % solution of

bromine+methanol. A layer of CdS with a thickness of 2.4 ).lm was evaporated onto the Cu1nSe~

pellet. Au was a!so used as the ohmic contact to the p-CulnSe~. The V""' Jo:, FF and Tl measured

under a simulated so!ar illumination of about 100 mW/cm~ were 0.42 V, 33.3 mA/cm2
, 0.42 and

5.9%, respective!y, for a cell with an area of 4.5 mm~. Small area cells (O.S mm2
) were then

defined by masking with microstop wax and etching away the e.xcess area with hydrochloric acid

in order to avoid microcracks and other inhomogeneities. This resulted in dramatic improvements

in the photovoltaic performance. Under the same illumination. V.., J"" FF and Tl were improved

to 0.45 V, 40.0 mA/cm~, 0.59 and 10.6%, respectively. lt appears that no anti-relleetion coating

was app!ied to the cells in these e.xperiments, making the cell performance comparable to the one

reported by Shay et al. [1.3] for the uncoated cell.

Although MOSt of the cells based on monocrystalline CulnSC2 were fabricated on bulk

crystals, ceUs based on epitaxial CuInSC2 films were also reported by Grindle et al. [1.7]. ln these

experiments, epitaxia! layer of CuInSC2 was deposited by molecular beam epitaxy (MBE) onto a

single-crystal CdS (OOOlS) substrate at 300 ·C. In the MBE system. the three elements Cu, ln

and Se were contained in three separate graphite crucibles, which were heated to the desired

temperatures during the experiments. The elemental beams were direeted to the CdS substrates

for the deposition. The composition and the resistivity of the CulnSC2 epitaxial layers were

strongly dependent on the ratio of the CulIn arriva! rate. CeUs fabricated from the low-resislivily
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• polype CulnSe2 showed an ohmic 1-V characteristic due to the Cd diffusion into these films. Cells

fabricaled from high-resislivity layers gave a poor photovoltaic response untiJ the cells were

ann-.:alcd al 300-400 oC in argon. Under a simulated solar illumination of 100 mW/cm2. the V,,,.

J~. FF and TI ofsuch a cell were 0.34 V. 31 mA/cm2. 0.44 and 4.7%. respectively.

Homojunctions of CulnSe2 were also reponed by several workers [LS-l.lO]. Yu ct al.

[I.S] reponed the formation of a CulnSe2 p-n homojunetion by the diffusion of cadmium into p­

lype CulnSe2. The CulnSC2 single crystals were prepared by a melt-grown method. P-type single

crystals with flat as-grown (1 12) surfaces were chosen for substrates. Substrates were etched

with a hot solution of HCI:HNO., (1:1) before the Cd diffusion. The diffusion was carried out

with the substrate placed at one end ofan evacuated quanz ampoule and Cd metal shots placed at

the other end. The quanz ampoule was then heated to 400 oC for 6-S minutes. The substrate was

then made into a mesa structure by etching the substrate in a hot solution ofHCI:HNOs (1: 1) with

lhe n layer protected by wax. Au was sputtered onto the p side and ln-Sn to the n sides as ohmic

contacts. A quantum efficiency of35-40 % in the wavelength region 0.9-1.2 IJ.m was obtained in

these cells. Only the quantum efficiency was reponed in tbis paper. A similar solar cell was also

reponed [1.9] by the same group with ion implantation replacing diffusion to form the junction.

A quantum efficiency of60-70 % in the wavelength region 0.7-1.1 IJ.m was reported.

Tell et al. [1.10] reponed the formation ofp-n homojunctions by annealing Zn-, Cd- and

Cu-plated p-type CulnSC2 samples at temperatures from 200-450 ·C. A zone-melting technique

\Vas used to grow the CulnSC;? single crystals. Sorne of the as-grown slices were annealed in

saturated Se vapour before the junction formation. This procedure resulted in more uniform

junction depth after diffusion. P-type slices up to 1 mm thick were etched in HCI:HNO:; (1:1)

solution. Junctions were formed by plating the etched surfaces with Zn or Cd from cyanide

5



• solutions or Cu Irom a CU1S0.+HNO; solution and [hen by annealing and quenching w mom

temperatures in evacuated quanz ampoules. A series of junctions was formed with various

combinations of annealing times and temperatures. The ohmic contact to the p-CulnSe1 was

provided by plated Au: while the plated Zn. Cd or Cu provided the ohmic contact to the n

diffused region. A large V"" of0.45 V was obtained in a cell with Cd diffusion.

More recently. Abou-Elfotouh et al. [I .11] reponed the fabrication of a (Cd,Zn)S/CulnSe1

cell on mechanically-polished CulnSC1 single-crystal substrates for the studies of defect lcvc\s.

Photovoltaic performance of the cells were limited to below 4 % in conversion efficiency and 0.25

V in open-circuit voltage. To the author's knowledge. these were about ail the single-crystal

CulnSC1 photovoltaic cells reponed for the last two decades although other works on the studies

of the properties ofsingle-crystal CulnSC1 or CulnSC1 crystal growth have also been reponed.

Although single-crystal CulnSC1 cells have seen little progress for the last two decades, the

same cannot be said to thin-film CulnSC1 cells. Constant progress has been made for thin-film

CulnSC1 cells and the conversion efficiency has increased fromjust 3-4 % in 1976 [1.12] to more

than 15 % [1.13] in 1993. Various methods such as three-source evaporation [1.14-1.16],

sputtering [1.17-1.19], selenization of metal precursors [1.20-1.22], electro-deposition [1.23­

1.25], spray-pyrolysis [1.26-1.27] have been used to deposit thin-film CulnSC1 with a various

degrees ofsuccess. Arising from the studies ofCulnSC1 thin-film cells, CulnSerbased alloys have

also been investigated and shown great promise. Recently, a ZnO/CdS/Cu(In,Ga)SC1 cell with a

total-area conversion efficiency of 16.8 %, which is the highest reponed for cells on CulnSer

based compounds, was demonstrated [1.28).

The present work was set out to develop a fabrication process for a high-efficiency single­

crystal CulnSC2 photovoltaic cell. A ZnO/CdS/CuInSC1 hetero-structure was employed for the

6



• cell. The ZnO acted as a window materiaI to provide the necessary electric field by forming a

heterojunction with the monocrystalline Cu\nSe1 substrate for the collection of light-generated

carriers. The CdS was very thin and mainly acted as a buffer layer. This structure has also been

widely used for thin-film CulnSe1-based cells so that a comparison of the !Wo types of cells can be

conveniently made. The Cu\nSC1 single crystals were grown by a horizontal Bridgman method

while the CdS was deposited by a chemical bath method and the ZnO by sputtering. Results of

the characterization of the materials and the analyses of the heterojunction are reported in this

thesis.

The structure of this thesis is the following. In chapter !Wo, the theory of solar cells is

briefly reviewed. The crystal groWlh of Cu\nSC1 and the characterization of the crystals are

presented in chapter three. The experimental details of the heterojunction fabrication are then

described in chapter four. Chapter five presents the electrical and photovoltaic characterizations

of the heterojunctions. Results on electron-beam-induced CUITent analysis of the heterojunctions

are shown in chapter six, which is followed by the studies of deep-level-transient spectroscopy in

chapter seven. Finally, conclusions are given in chapter eight.
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• CHAPTER2

THEORY OF SOLAR CELLS

2.1 Introduction

Solar or photovoltaic ceUs are devices that convert sunlight directly into e1ectricity by

means of special semiconductor materials and device structures. This electricity can be utilized

when an external electric load is connected to the solar cell. The basic mechanism of this

photovoltaic effect involves the release of electric charges, i.e. e\ectrons and holes in

semiconductors. by the incident light followed by the separation of these charges by an internai

eiectric field, usually provided by a p-n junction, in the solar ccli. These separated charges are

then collected by metal electrodes and flow through an e"..ternal load.

Fig. 2.1 shows the photovoltaic effect in a p-n junction in which the incident photons

create electron-hole pairs that are eventually separated by the electric field in the space charge or

depletion region. The electric field distribution of the p-n junction is also shown in the figure.

Electron-hole pairs are created in the space charge region and also in the neutral regions. The

charge carriers created inside the neutral region have to reach the depletion region by ditlùsion in

order to be collected. Depending on the semiconductors used and the device structure, charge

carriers created outside the space charge region can contribute significantly to the colleeted

current for sorne devices, especially for those semiconductors with a small absorption coefficient;

while for sorne devices, electron-hole pairs ereated inside the space charge region are more

significant.
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• Only photons with energy larger than the bandgap energy of the semiconductor are

absorbed by valence electrons. which will jump to the conduction band and leave behind holes in

the valence band to form electron-hole pairs. However. the photons are not absorbed

immediately at the incident surface. some will travel deep ioto the semiconductor befCJre being

absorbed. The absorption coefficient, which is different for each wavelength, of the

semiconduclor delermines, on average, how far a photon can travel in the semiconductor before

being absorbed. Charge carriers created too far, with a distance greater than one diffusion length

of the minority carriers. from the space charge region usually do not contribute to the output

current. They would recombine before they could reach the electric field and be collected.

Therefore. in order to maximize the collection efficiency of the light-generated charge carriers, a

cell structure which allows most of the light to be absorbed near the space charge region should

be used. For example, in a p-n homojunction solar cell, this is achieved by using a very thin top

layer 10 allow a significant portion of the incident light to reach and be absorbed in the depletion

region and the bottom layer. The photocurrent contribution trom the thin top layer is, thus, small

and is usually further reduced by surface recombination and short diffusion length.

In the case of CulnSC:!, a heterojunction is commonly used. In the heterojunction, the top

layer is usually a large bandgap semiconductor, called a window layer, which aIlows most of the

spectrum ofsunlight to pass without significant absorption. Most ofthe incident light will then be

absorbed in the CulnSC:!, which is aptly called an absorber, inside or ncar the depletion région due

to the large absorption coefficients of CuInSC:!, therefore, relaxing the requirement for long

diffusion length. Other factors, such as shunt and series resistances, aIso affect the performance

ofa solar cell. ln the following sections, the important pararneters of a solar cell will be discussed

in more details.
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• 2.2 Absorption Coefficient

An incident photon flux in a semiconductor decreases exponentially into the

semiconduclor with the distance from the incident surface. due to absorption. and can be

expressed as

F(x) =F(OV"" • (2.1)

where F(x) is the photon flux. measured in number of photons per square centimeter per second

per photon energy, at a distance x, F(O) is the incident photon flux at the semieonductor surlàcc

and cr. is the absorption coefficient at a particular photon energy. The generation rate of e\ectron-

hole pairs. which is equal to the photon absorption rate per unit volume, can then be e.xpressed as

G(x) =_dF(x) =aF(O)c-ax •

dx
(2.2)

lt can be seen that the generation rate of the free carriers is a strong function of the absorption

coefficient. The absorption coefficient as a function of photon energy is shown in Fig. 2.2 for

several commonly used semiconductors for solar cell applications. Photons with energies smaller

than the energy bandgap of a semiconduetor are genera1ly not absorbed, as can be secn from the

essentially zero absorption coefficients for such photons. However, the transition of cr. is abrupt

for direct-bandgap materials, such as CulnSC2 and CdTe, but more graduai for indirect-bandgap

materials, such as monocrystalline Si. Furthermore, the absorption coefficients of direet-bandgap

materials are usua1ly significantly larger !han indireet-bandgap materials. ln the case of single-

crystal Si photovoltaic cells, most of the low energy photons will travel deep into the

semiconduetor and, hence, a thick layer of silicon (sorne tens of microns) is requircd to absorb
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• the whole solar spectrum. Charge carriers generated deep in the Si base region have to diffuse to

the space charge region to be collected. Therefore, the longer the diffusion length in the base

layer is. the better the collection efficiency will be.

For a direct-gap semiconductor suitable for solar cell applications, the absorption

coefficients are relative high and constant compared to indirect-gap material for ail the photons

with energy larger than the bandgap. Hence, only a thin layer of material is needed to absorb ail

the photons. They are, therefore, more suitable for thin-film solar cell applications. CulnSC2 has

the highest absorption coefficient reported for any semiconductor, e.xceeding lOs Icm for photons

\Vith energies larger than the bandgap energy, so that a CuInSC2 layer of less than 1 Ilm thick is

sufficient to absorb most of the solar radiation. If a homojunction is used for such a

semiconductor, most of the photons will be absorbed ncar the incident surface of the top layer.

Most of the !Tee carriers will have to diffuse across the top layer to the junction to be collected;

unless a very thin top layer is used, l"ss of charge carriers through recombination can be large.

Furtherrnore, a large density of recombination centres are usually present at the top surface and

recombination loss at these centres can be significant. Therefore, a p-n heterojunction is usually

used for CulnSC2 and other semiconductors with high absorption coefficients.

ln a heterojunction, the n- and p-type semiconductors forrning the junction are two

different semiconductors. Usually the pair ofsemiconductors should have a good lattice match in

order to minimize the interface states, which can also act as recombination centres. A

semiconductor with a large ct is generally used as an absorber. A matching large bandgap

semiconductor is used as the Window layer. The energy band diagram of such a p-n

heterojunction is shown in Fig. 2.3. In the figure, Esl is the energy gap of the window layer and
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• Eg~ is the energy gap of the absorber. As explained before only photons with energies Iying

between Eg) and Eg~ will be absorbed by the absorber and contribute to the photocurrent.

It is obvious that the larger the energy band gap of the window layer material. the Illore

photons can be absorbed by the absorber. However. it does not have to be exceedingly large

because the solar spectrum has only a small number of high energy photons as can bc seen in Fig.

2.4. Other properties such as lattice constants as mentioned before. thermal expansion coefficient

and conductivity and other design considerations are also important factors that havp. to be taken

into account for choosing an appropriate window layer material. CdS \"dS a very common

window layer material for CulnS~ because th~ (0001) plane of CdS has a very good lanice

matching with the (112) plane ofCulnS~ and has a modestly large b::ndgap of 2.4 eV. However.

ZnO has replaced CdS as the more popular \vindow layer for c.'lnS~ because of its large

bandgap (3.3 eV) and good electrical and antireflection properties. Furthermore. it can minimize

the use of the toxic cadmium although CdS is still commonly used as a thin buffer layer for

CulnS~ based cells because of the e.xcellent lattice matching.

2.3 Spectral Response

The number oflight-generated charge carriers collected relative to the number of incident

photons at a particular wavelength is the spectral response of a solar cell. The spectral response

of a solar cell is sometimes called quantum efficiency. lt can be represented by the following

equation.

(2.3)
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• where Î. is the wavelength of the photons, l",;"), I.(ï..) and I.,(ï..) are the photocurrent collected at

this wavelen!;,'th in the p, n and depletion regions, respectively, q is the electron charge, A is the

area of the solar cell, F(ï..) is the incident photon flux and IL(ï..) is the total photocurrent collected.

This is the external spectral response of the solar cell.

An internaI spectral response is also defined by considering only the photons entering the

cell, i.e. by subtracting the reflection at the top surface, in order to measure only the internai

absorption and loss mechanism. The spectral response depends on the absorption coefficients,

diffusion lengths and the doping concentrations of the window and absorber layers. and also

depends on the design structure of the solar cell.

Sorne useful information can be learnt from the spectral response. For e.'l:ample. by

looking at the spectral response. a cell designer may leam that absorption at sorne wavelengths

needs improvement. which may be achieved by tuning the properties of the semiconductor and/or

modifYing the cell structure. The internai spectral response of a typical Si p-n homojunction solar

cell is shown in Fig. 2.5. The ideal response curve corresponds to the ideal case in which every

photon above the bandgap energy is absorbed and contributes to the photocurrent without any

loss. It can be seen that the base region mainly absorbs low energy photon while the front region

mainly absorbs high energy photons and the contribution to the total photocurrent from the

depletion region is small in this cell. Of course, the spectral response curve of a solar cell with

different semiconductors and cell structure could be quite different from the one shown in Fig.

2.5.
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• 2.4 Open-circuit Voltage, Short-circuit Current, Fill Factor and Conversion

Efficiency

The equivalent circuit of a p-n junction, either a homojunction or helerojunction, solar

cell is shown in Fig. 2.6. lt is basically considered as a p-n junclion diode in paralle1 with a light-

generated current source, which is opposite in direction to the forward-biased current of the

diode. The shunt resistance R.J. of the diode can be caused by leakage along the edges of the cell

or other defects such as crystal defects, grain boundaries or microcracks. The series resistance ~

accounts for the bulk resistance of the p- and n-type semiconductors and the resistance of the

front and back contacts. ~ represents the resistance of the load to which the solar cell is

connected and delivers power. When it is not ilIuminated, the solar cell can be considered just as

•
a p-njunction diode and has the following current-voltage (I-V) characteristic,

«V-Rio) V - R 1
ID=I.[e nItF -1)+ R SD ,

>Jo

(2.4)

where ID is the diode current, I. is the diode saturation current, n is the diode ideality factor, k is

the Boltzmann's constant, T is the temperature, Rs is the series resistance and R.J. is the shunt

resistance. The value ofthe diode ideality factor, n, depends on the current mechanism across the

p-n junction. It has a value ofone when the current mechanism is thermal injection ofthe charge

carriers across the p-n junction energy barrier, but has a value oftwo when the current mechanism

is due to carrier recombinations in the space charge region.

In a practical device, the n value may lie between one and two because either due to a

combination of the two current mechanisms or a modification of the detail of the current

mechanisms under certain conditions [2.4]. However, the dark current-voltage characteristics of

• heterojunctions are sometimes dominated by tunne1ing [2.5); in such a case the term q/nkT ofthe
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• exponential in Eq. (2.4) has to be replaced by a constant which is temperature independent but the

basic form of the equation is the same. A1though the diode ideality factor is no longer applicable

for tunneling current, it can lead to an apparent n value trom smaller than {wo [2.5] to Iarger than

two [2.6, 2.7]. Therefore, a tunneling current may sometimes be mistakenly interpreted as a

recombination current and/or an injection current.

The equivaIent circuit of an ilIuminated solar cell has an 1-V characteristic that can be

represented by the following equation,

qCV-R,I) V -R 1
1=ID-I,.=I.[e nJtT -l]+-R-=-s-

'"
(2.5)

•
where Ipb is the photocurrent. Fig. 2.7 shows the 1-V characteristics of a Si homojunction solar

cell. The intercept of the 1-V curve to the current axis corresponds to the short-circuit condition,

when V =O. From Eq. (2.5),

-q/l,J. R 1
1 =1 [e nJtT -ll-~-I.. • R." ph'

(2.6)

Under normal illumination, the eff~ of the series resistance is negligible at the short-circuit

condition for a good solar cell and the short-circuit current can be considered as equal in

magnitude to the photocurrent, i.e. Le = -Ipb. Similarly, the shunt-resistance effect is usually

negligible at the open-circuit condition, when 1= O. The open-circuit voltage can be expressed as,

(2.7)

•
The short-circuit and open-circuit conditions can be represented by the equivalent circuit when~

= 0 and~=., respectively.
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• \Vhen the load resistance is between 0 and ~,the powcr delivered to thc load is cqual to

the product of 1 and V. i.e. POOl = IV. In real application. a panicular load rcsistance value is

usual!y used to maximize the power output,

(2.8)

where lm is the current and Vmis the voltage at the maximum output power. The fil! tàctor. FF. is

defined as.

H' = f",(max) Iml~

1)'"., 1);"
(2.9)

The fil! factor is affected strongly by the series and shunt resistances and depends also on the

current mechanism. which determines the shape of the I-V curve and. in tum. the maximum

power point.

The conversion efficiency is the most imponant parameter of a solar cel! and it is a

measure of the power-deliverance capacity of the solar cel! to an extemal load under optimum

condition. lt is given by

-,I~"",o,,,,"(m_ax...<.·)
1]=-

P..
1 Il FF·I 'v--!!!.....!!!.= sc OC'

~n F:n
(2.10)

where Pin is the incident solar power. The three parameters, FF, 1.. and V... determine the

conversion efficiency ofthe solar ceIl.

2.5 Effects of Series and Shunt Resistances

A large series and/or a smaIl shunt resistances can have a detrimental effect on the

performance of a solar ceIl. The open-circuit voltage is not changed but the fiIl factor is seriously

reduced by a large series resistance as can be seen in Fig. 2.8 (a). The short-circuit current is aise
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• reduced by the series resistance. but for a good solar cell with a small series resistance. the

reduction should be negligible. However. the reduction of the fill factor may not be negligible

even for a small series resistance. The shunt-resistance effect is shown in Fig. 2.8 (b). The short­

circuit current is not affected but the fill factor is again reduced by a small shunt-resistance. The

open-circuit voltage is also reduced in this case. In a practical device. the shunt-resistance is

usually large enough to be neglected at 1 solar intensity or above. At low illumination intensities

and low temperatures. the effect of shunt resistance becomes more and more important. On the

contrary. the series resistance affects the solar cell performance at higher intensities and

lemperatures.
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• CHAPTER3

GROWTH AND CHARACTERIZATION OF CuInSc:!

SINGLE CRYSTALS

3.1 Introduction

Large and good-quality single-crystal CulnS~ substrates are required for the fabrication

of the ZnO/CdS/CulnS~(bulk) solar cells. A variety of methods have been reponed for the

groWlh ofCulnS~ single crystals, but the Bridgman method [3.1-3.6], directional-freezing [3.7­

3.11] and zone-melting [3.12,3.13] have been more commonly used. GroWlh e."periments using

the iodine-transport method [3.14], hydrothennal method [3.15] and open-crucible liquid­

encapsulated Czochralski method [3.16] were also reponed.

ln the present work. a horizontal Bridgman method has been used for the groWlh of

CulnS~ single crystals, although a venical Bridgman system was also employed in the early stage

ofthis work [3.4, 3.17-3.18). The CulnS~ substrates used for cell fabrication were aIl grown by

the horizontal Bridgman method. A one-ampoule process has been employed for the synthesis

and groWlh of the compound. Ingots grown with this process were generally unifonn in

conductivity type and composition. Haupt and Hess [3.1] and Parkes et al. [3.12] reported the

use ofa two-ampoule methods, in which the synthesis and groWlh ofCulnS~were carried out in

separate ampoules, resulting in ingots that were non-unifonn in composition and conductivity

type. The non-uniformity was probably caused by the loss of selenium from using a second

ampoule for the growth because sorne selenium might have left behind in the tirst ampoule.
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• One of the greatest problems of the Bridgman growth of CulnSez has been the adhesion of

the ingot to the inner wall of the quartz ampoule after the growth. The adhesion not only induces

cracks in the ingots and limits the size of the crystals but also creates other defects in the crystal

structure. Several methods have been suggested to minimize this problem. These methods

include degassing of the ampoule at a high temperature (about 1000 oC) in vacuum [3.19],

roughening of the inner wall of the ampoule with alumina powder [3.3] and baking of the starting

materials at a low temperature (about 100 oC) just prior to sea1ing the ampoule [3.20). However,

none of these methods was found to be very effective in avoiding the adhesion in the present

work. A method has then been developed in this laboratory by introducing into the quartz

ampoule a thick layer ofcarbon .:oating or a piece ofsolid graphite as a gettering agent and it was

found to be very effective in avoiding the adhesion [3.21).

ln this chapter, the crystal growth system and process, the adhesion problem and the

characterizations of the crystals are described.

3.2 Horizontal Bridgman Growth of CulnSez

In the Bridgman method. the material to be grown is usually contained in an ampoule or a

crucible. The ampoule is then passed through a stable temperature gradient, from temperatures

above to temperatures below the meiting point of the material. The starting materials for the

growth are either polycrystals of the material to be grown or, in the case of a compound,

constituents of the compound. If the starting materials are the constituent e\ements, they are

allowed to reaet to form the compound before the crystal growth. The growth starts by bringing

the ampoule to the high temperature zone ofthe fumace to let the starting materials melt and mix
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• for a cenain period of time. The ampoule is then moved along th.: t.:mp.:ratur.: gmdi.:nt. Th.:

melt stans to solidifY when it is passed through the melting point. \Vith th.: rig!lt conditions. th.:

melt crystallizes and single crystals can be obtained. In sorne cases. closed ampouks al'': r.:quir.:d.

especially for the growth of a material which is volatile or contains volatile compon.:nts. Sinc.:

selenium is highly volatile at elevated temperatures. closed ampoules are required for th.: growth

of CulnSC:!.

3.2./ CrystCl/ Groll't/z System

To provide the stable and appropriate conditions for the CulnSc:! crystal growth

experiments. a reliable horizontal crystal growth system had been assembled for the present

work. A schematic diagram of this system is shown in Fig. 3.1. A Thermco ME-SO horizontal

resistive furnace was used to provide the necessary temperature gradient for the growth

e.'l:periments. It was a three-zone furnace with the central zone adjustable from 400 to 1400"C

and the end zones adjustable to ± 50 ·C ofthe central-zone temperature. The furnace temperature

could remain stable within ±1/4 ·C. The growth chamber was a ceramic tube heated by the heating

elements of the furnace and had an inner diameter of about 6 inches. During the growth,

refractory materials and quartz wool were placed at the ends of the ceramic tube for insulation.

The temperature profile of the furnace for the growth is shown in Fig. 3.2. The central zone was

set at about 1100 ·C for the growth.

ln addition to a furnace, a pulling mechanism is required for passing the ampoule through

the temperature gradient inside the furnace. In the present work. it was a home-made mechanism

consisting of severa! pans as shown in Fig. 3.1. A dc motor and a geaI' system controlled the
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• horizontal movement of a platform on which an ac motor for rotation was seated. The ac motor

was connected to a chuck into which the quartz rod joining the ampoule was clamped as in the

diagram ln other words. the dc motor provided the horizontal movement of the ampoule for the

growth process and the ac motor provided the rotational motion for mixing. The horizontal speed

of the ampoule was adjustable from 1 mmlhr to more than 2 cmlhr by changing the voltage input

to the dc motor. The rotational speed was fixed at about 15 rpm.

It should be noted that most experimental results reported in this thesis were obtained with

CulnSe~ samples grown by the horizontal Bridgman system. including all the results for the solar

cell fabrication. Only the results of a few vertically-grown samples were reported for the etching

cxperiments in section 3.4.4. Therefore. the vertical system will not be elaborated here. interested

readers might refer to the references [3.4. 3.17-3.18] for details. However. similar crystal growth

processes were used for the two systems.

.t2.2 Ampoule Preparatioll

ln the crystal-growth e;I;periments. a special step-shaped quartz ampoule was used, as

shown in Fig. 3.3. Quartz tubes with an inner diameter of 12 mm and an outer diameter of 16 mm

were used for the preparation ofampoules. First ofall, one end ofa quartz tube was closed and

tapered into a conical shape using a H~/O~ torch. The purpose ofthe tapered end was to facilitate

nucleation of the CulnS~ at the beginning of the crystal growth. The quartz tube was then bent

into the desirable shape. usually a step-like shape. Following this, the quartz tube was cleaned

thoroughly with soap, trichloroethylene and acetone to remove organic impurities and then

soaked with aqua regia for 24 hours to remove any metallic impurities. It was next rinsed with
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hot and cold de-ionized water for many times. After dr)'ing. the upper part. section B. of the

ampoule was coated with a layer of carbon. as shown in Fig. 3.3. by the pyrolysis of acetone

Carbon coating was used because it was found to be effective in avoiding the adhesion of the

CulnSe~ ingot to the quartz ampoule after the crystal groMh [3.21]. The carbon mainly acted as

a gettering agent of sorne species. probably O~ or H~O. that could cause the adhesion. A more

elaborated discussion of the adhesion problem will be presented in the next section.

The carbon coating was deposited in the following way. Small amount of acetone.

CH;COCH;. was first introduced into the ampoule. The highly volatile acetone quickly vaporized

and filled up the ampoule. By heating a localized region in the upper part of the ampoule with a

torch. the acetone vapour decomposed by the action of heat into carbon and water vapour and a

layer of carbon was fonned and deposited locally at the region. The carbon-coating process was

continued by applying heat to different regions of the upper part of the ampoule lmtil the desired

area was ail covered with a layer of carbon. The ampoule was then carefully rinsed with acetone

again to remove any loose carbon particles inside the ampoule. After the carbon coating. the

ampoule. with the open end connected to a vacuum pump. was then baked at 1050 oC for 4 to 5

hours for outgassing. It was then ready to be charged with the starting materials.

The starting materials for the groMh experiments were copper (6 9's), indium (5 9's) and

selenium (59's) elements. The Cu was etched with diluted RN03 and the In with diluted HCl to

remove the thin oxide layers covering the metal pellets. They were then rinsed with DI water

followed by alcohol. The Se was used either as-received or rinsed with DI water and alcohol.

After this. the lower part of the ampoule, section A in Fig. 3.3, was quickly charged with the

starting materials weighed in stoichiometric proportions (Cu:In:Se=I: 1:2). The total weight of

the Cu. In and Se elements used was from 16 to 32 g. The ampoule was then pumped down to a
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• pressure of about lO'l to 10-6 torr and sealed off with the H2/02torch. The newly sealed end of

the ampoule was then connected to a quartz rod which. in turn. was fixed OntO the horizontal

pulling mechanism ofthe growth system for the growth experiment.

3.2.3 Crystal (irowtlz

A one-ampoule method was used in the present work for the growth of CulnSe2 crystal;

whereas a two-ampoule method was used by other workers [3.1. 3.5. 3.12]. In the one-ampoule

method. synthesis of the CulnSC2 !Tom the starting elements Cu. In and Se and crystal growth of

the compound are carried out sequentially in the same ampoule. For the two-ampoule method,

the synthesis of CulnSC2 and the crystal growth take place in two separate ampoules. There are

advantages of the one-ampoule method over the two-ampoule method. No breakage of vacuum

and transfer of the compound to a second ampoule is required, reducing contamination and loss of

materials.

Agrowth experiment started by pushing the ampoule into the fumace slowly from one end

to the central zone of the fumace by the puIling mechanism. The temperature of the central zone

of the fumace was set to 400 oC. which was the minimum adjustable temperature. However, it

\Vas observed that the reaction ofthe elements started slowly at about the melting point ofIn (156

"C) and !umed vigorous at the melting point (217 oC) of Se, which has a very high vapour

pressure beyond its melting point. In order to avoid ampoule cracking or even explosion, which

occurred occasionally when the temperature of the ampoule was increased too rapidly [3.17]

during the synthesis or reaetion stage, the ampoule was placed at the end zone of the fumace

where the temperature was below 150 oC. The ampoule was then pushed into the fumace slowly
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• at about 2 cm/h, giving a temperature increasing rate of the ampoule not more than 20 °C/h.

Using such a procedure. cracking or explosion of the ampoule has not been observed.

After the ampoule reached the centra! region of the fumace. most of the starting materials

had reacted to form the CulnS~ compound and the temperature of the fumace was raised quickly

at a rate of about 100 °C/h to 1100 oC. The melting point of CulnS~ is 986 oc. The CulnSe;,

melt was then mixed either by rotating the ampoule for severa! hours using the rotation motor or

by agitating the ampoule manually to prevent the melt to come into contact with the carbon

coating. After the mixing, the growth was started by withdrawing the ampoule at a rate of 1 to

10 mmlh. Most of the samples were grown with a rate of 10 mmIh because a slower rate had not

been found to yield crystals with higher quality. After the ampoule was pulled to the region with

a temperature beiow the low-phase-transition temperature (665 oC)" [3.22]. the temperature of

• the fumace was decreased at 50 0C/h to the minimum adjustable temperature of the fumace and

then the fumace was tumed off. Fig. 3.4 shows a photograph of an ingot inside an ampoule after

the growth experiment. Using this procedure, ingots containing large CulnS~ grains !Tom severa!

millimeters to up to 2 centimeters a side were routinely obtained.

3.3 Adhesion Problem

•

One ofthe main difficulties encountered in growing CuInS~ crystals is the adhesion of the

ingot to the quartz ampoule after the growth. To tackle this problem, carbon coating was first

investigated in the present work as a barrier layer between the quartz ampoule and the CuInS~ by

depositin~ the coating onto the inner wall of the whole ampoule. The idea behind this was to

• This phase uansition was notobscrvedby othcr worIcer:s. Howcver. ano1hcrtonfirmcd pbascuansilion is at 810 'C [3.22).
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prevent the CulnSl:2 melt from making contact with the ampoule because it was speculated that

the CulnSl:2 melt reacted with the quartz ampoule during the crystal growth. It was found that a

thick layer of carbon deposited by pyrolysis of acetone was indeed capable of avoiding the

adhesion, but a thin layer was ineffective. However, parts of the carbon coating were occasionally

detached from the ampoule wall after the growth and the carbon would sometimes incorporate

into the CulnSl:2 ingots. ln the runs with mixing by rotating the ampoule, the peeling off of the

coating was even more severe. An ingot contanünated by carbon is shown in Fig. 3.5 (a). It

should be noted that the carbon contamination appeared only on the free surface of the ingot

because those detached carbon partic\es f10ated on the CulnSl:2 melt during the growth and

locked into the ingots after the CulnSl:2 melt had solidified. Although the elimination of the

adhesion resulted in improvements of the quality of the CulnSl:2 ingots with less cracks and

defects and generally larger CuInSl:2 grain size, severe carbon contamination could limit the grain

size.

Another observation was that after the peeling offof the carbon coating, the CulnSl:2 was

in direct contact with the quartz ampoule and yet there was no adhesion. This indicates that

CulnSl:2 itseIf may not react with quartz. It is possible that the presence of carbon eliminated

sorne substances, probably at high temperatures, that were causing the adhesion. ln order to

prove this, severa! experiments were carried out. Sorne ampoules were made with the carbon

coating only covering the upper part, section B, ofthe ampoule, as shown earlier in Fig, 3.3. The

CulnSl:2. in section J.~ had no contact with the carbon coating, but in direct contact with the

quartz ampoule wall throughout the experiment. The mechanica1 mixing was replace<! by a high

temperature soaking, i.e. the ampoule was maintained at the same temperature for the same

• period oftime but without the rotational mixing, to avoid any contact of the melt with the carbon
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• coating. Using such an arrangement the adhesion was aise absent in such ampoules; whereas,

under the same conditions but without the carbon, adhesion was always present. An experiment

with an extended period (48 hr) of high temperature soaking was also carried out, using a panially

coated ampoule, and no adhesion was found. These results present strong evidence that CulnSe~

itself does not react with quartz because the material was in direct contact with the quartz

ampoule throughout the experiment, yet no adhesion was found. Sorne substances that could be

absorbed by carbon, however, might be the culprit of the adhesion problem.

Since oxygen or water vapour are the most common contaminants in such experiments, it

is speculated that sorne oxygen-related compounds caused the sticking. Funhermore, carbon is a

very effective agent for reducing oxygen, metal oxides or water vapour at high temperatures, it is

likely that the adhesion was eliminated by the gettering action of carbon on the oxygen or oxides

• inside the ampoule. Therefore, even when the carbon was not forming a barrier between the

CulnSCl2 and the ampoule, the ingot did not react and stick to the ampoule. Oxygen was aise

suspected by Yasuda et al. [3.23] for causing the adhesion problem ofCdTe.

Severa! materials are aise weil known for reducing oxygen and oxides effectively,

molybdenum and titanium being two of them, Two growth runs were also carried out using

molybdenum and titanium as the gettering agents of oxygen. Care was taken in both cases to

avoid any contact between the melt and the molybdenum or titanium during the experiments. The

other experimental conditions were kept the same as before. It was found that the ampoule with a

piece oftitanium wire was free ofadhesion, although sorne reaction had apparently taken place on

the titanium surface. The ampoule with a piece of molybdenum sheet showed a little .amount of

sticking, but to li much smaller extent than without any gettering agent. Reaction on the

• molybdenum was much stronger than on the titanium. It is apparent that these !wo rnaterials are
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not suitable gettering agents in the present case because of their reaetions with and possibly

contamination to the CulnSC2. These results, however, provide stronger evidence that oxygen or

some oxides could be the culprit causing the adhesion problem.

Solid graphite was also found to be a suitable gettering agent and a piece of solid graphite

as small as 0.1 g was able to avoid ampoule adhesion. There are other advantages of using solid

graphite as the gettering agent. First of aIl, it is much easier to prepare than carbon coating, just

by cutting and c1eaning. Secondly, the CuInSC2 melt cao be mixed by rotating the ampoule but

with minimum carbon contamination. Although the CuInSC2 melt comes into contact during the

mixing, carbon particles detached from the solid graphite are minimal and do not seem to affect

the crystal quality. For partiaIly carbon-coated ampoule, the CuInSC2 melt cao only be mixed by

agitating the ampoule manuaIly to avoid the carbon coating from detaelüng by mechanical mixing.

Therefore, solid graphite was used for most of the later growth experiments. An ingot grown

with a partiaIly coated ampoule is shown in Fig. 3.5 (b). No sticking or carbon contamination was

observed for this ingot. A layer of boron nitride was also reported to be effective in avoiding

adhesion ofCuInSC2 ingots to the quartz ampoules [3.24].

Another set of experiments was carried out [3.25] to determine the source of this

contaminant or sticking agent, presumed to be oxygen or some oxides. In these experiments,

speciaIly made vacuum-sealed ampoules consisting ofthree sections A, B and C as shown in Fig.

3.6 were used. In this ampoule, section C was charged with the Cu, In and Se pellets, section B

was coated with a thick layer of carbon internaIly, and section A was left empty. During the

experiment, section B and section A were inserted into a furnace with temperature set at 1100 oC

and heated for three days, while section C was immersed in a water bath to mininùze the heating

ofthe pellets inside. After this Iûgh ternperature baking, the pellets in section C were poured into
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section A and section A was sealed off and separated from sections Band C. The ampoule. now

still under vacuum and consisting of section A and the Cu, In and Se pellets but ",ithout any

carbon inside, was put through the same crystal growth process. Ingots grown in these

experiments were always found to stick to the ampoules firmiy. These results showed that the

sticking agent was not from the quartz ampoule; otherwise, the sticking agent would have been

reduced by the carbon before section A was separated from sections B and C.

The experiment was repeated with a two-section ampoule as shown in Fig. 3.3. With the

pellet charge and the carbon coating in the same ampoule but different sections of it, the ampoule

was heated slowly to 1100 oC and maintained at this temperature for two houTS. lt was then

quickly withdrawn from the fumace and the charged section, section A, was then seaied off and

separated from the carbon coated section B. The ampoule, now consisting of section A and the

reacted charge but without any carbon inside, was then put through the crystal growth process.

Ingots grown in these experiments were round to be free of any adhesion to the ampoule wall,

indicating the sticking agent was present on the starting materials and was removed at high

temperatures by the carbon in section B before section A was separated from il. ln other words,

the gettering action was on the charge rather than on the on the quartz ampoule. Recently, Shukri

and Champness [3.26] reported the sticking agent, identified as oxygen, originated from the

copper pellets and the use of oxygen-free copper nùght eliminate the need ofa gettering agent for

the growth ofadhesion-free CulnS~ ingots.
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3.4 Characterization of CulnSe2 Single Crystals

3.4. J Hot-point Probe ancl Hal/-effect Measurements

The conductivity type of the samples was examined by hot-point probe. Almost ail of the

CulnSe2 ingots grown in the present work using the one-ampoule method were uniformly p-type

with an exception of a few ingots which also showed a small region of n-type conductivity. This

uniformity in conductivity was in agreement with the result obtained in ;:arlier work in this

laboratory [3.3. 3.4). However, the as-grown ingots prepared by severa! workers using the two­

ampoule method were reported to be partially n-type [3.1, 3.12], probab1y the result of the 10ss of

sorne selenium using the two-ampoule method. CulnSC2 crystals with a deficiency of Se was

reportcd to be n-type [3.27].

Hall-effect measurements were also carried out to obtain the mobility, resistivity and

carrier concentration of the crystals, and the results of the measurements are summarized for five

samples in Table 3.1. The results were similar to the ones obtained with the vertical Bridgman

system [3.17]. The van der Pauw method was employed for the Hall-effect measurements to

facilitate the measurements of irregular-shaped samples. The mobility values of the samples were

found to be a little bit larger than the values reported in the literature [3.1,3. i 0,3.28-3.29]. Results

of the measurements also confirms the p-type conductivity ofthe crystals.

3.4.2 Pou'cler X-ray Diffraction

lt is weil known that a crystal behaves as a three-dimensional diffi'action grating for X­

rays. The diffi'aetion can be considereà as the scanering of X-rays by the lanice points in the
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• crystal as shown in Fig. 3.7 (a). The monochromatic X-rays scattered otT adjacent lattice plancs

(Fig. 3.7 (b» are in phase iftheir path ditTerence is an integral number of the X-ray wa\'clcngths,

as described by the Bragg's law.

2d sinE> = II;. . (3.1)

where d is the spacing of the lattice planes. a is the incident angle of the X-rays. n is an intcgcr

and À is the wavelength of the monochromatic X-rays. When the Bragg's law is satistied. the

intensity of the diffracted X-rays reaches a ma"imum due to constructive interference. It should

be noted that the X-ray beam is deflected through an angle 2a by the diffraction as shown in Fig.

3.7 (b). The diffracted X-ray beam should then be measured at this angle as shown in Fig. 3.8. In

the powder X-ray diffraction method. the sample is in the forro ofmany tiny crystallinc grains with

random orientation. For a given set oflattice planes, there are bound to be some crystalline grains

oriented with this set of planes para!lel to the incident plane (Fig. 3.8) and making an angle a with

the incident X-ray beam. A diffraction maximum will be recorded by the detector if the angle a is

the Bragg angle for this set of planes. By changing the angle a, diffraction maxima for ditTerent

sets oflattice planes will be recorded at different values ofa. These values and the corresponding

lattice spacings are characteristic for a material with a particular crystal structure and are usually

documented in the Americall Societyfor the Testillg alldMateria/s (ASTM) data By comparing

the powder diffraction pattern of a sample with the ASTM data, the crystal structure of the

sample can be identified. The powder X-ray diffraction method can, of course, also be used to

determine the lattice spacings ofnovel materials and the preferred orientation ofthin-film samples.

Samples were selected randomly from severa! CuInSel2 ingots and then ground to fine

powder to be examined by powder X-ray diffraction method. The experiments were carried out

in a Siemens model D500 diffractometer system with a Cu Ka radiation (wavelength 1.54 Â).
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Earlier work by this author showed that a large excess of Cu in the staning materials resulted in

extra phases, such as Cu.In, in the ingot and these extra phases were detectable by powder X-ray

detection and Electron Probe Microanalysis (EPMA) [3.30). However, such extra phases are not

expected to be present in the present case with a stoichiometric staning proponions of the

elements. A typical powder diffraction pattern ofone of the samples is shown in Fig. 3.9. Every

peak or diffraction maximum in the pattern can be identified with a plane given in the ASTM data

for CulnSe~ with the chalcopyrite structure. It is safe to say that the samples prepared in the

present work were crystals ofCuInS~with the stable chalcopyrit': ;;hase.

3.4.3 Electro/l Probe Microu/lul)'sis

Several ingots were examined by wavelength-dispersive electron probe microanalysis

(EPMA) for the determination of composition. The sample to be examined was loaded into a

vacuum chamber pumped down to about 10-6 torr. The sample was then bombarded by an

electron beam (current 10 nA and accelerating voltage IS kV) and the corresponding X-ray

emission was analyzed by a CAMECA Analyzer. ln principie, the emitted X-rays should have

wavelengths characteristic of the elements composi:;g the sample, leading to elemental

identification. Funhermore. the intensities of these characteristic X-rays can be compared to the

intensities ofknown standard samples (Cu. ln and Se standards in this case) to obtain the amount

ofeach element in the sample.

Table 3.2 shows the results of the analyses for S ingots. The measured composition was

an average over 10 points on an ingot. The compositions of different ingots were generally not

the same. although they were grown under the same conditions. However, the difference was not

big and usually within 2 atomic percent. It is speculated that small variations in temperature,
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growth speed and position of ampoule inside the fumace were a few of the factors affecting the

final composition of the ingot. Composition was then measured along and across several

uniformly p-type ingots. The results of one of the ingots. LS-13. are shown in Fig. 3.10. It can

be seen that the composition is quite uniform along and across the ingot. The compositional

uniformity should lead to uniform properties of the crystals in the same ingot. Similar results

were found in other ingot3. In other words. although composition might vary from ingot to ingot.

the composition inside an ingot were generally quite uniform.

Two of the ingots. LS-7 and LS-12. with an n region were also e.xamined by EPMA. It

\Vas found that the composition within each ofthe n or p region was uniform but the compositions

of the two regions were different as can be seen in the Table 3.2. The n region had a smaller

CulIn ratio than the p region which seems to agree, at least in the same ingot, with the common

belief that Cu-deficient CulnS~ is usually n-type. However. by simply looking at the CulIn ratio,

one cannot predict the conductivity type of the sample because the Se content is also playing a

role in determining the conductivity type. Crystal growth of CulnS~ with nonstoichiometric

starting proportions of thee1ements were also carried out earlier by this author [3.30. 3.31] using

a vertical Bridgman system. It was repoited that despite the large variation of starting

proportions. the final compositions of the ingots deterrnined by EPMA tended to converge into a

certain compositional range. Within this range, only a small region gave rise to n-type CulnS~.

The samples in the present work seem to agree with those results although two points fall very

close to the margin ofthe compositiona1 range.

40



•

•

•

3.4.4 Chemical Etching

Etching experiments were carried out to determine a suitable etch for CulnSc:! single

crystals. Severa! etches were reported for CulnSC:!. Wagner et al. [1.4] were the lirst to report

the use of aqua regia, HCI+HN03 (3: 1 by vol.), for the CulnSc:! single-crystal substrates in their

photovoltaic detectors. A similar etch, HCI+HN03 (1: 1 by vol.), was also used in severa! other

single-crystal CulnSc:! devices [1.8-1.10,3.11]. This etch was founel in the present case, to be too

strong and resulted in stained surfaces even in very diluted form. Yakusev et al. [3.32] also

reported this etch would give Cu and ln deficiencies for CulnSc:! surfaces. Therefore,

HCI+HN03-based etches have seldom been used for more recent singie-crystal CulnSC:! studies.

A mixture consisting ofK2Cr2O, and H2SO. (1:9 by weight) at room ternperature was also

used by severa! workers [3.32-3.34). Little or no change in the ncar-surface composition was

reported for periods up to 45 minutes using this etch [3.32], although stronger solutions could

lead to compositional changes at the surface. Etching experiments were carried out on cleaved

and mechanically-polished CuInSC:! surfaces using this solution. Etching on mechanically-polished

might reveal features that are not intrinsic to the surface because of the defects created by

polishing. However, the etching results on mechanically-polished surfaces were imponant

because polishing was required for device fabrication in the present work.

Ingots were c1eaved and orientation of the c1eaved planes were determined by both Laue

X-ray diffiaction and X-ray diffiaetometry. Although it was reported that CulnSC:! c1eaved easily

aiong the (110) plane [3.35], most of the ingots grown in the present work with the horizontal

fumace c1eaved on the (lOI) plane and occasionally on the (112) plane but seldom on the (110)

plane. It should he noted that the (101) orientation is not equivalent to the (110) plane because
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CulnSe> has a chalcopyrite structure in which the lanice constant c is almost twice the value of

the lanice comtant a. However. it is interesting to lind that several samples grown with the

vertical Bridgman system c1eaved on the (110) plane [3.36]. Sorne of these (112). (lOI) and

(110) surfaces \Vere mechanically polished for the investigation of polishing effect on the CulnSe>

surfaces.

Etching on the polished (112) plane revealed a rough surface with tiny irregular-shapcd

etch pits even after only a short period time (Jess than one minute). Large triangular etch pits also

started to appear after less than one minute of etching. A photograph of such a surface aller a

live-minute etching is shown in Fig. 3. 11. Etching on c1eaved (1 12) plane remained smooth for

couple of minutes and triangular etch pits started to appear by further etching. The surface was

smoother with much less tiny etch pits than the mechanically-polished surface. The number of the

large triangular etch pits continued to increase with etching time with no sign of saturation until

the whole surface was covered with them. indicating that they were not resulted from crystal

defects. It is evident that the large triangular etch pits were intrinsic to the (1 12) and probably the

results of preferential etching by the K~Cr~O,+H~SO. solution for this particular orientation. The

tiny etch pits should be the results of surface defects created by polishing. These defects were

etched away much faster than the rest of the surface because it is known that many etches anack

"weak" points such as defeets more easily. Experiments on (110) surfaces showed similar results

e.'(cept that preferential etching created seetor-shapes etch pits as shown in Fig. 3.12. Etching

experiments on c1eaved (101) planes revealed no etch pits even after two hours of etching

although material could be secn to have becn etched away on the surface, indicating the lack of

preferential etching on this orientation. Therefore, it seems that the K2Cr20,+H2SO. solution can

be used for chemical polishing on the (101) planes because it etches the crystal homogeneously.
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However, the preferential etching of this solution in certain crystal orientations make it not very

suitable for the surface preparation ofCuInSe: for deviœ fabrication.

Another commonly-used etch for singie-crystal CuInSe:z is a bromine+methanol (brome­

methanol) solution. It has been used for ohmic-contaet studies [3.37, 3.38], surface studies [1.11,

3.39] and device fabrication [1.6]. Moons et ai. [3.37] reported the capability of this etch to

remove the mechanical damage after polishing. However, solutions with a high concentration of

bromine (> 2% by vol.) were reported to deplete the surface from copper [1.6, 3.37]. On the

contrary, solutions with a low concentration of Br « 1% by vol.) did not show any change in

surface composition [3.32, 3.38]. Experimental results in the present work showed that this

solution etched re1atively faster than the K2Cr2(),+H2SO. solution, a1though etching rates were

not obtained quantitative1y.

A solution with a Br concentration larger than 2 % would sometimes result in stained

surfaces after only a short period of etching time. Using a solution with a low Br concentration

« 1% by vol.), polished surfaces usuaIly remained smooth for more than two minutes of etching,

a1though tiny irregular-shaped etch pits as observed on polished surface etched with the

~Cr2(),+H2S04 solution started to appear by further etching. Another observation was that no

preferentiaI etching occurred, i.e. no large regular-shaped etch pits was observed, in aIl orientation

even after prolonged etching. Considering the faster etch rate of the brome-methanol solution and

the later appearance of the defeet-re1ated etch pits, it seems that this etch does not attack the

surface defects much faster than the rest of the surface as in the case for the K2Cr2Û7+HzSO.

solution.
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• Taken into the account also the non-preferential etching by the brome-methanol solution.

it is c1ear that this solution is a more suitable etch for CulnSe~ surface preparation for device

iàbrication. This solution seems to be able to etch a mechanically-polished surface more

homogeneously than any other etches. Therefore. this etch, usually with a 0.5 % Br

concentration, was used exclusively for CulnSe~ solar-cell fabrication in the present work. Il is

apparent than even the brome-Methanol solution cannot remove completely ail the surface defects

on a polished CulnSe~ surface, but it is, for the time. the only etch that can remove the largest

thickness of the damage layer without revealing etch pits that might degrade the solar-cell

perfonnance.

Cleaved surfaces remained smooth for more than 30 minutes of etching with the brome­

Methanol solution without showing any of the tiny etch pits as on polished surfaces. funher

confinning that the tiny etch pits were locations of defects created by mechanical polishing.

Again. preferential etch pits were not observed on any orientation.

3.5 Conclusions

lngots of CulnSC::! have been grown by a horizontal Bridgman method with a

stoichiometric staning proponions of the elements. Using a genering agent such as carbon

coating or solid graphite in specially made ampoule. adhesion of the ingots to the quanz ampoule

and carbon contamination were avoided. Void-free and microcrack-free single-crystal CulnSc::!

grains of severa! millimeters to up to twO centimeters on a side have obtained. Almost ail the

ingots were found to be uniformly p-type with a carrier concentration ofabout 1017 cm'). Powder

X-ray diffiaction showed that the CulnSC::! sample had a stable chalcopyrite structure.

44



• Composition was found to be uniform along and across an ingot. A K:Cr:07+H:SO. (1 :9)

solution was capable of revealing defect-related etch pits in additional to preferential etch pits in

(112) and (110) crystal orientation. However. a brome-methanol solution was found to be more

suitable for etching the CulnSe: surface for dcvice fabrication. It is because this solution can etch

the CulnSe: surfaces more homogeneously and remove mechanically-damaged layer more

effectively than any other etches.
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• Table 3.1 Results of Hall-effect Measurements

Sample Conductivity Mobility Carrier Conc. Resistivily
No. Type (cm~N-s) (cm';) (Q-cm)

LS-43 p 35 8.9xIO'" 2.0
LS-51 p 30 2.7xI017 0.77
LS-52 p 75 1.9x1017 0.44
LS-53 p 41 1.2xlO'7 1.27
LS-54 TI 56 1.5xlO'7 0.75

Table 3.2 Measured compositions ofsome CulnSe~ samples by EPMA

Sample Conductivity Measured Composition (at. %) Culin
no. type Cu ln Se ratio

LS-7 p 273 25.0 47.7 1.09
LS-9 p 26.1 25.4 48.5 1.03

LS-12 p 27.5 24.9 47.6 1.10
LS-13 p 27.5 24.9 47.6 1.10
LS-16 p 25.7 25.7 48.6 1.00
LS-7 n 25.5 25.7 48.8 0.99

LS-12 n 26.5 25.2 48.3 1.05
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Fig.3.1 Schematic ofthe horizontal Bridgman system for Cu\nSez crystal growth.
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Fig. 3.3 Step-shaped quartz ampoule used in CulnS~ crystal-growth experiment.
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Fig. 3.4 A CuInS~ ingot inside the quartz ampoule after the growth experiment.
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Fig. 3.5 (a) An ingot ofCulnS~ contaminated by carbon detached from inner ampoule wall. (b) A
monocrystaI ofCulnS~grown with a partially carbon-coated ampoule.
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Fig. 3.6 High temperature bake ofa three-section ampoule in the experiment to determine the source of the sticking agent.
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Fig. 3.7 (a) Scanering of X-rays from the adjacent lanice points A and B in a lanice
plane. (b) Scanering of X-rays off adjacent lanice planes. The path difference
is 2dsinS.
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Fig. 3.8 A schematic diagram orthe X-ray diffraction set up.
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Fig 3.9 X-ray powder diffraction pattern Dra CulnSe2 sample.
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25 f.UD

Fig. 3.11 Triangular etch pits on a polished (112) CuInSll2 surface revealed after etching
for 5 nùnutes with I<2Cr20, +~S04 (1:9 by weight).
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Fig. 3.12 Sector-shaped etch pits on a c1eaved (110) CuInS~ plane revea1ed after etching
with K~Cr~07 + H~SO. (1:9 by weight).
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• CHAPTER 4

FABRICATION OF ZnO/CdS/CulnS~ SOLAR CELLS

4.1 Introduction

Zinc oxide has become the most popular window material for CulnSc~-bascd solar ecUs.

mainly because of its large energy bandgap and the good electrical and antiref!ection propcrties.

Furthermore. the nonuse of the toxic Cd is an additional advantage of ZnO over CdS. which was

earlier the dominant window material for CulnSe~. Potter et al. [4.1] were the firstto use ZnO as

the window layer on thin-film CuInS~ ceUs and demonstrated a 25 % improvement in

photocurrent over ceUs with a CdS window layer. A very thin CdS buffer layer « 500 Â) was

still employed in the ceUs to provide a better junction quality with the CulnS~. Since then. the

Z:lO/CdS/CuInS~ structure has been widely used in thin-film CuInS~ ceUs. Such a structure has

also been studied in our laboratory for electro-deposited CuInS~ ceUs [4.2]. A similar ceU

structure was used for the fabrication of single-crystal CuInS~ ceUs in the present work and they

were the first single-crystal ceUs reported using this structure [4.3]. Sputtering has been

commonly employed for ZnO deposition [1. 13, 1.28,4.4-4.5], although other methods were also

reported [4.6-4.8]. A r.f.-magnetron sputtering method was used in the present work. The CdS

buffer layer \Vas deposited by a chemical-bath method, which has also been widely used by other

\Vorkers [1.l3, 1.28,4.9-4.10]. The single-crystal CulnS~ substrates were carefuUy prepared by

abrasive polishing, chemica1 etching and annealing in order to minimize the damage to the

surfaces.

In this chapter, the deposition methods ofZnO and CdS and the surface preparation oftile

CulnS~ single crystals are described.
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• 4.2 Surface Preparation of CulnSe2 Substrates

Copper indium diselenide wafers were selectively cut from the ingots grown by the

horizontal Bridgman method as the substrates for the CdS/ZnO/CulnSe2 cells. Slices of CulnSe2

with a thickness of 1 to 2 mm were sawed using a diamond-bonded wheel. The wafers were

usually monocrystalline but occasional!y contained multiple grains. and were generally with no

specific orientation. However. several wafers were cut in the (1 12) orientation. After this. the

wafer was lapped on both sides with a 600-grit silicon carbide paper mounted on a rotating

polisiling wheel tl) remove the damage layer resulted trom the sawing. One surface was then

mechanically polished with 6 Ilm and followed by 1 Ilm diamond abrdSive, each for about 30

minutes. on a felt polishing c10th and then with 0.05 Ilm alumina powder for another 30 minutes

on a Lecloth polishing c1oth. Kerosene was used as lubricant for diamond abrasive and water was

used for alumina. After polishing, the surface was highly specular with no visible scratches.

However. scratches could be observed under microscopes.

The polished surface was then etched with a brome-methanol solution with 0.5 % bromine

by volume in methanoi for a period of up to one minute. Prolonged etching was avoided to

prevent the appearance of etch pits as described in the previous chapter. The microscopic

scratches resulted trom the abrasive polishing were still visible under microscope after etching.

The sample wa.~ then annealed at 350 oC for 2 hours in argon. This was the optimal

annealing condition developed trom different combinations of annealing gases, temperatures and

times. The purpose of the annealing was to reduce the surface defects created by mechanical

polishing. The substrate annealing was found to be essential in obtaining high-performance cells.
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• The experimental set-up for the annealing is shown in Fig. 4.1. lt was found that the presence. of

oxygen at elevated temperatures was detrimer.tal to cell performance; therefore. the annealing

chamber was first evacuated and then flushed \Vith Ar for 10 minut~'S bc!ore raising the

temperature. A SCR temperature controller was used to control the temperature te within a few

degrees to the set temperature. 350 oC for most of the cases. After annealing. the samples were

allowed to cool to room temperature inside the chamber with a continuous flow of argon. It was

found that the annealing was very crucial ir. improving solar-cell performance although the ex\ent

of the effect varied with different samples.

4.3 Deposition of CdS Buffer Layer

After the surface preparation. a thin layer of high-resistivity CdS about 300-500 Â thick

was deposited onto the CuInSe~ substrate by a ehemical-bath deposition (CBD) method. ZnO is a

good window layer material for solar cells because it has a large energy bandgap and can be

heavily doped into n-type conductivity. However. it has a large lattice mismatch with CulnS~ so

that a high density of interface states. which could hamper the perforr:lance of the solar cell, is

expected at a ZnO/CuInSe~ t>eterojunction. In order to improve the interface properties. an

intermediate layer of CdS. which has a very good lattice matching with CuInS~, is commonly

used in order to minimize the interface s'ates. The CdS is usually very thin to minimize Iight

absorption by the buffer layer. It should be noted that only the (112) plane of CuInS~ matches

weil with the (0001) plane of CdS, which usually has a wurtzite structure. Since (112) is usually

the preferred orientation ofCuInS~ thin films and (0001) is the preferred orientation of CdS, the
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• lanice mismatch for thin-films cells are usually small. However, for CulnSe2 substrates with

orientation other than (J 12), the lanice mismatch might be large.

The CdS deposition was carried out by first preparing a solution of CdCb + NrLCI +

(NH2hCS + Nf-LOH in a beaker. The beaker was then placed into a water bath maintained at a

temperature of 60 oC. After ten minutes, the CulnSC2 substrates were immersed into the solu:ion

for 10-20 minutes. lt was found that a deposition time shorter than 10 minutes, i.e. CdS thinner

than about 300 A. would generally yield cells with a large leakage current. As long as it is larger

than 300 A. the CdS thickness did not seem to affect significantly the device performance. The

purpose of the initial wait often minutes was to allow the CdS deposition to reach a steady state

before dipping the substrates into the solution. Furthermore, it was also to avoid excessive

etching of the CulnSC2 surfaces at the initial state when the deposition rate was small. Kessler et

al. [4.11] reported the etching of CulnSC2 by Nf-LOH during the dipping process. The

experimental set-up was very simple and is shown in Fig. 4.2. The resistivity ofthe CdS films was

about lOs Q-cm. The thickness of the films was determined by the capacitance of a metal-CdS­

metal structure and was also confirmed with a scanning eleetron microscope.

The CdS generally adhered very weil onto the CulnSC2 surfaces and peeled off only

occasionally. However. it was observed that with an improved chemical-mechanical substrate

polishing, in which a cotton wad soaked with the brome-methanol solution was used to repeatedly

\Vipe the CulnSC2 surface. the surface was too smooth for the CdS to adhere. No microscopie

scratches \Vere observed on those surfaces even under microscope in contrast with the surfaces

simply etched by dipping into the brome-methanol solution. Ali CdS films deposited on such

improved surfaces eventually peeled off during the subsequent processing. Fig. 4.3 shows a

photograph of a CulnSC2 surface with the peeled-off CdS. Careful cleaning and e.xamination
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• ruled out the possibility of surface contamination. It appears that the bonding ('If the CdS tilm to

the CulnSe~ surface was not purely chemical. it involved also mechanical bonding because the

CdS required a little roughness on the CulnSe~ substrate to hold on to. The CdS. however.

should stick very well on thin-film CulnS~ because of the roughness of the surface. The extra

smoothness of the CulnSe~ surfaces should be beneficial to cell performance; however. the

problem of CdS detaching has not been solved. Therefore. the CulnS~ surfaces ofall the devices

reponed in the present work were etched just by immersion into the brome-methanol solution.

From these results. it is speculated that funher improvement on the CdS deposition method might

be required to improve the bonding of the CdS films to the CulnSe~ substrates and. thus. the

performance of the ZnO/CdS/CulnS~ solar cells.

4.4 Deposition of ZnO Window Layer

After the CdS deposition, low-resistivity n-type ZnO film was deposited by r.r. magnetron

sputtering on top of the CdS as the window layer. The deposition was carried out in a vacuum

system equipped with a turbo pump and a r.r. magnetron sputtering gun. The schematic diagram

of the sputtering system is shown in Fig. 4.4. Powder of 99.9999 % pure ZnO doped with 2 wt.

% ofAhO; or In~O; was pressed into a metal holder to form the target. The target was then fixed

tightly onto the water-cooled target support. The CulnSC2 substrates, now coated with a thin

CdS layer, were fixed cnto the aluminum substrate holder which was placed about 4 cm over the

targe!. A glass slide was also fixed onto the substrate holder to obtain the ZnO film for

charaeterization. The substrate holder was water cooled to minimize substrate heating during the

sputtering.
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• The vacuum chamber was first evacuated to a pressure of about 1006 tOIT and then refilled

with pure argon. which acted as the spultering gas. to a pressure of about 200 mtOIT. The r.f

power supply was then turned on and set at 80 watts to stan the sputtering. Oncc the plasma was

formed. the argon pressure was reduced to 60 mtOIT by reducing the flow rate of the argon and

maimûined at this pressure for the rest of the experiment. The sputtering process usually took

about 8 hours to obtain a ZnO film of about 1 !lm thick, giving a deposition rate of about 20

A/min. The thickness of the ZnO film was deterrnined by scanning electron microscope. The

propenies of the ZnO film were obtained by examining the film deposited on the glass slide. The

resistivities of the ZnO films were about 10" to 10.2 Q-cm as deterrnined by four-point probe.

Using the mobility values obtained for the same ZnO films [4.12], the electron concentrations

were calculated to be in the order of 10:!O cm';. The transmission of the ZnO films was measured

over a range of wave1engths as shown in Fig. 4.5 for two samples. The transmission was over

90% for most of the photons with energy smaller than the bandgap of ZnO, indicating the high

quality of the films.

After the ZnO deposition, a circular area of ZnO and CdS was defined by

photolithography. Dilute HCI was used to remove the unwanted ZnO and CdS. The area of the

ZnO was usually either 5.5 or 9.5 mm2 although several larger ceUs were made.

4.5 Metal Front and Back Contacts

An aluminum dot was therrnally evaporated onto the ZnO as the ohmic contact. The area

of the aluminum dot was 1.5 mm2
• giving an active area of the solar ceU (area ofZnO minus area

of aluminum contact) to be 4 or 8 mm2
. Aluminum grid, instead of a dot, was used on severa!
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• cells in order to increase the collection efficiency of the photocurrent and reduce the series

resistance of the cells. However. no significant improvement \Vas observed for these cells

probably because of the small cell area. Therefore. aluminum dot \Vas deposited on most of cells

as the front contact. A layer ofgold \Vas then deposited by thermal evaporation onto the backside

of the Cu\nSe2 substrates as the back contact. Most of the cells sho\Ved only a small series

resistance. indicating the front and back contacts \Vere more or less ohmic. Fig. 4.6 sho\Vs a

schematic diagram of the complete cell structure.

4.6 Conclusions

ZnO/CdS/CulnSC2 solar cells have bee!! fabricated using single-crystal Cu\nSe2

substrates. CulnSC2 slices \Vere cut from the Bridgman-grown ingots and abrasively polishcd

using various grits of diamond and alumina abrasives. The highly specular surfaces were then

etched by a brome-methanol solution. CdS films were then deposited by a chemk.al-bath method

and had a resistivity of \0 S Q-cm and a thickness of300-500 Â. The bonding of the CdS film to

the Cu\nSC2 surface was believed to be not purely chemical but also involved mechanical bonding.

The ZnO \Vas deposited by r.f. magnetron spunering on top of the CdS and had a resistivity of

10'; to 10'2 O-cm, carrier concentration of about \ 020 cm'; and thickness of about \ Ilm. The

transmission of the ZnO films was over 90 %. Photolithography was used to define the ZnO arca

and an aluminum dot was evaporated onto the ZnO as the front contact, giving an active arca of 4

or S mm2. Au was used to provide the back ohmic contact to the CulnSC2.
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Fig. 4.1 Experimental set-up for CulnSe2 substrate anncaling.
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Fig. 4.2 Chemical-bath deposition ofCdS onto CulnSe:z substrates.
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Fig. 4.3 Top view ofa cracked CdS film on top ofthe CuInS~ substrate.
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• CHAPTER5

CHARACTERlZATION OF ZnO/CdS/CulnSf2 SOLAR CELLS

5.1 Introduction

The pioneering single-crystal CdS/CuInS~ solar œil with 12 % conversion efficiency was

fabricated on a c1eaved CuInS~ surface and had a small active area of 0.79 mm2 [1.3]. Ensuing

works [1.5-1.11] did not show any improvement on the photovoltaic performance of single­

crystal CuInS~ cens and the 12 % conversion efticiency bas remained as the record. However,

using a cleaved surface might limit the size of the device and reproducibility of the experimental

results because c1eaved CuInS~ surfaces usuaIly have a smalI area and are not smooth. On the

• contrary, mechanical poIislüng should provide large and smooth surfaces for device fabrication,

but photovoitaic cens fabricated on such mechanically-polished surfaces generaIly had poor

performance [1.4-1.6, 1.11], probably due to the surface defects created by mechanical

polislüng.

In the present wode, efforts have been made to improve the photovoltaic performance of

the ZnO/CdS/CuInS~ cens fabricated on mechanically-polished CuInS~ substrates. A pre-ceII­

fabrication substrate annealing in argon was found to be one ofthe most important steps ifnot the

most important step for obtaining Iügh photovoltaic performance. Although annealing of buIIc

CuInS~ crystals in O2 bas been reported [5.1] for the studies of oxygen doping, the argon

annealing in the present work was the tirst annealing process developed to minimize the surface

defects on mechanically-polished CuInS~ surfaces. Experimental results on substrate annealing
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and the electrical characterizations of the ZnO/CdS/CulnS~ solar cells are presented in this

chapter.

5.2 Photovoltaic Measurements

Photovoltaic measurements were performed on the ZnO/CdS/CulnS~ cells by iIIuminating

the cells with a tungst'm light source, which was adjusted to a light intensity of global AM 1.5

(100 mW/cm2
) using an Si cell. Sorne cells were also measured under the sun to obtain the solar

to electrical conversion efficiency. The current-voltage characteristics under illumination were

recorded using an HP 4145A model Senùconduetor Pararneter Analyzer. Measurements were

carried out immediately after the application oflight to prevent heatir.g ofthe cells.

5.2.1 Effects ofSubstrate Annealing

A series ofexperiments was carried out to dcvelop an optimal annealing conditions for the

CuInS~ substrates and it was found that an annealing at 350 ·C in argon for 2 hours would give

the best ce1I performance. Fig. 5.1 shows the effect of the substrate annealing on the photovoltaic

performance for two cens (D-I0l and 0-106). The two cens were fabricated in the same run and

ail the fabrication procedures were the same except the CuInS~ substrate of the cell 0-101 was

annealed with the optimal conditions and the substrate of 0-106 was not annealed at ail. Both

substrates were eut trom the same ingot. It can be secn that the open-cireuit voltage, fill factor

and short-cireuit CUITent density ail ;ncreased dlastically by the annealing. The conversiôn

efficiency increased more than four fold trom 1.9 % to 8.3 % by substrate annealing. Not every
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• cell silowed such a dramatic improvement, but substrate annealing was always beneficial to cell

performance.

Fig. 5.2 shows a more modest improvement by substrate annealing. The open-circuit

voltage increased more than 10 % !Tom 0.42 V for the non-annealed cell (0-38) to 0.47 V for th~

annealed cell (0-39). The fill factor and short-circuit current density, however, showed smaller

improvements. The conversion efficiency, in this case, increased !Tom 8.0 % to 10.3 %. Table

5.1 summarizes the results obtained !Tom Fig. 5.1 and 5.2. There were tùways improvements on

the open-circuit voltage and fill factor by substrate annealing, but the short-circuit current density

sometimes showed no significant improvemenl. It was found that cells with very poor

performance benefited the most !Tom substrate annealing. Most the cells fabricated with substrate

annealing shuwed a conversion efficiency better than 8 %. However, the performance of the cells

seemed to be also dependent on the quality ofthe CulnSC:! substrates because cells with substrates

cut from the same ingot generally showed very similar performance.

Although preliminary experiments showed that the optimum substrate annealing condition

\Vas about 3S0·C in pure argon for about 2 hours, controlled experiments using substrates cut

from the same region of an ingot and at the same orientation were later carried out to confirm the

results. Different annealing temperatures, times anù gases were tried by varying one variable at a

time. The set of CulnSC:! substrates was then processed with subsequent fabrication steps at the

same time. lt \Vas found that the open-circuit voltage and the fill faClor were strongly dependent

on the annealing parameters. Fig. 5.3 and 5.4 show the variation ofV.. and F.F. with annealing

temperature. It can be clearly seen that the temperature for the largest V.. was about 350 oC

while the fill factors were about tre same for temperatures !Tom 250 oC to 400 oC. The annealing
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• time had a similar effect as the annealing temperature to the device parameters. The F.F.

saturated after about an hour of annealinf as can be seen from Fig. 5.5 while the V.", peaked at

about 2 hours as in Fig. 5.6. It can also be scen that even an annealing for just ten minutes or at

low temperatures showed a big improvement over non-annealed samples, indicating the

importance of substrate annealing. However, the short-circuit current density did not seem to

vary systematicaUy with the annealing time and temperature in these experiments, non-annealed

sample sometimes showed comparable or even larger current density than the annealed samples.

confirming the results obtained from other ceUs.

Fig. 5.7 shows the illuminated I-V characteristics offour ceUs with substrates heat-treated

in different gaseous environments. The samples treated in argon and hydrogen showed the best

and comparable results. Considering the potential danger of H2 gas. Ar was preferred as the

annealing gas. Annealing in o""ygen or air was always detrimental to cell performance; while

annealing in vacuum was found to improve slightly the ceU performance but not as effectively as

Ar or~. From these results, the optimal condition for substrate anneaiing was confirmed to be

about 350 oC in argon fol' ~vo hours.

5.2.2 Spectral Response

Spectral responses of the ZnO/CdS/CulnSC2 ceUs were measured in the wavelength 0..)

range of400 to \300 nm. A monochromatic light source (Beckman model 2400) with a slit width

of 1 mm was used. The light intensity was determined by a Si detector (United Detector model

PIN 6DP) for the range of400 to 1000 nm and by a liquid nitrogen-cooled Judson Infrared InSb
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• dClcctor for wavelengths above 1000 nm. The photocurrent or short-circuit current was then

measured for each waveleng;h to give the spectral response ofa cell.

Fig. 5.8 shows the spectral response oftwo similar cells. one with (0-39) and one without

(0-38) substrate annealing. The two cells had similar spectral responses although 0-38 showed a

few percent smaller quantum efficiencies than 0-39 over the whole spectrum. This e;.;plains the

smaller short-circuit density of 0-38 as shown in Table 5. I. However, the similar shapes of the

spectral responses indicate that substrate annealing did not alter significantly the nature of the

collection mechanism. The quantum efficiencies were nearly constant in the range of 500 to 1000

nm for the annealed cell but dec!ined slightly toward larger wavelengths for the non-annealed

cell. Although this can account for the few percent smaller short-circuit current density for the

non-annealed cell in the present case, this slight decline of quan:'Jm efficiency was also observed

in sorne other annealed cells, showing that this was not unique to non-annealed cells.

Furtherrnore, there were non-annealed cells showing larger short-circuit density than similar

annealed cells as weil, Indicating that the difference of short-circuit densities of annealed and non­

annealed cells was more likely to be due to other factors such as variations of ZnO and CdS

transmissions or properties ofCulnSC:! substrates.

The quantum efficiencies ofboth cells decreased linearly with wavelengths beyond 1000

IllU; while other thin-film cells [4.1] showed constant quantum efficiencies up to 1200 nm. Such a

linear decrease of quantum efficiency could be due to the small depletion width of the cells

becaus~ long-wavelength photons might penetrate beyond the thin depletion region and create

charge carriers in the neutral CulnSc:! region. Due to the high net acceptor concentration of the

CulnSc:! substrates (-1 i) 17 cm'\ the depletion width must be thin. Therefore, in order to increase

the quantum efficiencies oflow energy photons, a smaller net acceptor concentration is required.
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• Another observation was that the optical absorption of the CdS buffer layer might not be

negligible. as illustrated by the reduced quantum efficiencies of wavc1engths between 390 and 5:!0

nm. It is clear that the quality of the CdS films has to be further improved in order to obtain

larger short circuit CUITent density. It can also be seen that the quantum efficiencies for most of

the wavelengths were smaller than 60 %. which is relatively low compared to more than 80 % for

thin-film cells [U3, 4. 1,4.4]. The small quantum efficiencies might result in the relatively small

short-circuit CUITent densities of the cells. about 30 mNcm~, compared to more than 40 mNcm~

for some thin-film cells [U3]. Due to the specular nature of the CulnSe~ surfaces and the facl

that anti-refiection coating was not used in the present case. the refiection of the incident light

cOL;ld be very large. This might account for the 10\V quantum efficiencies of the cells. With the

use of an effective anti-refiection coating. the quantum efficiencies and, thus, the short-circuit

cUITent density might increase.

5.2.3 Pllotol'oltaic Cllaracteristics

Ali cells \Vere measured with a simulated global AM 1.5 illumination (100 mW/cm~) and

sorne cells \Vere also measured under the sun to confirrn the measurements. '", ne results of sorne

cells are shown in Table 5.2. Most of the cells fabricated with substrate annealing showed a

conversion efficiency over 8 %, an open-circuit voltage over 0.4 V, a short-circuit CUITenl densily

over 25 mNcm~, and a fill factor over 0.65. The ilIuminated and dark 1-V characteristics of two

of the best cells, 0-39 and 0-102, are shown in Fig. 5.9 and 5.10. The parameters Ul lllese two

cells and the best single-crystal and thin-film cells reported in the literature are summarized in

Table 5.3 for comparison. It can be seen that the fill factors of 039 and 0102 exceed the best

-

single-crystal cell and are comparable to the best thin-film cell. The open-circuit voltages are a
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• linlt.: bit smaller than the other two cells. However. the short-circuit current densities of D-39 and

D-I02 are considerably smaller. This might be due to the lack of an antireflection coating as

explained before. Using an effective layer of antireflection coating should be able to increase

considerably the short-circuit current density of these cells and also slightly the open-circuit

voltage.

The 11.5 % and 10.3 % conversion efficiencies ofD-102 and 0-39 are corr:parable to the

12 % efficiency of the best single-crystal cell. ln facto 11.5 % has been the highest efticiency

reported for a single-crystal CulnSc:! cell for the last two decades since the 12 % cell. lt should

also be noted that the 12 % efficien~ was obtained with the use of an anti-reflection coa!ing and

the same cell showed only a 10.6 % conversion efficiency without anti-reflection coating [1.3). ln

other words. the 11.5 % conversion efficiency obtained in this work has been the highest

efficiency reported for a single-crystal CulnSc:! cell without antireflection coating. Furthermore,

the active area of 0-1 02 is tive times larger and D-39 is about an order of magnitude large:- than

the 12-% cell. To summarize, this is the tirst report of a fabrication process that can routinely

produce relatively large-area single-crystai CulnSC:! cells with efficiencies close to or exceeding 10

5.3 Oark Current-Voltage Measurements

The dark curr·:nt-voltage (I-V) charaeteristics were measured using an HP model 4145A

Semiconductor Parameter Analyzer. By analyzing the 1-V charaeteristics, the current mechanism

of the cells can be identitied. Understanding the current mechanism might lead to further

improvements of cell performance.
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5.3.1 Dtlrk Cu"cnt-Voltagc Charactcristics

Fig. 5.11 and 5.12 show the logarithmic plot of the dark current against voltage (log 1 vs.

V) of the devices D-I02 and D-39. The fOlward currents consisted ofthrec main sections. The

curved section at voltages greater than about 0.5 volt was undoubtedly caused by series

resistance. Examination of this section showed a linear 1-V relationship. indicating a resistive

behaviour of the ceUs at voltages greater than about 0.5 V. The series resistance were determined

to be about 0.58 Q_cm2 for D-39 and 0.72 Q_cm2 for D-I02 from the slope oflinear I-V plots at

large voltages. The series resistances of most of the ceUs were smaUer than 1 Q-cm~ and should

not cause a big problem in ceU performance in the operating voltage range.

ln the voltage range of about 0.3 to 0.5 V. which is about the operating voltage range of

the ceUs. the current was exponentiaUy dependent on the voltage and appeared to be straight in

the log 1 vs. V plot. The n factor values were calculated to be 1.54 and 1.87 for D-I 02 and D-39,

ref."ectively. There did not seem to be a relationship between the performance of the devices and

the n factor values. despite the fact that a sm.-:lk'r n factor is closer to the ideal case of pure

il~ection current. In fact. there were several devices with an n factor as low as 1.37 showing

much poorer performance than those with larger n factor values.

Values of n close to one are always considered to be due to injection current and values

close to two are usually attributed to current due to recombination of charge carriers in the

depletion region; while an n factor lying b~tween 1 and 2 is generally believed to be due to a

combination or a modification of the two current mechanisms. Most Si and GaAs p-n

homojunction solar cells contained both of these twc current mechanisms [5.2]. However,
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• tunnc1ing has becn reponed to be the dominant current mechanism in many heterojunction devices

such as GclGaAs [5.3]. GclSi [5.4] and !TO/Si [5.5] heterojunctions and Cu~S/CdS solar cells

[5.6-5.8]. Tunneling currents are sometimes mistaken for the injection and/or recombination

current because of its exponential dependence on voltage and an apparent n factor of smaller tha.l

two in sorne cases. Temperature-dependent measurements of the I-v characteristics are required

to distinguish tunneling current~ from thermal ones such as injection and recombination currents

because tunneling currents are generally insensitive to Temperature as opposed to thermal

currents. Temperature-dependent I-v measurements were carrier out in the present study in

order to determine the actual current mechanism in our ZnO/CdS/CulnS~ cells and the results

will be presented in the next section.

lt can also be seen in the figures that at voltages in the range of ~bout 0.1 to 0.3 V, the

slope of the :0$ I-v curves changed to a smaller value. The smaller slope gave rise to an n factor

usually greater than two and sometimes three for most of the devices. The large n factor cannot

be explained by the thermal injection or recombination modeI but can be due to modifications of

the recombination model in which the distribution ofrecombination centres are not uniform [5.9­

S.12]. to tunneling [5.8] or to shunt resistance [5.13]. With an exception ofa few devices, most

of the devices showed such a buIge at smaU voltages.

It was also observed that the bulge occurred when the forward current was sufficiently

small and comparable in magnitude to the reverse current at the sarne voltage magnitude (Fig

S.ll). It seems thatit was a sum of the reverse c -rent and the extrapolation of the forward

current from higher voltages. This means that the current mechanism in the reverse bias rnight

also be playing a r.-le in the small forward bias region. Th~èfore, it is necessary to identitY the

current mechanism in the reverse bias.
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The reverse currents of ail the devices were carefully examined and it was found that they

ail showed a near linear i-V relationship, i.e. ohmic behaviour. The reverse eurrent of four

devices are shown in Fig. 5.13. The linear reverse current-voltage relationship can be clearly seen

and such a linear relationship can only be explained by a shunt resistance across the p-n junction.

Therefore, it can be concluded that the reverse current was dominated by shunt current. The

shunt resistance can be calculated from the slope of a reverse 1-V curve. The shunt rcsistances

were calculated to be about 25.5 and 11.6 k!l-cm1 for 039 and 0102. respcctively. By looking

at the equivalent circuit of the ceUs in Fig. 2.6. it is apparent that the shunt currcnt was present at

both the reverse and forward bias and the fOl'ward shunt current could be dominant at low

forward voltages when the diode or junction current was smaU. However. the shunt current could

be neglected at higher voltages because the forward diode current increased exponentially with

voltage. ln the voltage range of operation of the solar ceUs, the shunt resistance cO\lld be

neglected.

To obtain the junction current in the forward bias at low voltages. it is necessary to

subtract the shunt current from the total forward current. It is apparent that at the same voltage

magnitude. the reverse and forward shunt current should be the same in magnitude. Therefore,

the correction for the shunt resistance was done by subtracting the reverse current from the

forward current at the same voltage magnitude. This method of shunt-resistance correction has a

benefit of taking into account of any nonlinearity of the shunt resistance that cannot be done by

using a discrete shunt-resistance value. H~;wever, this method can only be applied when the

;everse current is dominated by shunt current. After the correction for shunt resistance, sorne

devices showed only a single slope as in Fig. 5.14. However, sorne devices still showed a"second

slope or a bulge at low voltages (0.1 to 0.3 V) in the log 1-V plots (Fig. 5. J5), indicating the
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• possibility of a second current componen!. In arder ta determine whether there is a second

current component and its mechanism, temperature-dependent 1-V measurements are required.

5.3.2 Telllperalure-dependenl Cu"enl-Voflage Measurelllenls

The 1-V characteristics were measured in the temperature range of 100 K ta 300 K. The

dark forward 1-V characteristics of two typical cells. D-IOO and D-10 1, measured at different

temperatures are shown in Fig. 5.16 and 5.17. Both cells were fabricated using the optimum

method and had a conversion efficiency of about 8%. The currents were corrected for shunt

resistance at each temperature as described in the previous section. In order to see whether the

shunt current was still dominant at different temperatures, the reverse current was plotted against

the reverse voltage for many devices. A linear reverse 1-V relationship was observed at ail

temperatures as shown in Fig. 5.18 for D-I 00, justifying the shunt-resistance correction method.

Both cells showed similar temperature-dependent log 1-V characteristics. The curved

section at large voltages was due to series resistance as explained before. At smaller voltages,

two straight-line sections can be c1early seen, especiallyat Iow temperatures (Fig. 5.16). Since

the curves were corrected for shunt-resistance effeet. it is likely that the corrected current

represented the real junction current. The two straight-line sections can then be explained by two

current components having an e.xponential dependent on voltage. One component was dominant

at high temperatures and large voltages and the second component was dominant at low

temperatures and small voltages. Thus, the 1-V charaeteristics of the devices can then be

described by two current components,
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• (for low voltages)

(for high voltages) (5 1)

where BI and B~ are the slopes of the two straight-line sections in the log I-V cur...:s and ar.:

almost independent of temperature as can be seen from the constant slop.: at ditlèr.:nt

temperatures in the graphs. The 1.1 and I.~ terms accounts for the temperatur.: d.:p.:nd.:nc<: of th.:

currents. The values of BI and B~ were then determined from the slope of each s.:ction and 1..1

and I.~ from the intercepts of the interpolation of each section to the current axis. The slopes of

0101 were 14.8 for the low-voltage section and 24.8 for the high-voltage section. For 0-100,

these values were 11.2 and 25.2.

Another observation is that at sorne regions. e.g. the low voltage region of D-\ 00 at 260

K and 220 K in Fig. 5.16, the slope ofthe logarithmic curve lay between BI and B~; this might be

due to the presence of both current components. lt can be seen that at 300 K. only the current

component having the slope of 25.2 was dominant at ail voltages (0.1 to 0.5 V) for 0-100.

However, as the temperature was reduced, the second component with a slope of 11.2 began to

appear at low voltages, became more and more significant as the temperature was further

decreased. and became dominant at temperatures bdow 180 K. causing the slope to change from

25.2 to 11.2. At the temperatures which neither current components were dominant, i.e. between

300 K and 180 K. a slope belWeen 11.2 and 25.2 was obtained. Similar explanation can be

applied to 0101 in Fig. 5.17, except the low-voltage current component was present even at 300

K and was dominant at all voltages at temperatures below 175 K. AIl the ZnO/CdS/CulnSc:!

cells. including the best cells, prep"..ed in the present work showed similar temperature-dependent

1-V characteristics.
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• The temperature-independent slope of the logarithmic curves is a charactcrislic of only

tunneling current. Ali the other current mechanisms have a temperature-dependenl siope in a log

I-V plot. For these thermal currenls. the slope should have reduced by a t:1ctor ofthree when lhe

temperature is decreased from 300 K to 100 K. Since tunneling has also been rcported to be

quite common in heterojunctions [5.3-5.9]. it is very likely that tunneling. is the current mechanism

of the ZnO/CdS/CulnSe~ solar cells prepared in the present work.

There are several models each ha\ing. a different tunneling mechanism. It is. therefore.

necessary to examine each model carefully to determine the appropriate one for thc present casc.

The first one was proposed by Esaki [5.14] to explain the behaviour of tunneling diodes. It

involves the interband tunneling through a very thin depletion layer from the conduction band of a

degenerated n-type semiconductor to the valance band of a degenerated p-type semiconductor.

However. this model is not applicable in this case because the CulnSe~ was not degenerated

although the ZnO could be considered degenerated. Furthermore. the negative differential

resistance and the current peak and valley that are typical of a tunnel diode were not observed

experimentally in our devices.

The second model is the tunneling through the energy spike in the conduction or valence

band which arises from the differences of the electron affinities and energy band gaps of the two

materials in a heterojunction [5.3]. This' model is sirnilar to the one proposed by Padovani and

Stratton [5.15] for therrnionic-field ernission tunneling in Schottky barriers in which the potential

barrier or "energy spike" arises from the differences between the work funetion of the metal and

the eleetron affinity of the serniconduetor. However, the thermionic-field emission tunneling

model is not applicable because it also gives a temperature-dependent slope of the exponential

curve.
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• The third model was proposed by Riben and Feucht [5.3] for a Ge-GaAs heterojunction.

Thc model was similar to the one proposed by Chynoweth et al. [5. 16] to explain the excess

current in tunneling diodes. ln this model. the charge carriers tunnel across the junction through

interface states or/and deep levels which lie in the forbidden gaps of the semiconductors.

Depending on the distribution and the densities of these states in the energy gaps. several

tunneling paths are possible. This tunneling model is illustrated in Fig. 5.19 for a n Ge-p GaAs

heterojunction [5.3]. Three tunneling paths are shown in the figure. ln path A, electrons drop to

the interface states from the conduction band of Ge and tunnel to the top of th~ valence band of

GaAs. In path B. electrons tunnel iOlO the available bandgap state or deep level inside GaAs and

then fall into the valence band. ln path C. eleetrons tunnel through multiple levels of available

bandgap states at the surface of GaAs and then fall into the valence band. Ail three paths should

lead to similar functional dependence of current on voltage [5.3]. This model leads to a log 1-V

slope independent of temperature and has becn found to be satisfaetory, at least qualitatively, in

explaining the l-V charaeteristics ofGe/Si [5.4], nO/Si [5.5] and Cu2S/CdS heterojunctions [5.6-

5.8] as weIl. Therefore. it is speculated that this model is applicable to the present

ZnO/CdS/CulnS~ cells as weIl. The tunneling current in this model cao be expressed as [5.16],

(5.2)

where A is a constant, NI is the density of available bandgap states and Ptwulcl the tunneling

probability. which is a funetion of the energy of the tunneling barrier and the eleetric field. The

double slopes of the log 1-V curves in the present case cao then be exp1ained by !WO different

tunneling paths. each having a region of domination dependent on the density of the

corresponding bandgap states and the tunne1ing probability of each path. Claassen [5.17] also
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• reported such a double-sIope tunneling cUITent through two distinct bandgap le\'c1s for the exeess

current in their Esaki diodes.

ln order to help the understanding of the tunneling mechanism. the temperature-dependent

1-V measurements were also carried out for the cells wilhout substrate annealing because it was

found that the 1-V chara:teristics were strongly dependent on the surtàce preparation of the

CulnSe~ substrates Fig. 5.20 shows the temperature-dependent l-V characteri~<ics of one of the

non-annealed cells. It can be seen that the ceI! c!id not exhibit a straight lice portion of the log l-V

plot but showed an almost paraI!el shift of the curve with temperature. Almost aI! of the non­

annealed samples .howed such a curved log 1-V plot. Furthennore. the dark CUITent magnitude of

a non-annealed ceI! was always greater than that of an annealed ceI!. The large for.vard CUITent in

non-annealed ceI!s could ::>e due to a small shunt resistance. which could result in a large shunt

CUITent. Examination of the reverse CUITents of the non-annealed ceI!s showed that they were

dominated by shunt current. However. the shunt CUITent was smaI! compared to the large

forward current even at low voltages and was usuaI!y negligible. The large forward CUITent was

then likely to be the result ofjunetion current and could be due to tunneling through multiple or

continuous levels of bandgap states [5.17], which might be created by mechanical polishing and

located at the CulnSC2 surface. This is iIlustrated in the band diagram shown in Fig. 5.21. The

large density of eleetrons in the ZnO conduction band can easily tunnel through the thin CdS

where the electric field is large. into the defeet states at the CulnSC2 surface and then into the

valence band of CulnSC2. Deep level states intrinsic to the CulnSC2 crystal are omitted in the

diagram for darity. The large density ofdefeet states at the surface ofnon-anneaied samples were

further confinned by DLTS measurements and the results wiI! be presented in chapter 7.
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• The tunneling mechanism of a cell with substrate annealing should be different. It is

believed that substrate annealing reduced significantly the amount of sulface defects so that they

were not playing an important raie in the current mechanism of annealed sampies. Each straight­

line portion of the log 1-V plot of an annealed cell corresponded to a single-path tunneling. Two

scenarios are possible as ilIustrated in Fig. 5.22. In Fig. 5.22 (a), electrons drop to the intelface

states caused by lattice mismatch and tunneling directly into the valence band of CulnSe2. Two

tunneling paths are shown to account for the double slopes and each tunneling path dominates at

certain voltage and temperature ranges.

Another scenario is tunneling assisted by deep levels in the CulnSC2 as shown in Fig. 5.22

(b). In this case. electrons drop to the interface states, tunnel to the deep levels, and then fall to

or recombine with holes in the valence band of CulnSC2. The aetual tunneling paths are, of

• course, not necessary to be exaetly as shown in the figure, the important point is that the tunneling

is assisted by deep levels. Two tunneling paths are possible because there are two deep levels.

Since deep levels are very common in semiconduetors, this tunneling mechanism is quite possible.

Indeed, it is easier to visualize the two tunneling paths are caused by two deep levels than by

direct tunneling because direct tunneling usuaIly only occurs at the energy level where the energy

barrier is thin enough for tunneling. Anyway, the two scenarios should lead to similar functional

dependence ofcurrent on voltage.

The other important parameters that needed to be examined are the 1.1 and 1.2 tenns in Eq.

5. I. Newman [5.18) reported an exponential dependence of the 1. term on temperature for

various heterojunetions. The 1-V charaeteristics of these devices obeyed the following empirical

equation,

•
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• T

1 = 1 eS,. = 1 eT'eS"e cc • (5.3)

where. Icc• Te and B are constants and B, as explained before. is the slope of the log 1-V cur....e.

This temperature ....ariation of the CUNes was suggested by Sites [5.5] and Riben and Feucht [5.3]

to be due to a change in diffusion potential. Howe....er. it was found that the temperature variation

of the devices in the present work showed a TI dependence of le similar to sorne published

caIculations [5.18], and the current can be expressed as

(5.4)

where E,\ is the activation energy of a therrnally associated process and k is the Boltzmann's

constant. Lindquist and Bube [5.8] had found activation energies of 0.26 and 0.45 eV for their

CU2S/CdS p'_n devices with Cd-face and S-face CdS monocrystalline substrates, respectively.

• They suggested that the electrons had to be activated to a certain level in the conduction band of

CdS such that the barrier is thin enough for appreciable tunneling through interface states to

occur, simI1ar to the direct tunneling model shown in Fig. 5.22 (a). Since the log 1-V plots of

these devices showed only a single slope at ail temperatures, only one tunneling path existed.

The activation energy of each tunne1ing current component can be obtained by plotting ln

1. against Tl. As explained before, each value ofl. was obtained from the intercept of the current

axis with the interpolation of each straight-line section il! the log 1-V plot at the corresponding

temperature. It should be noted that in the cases where the slope lies between the two values,

cuNe fitting was carried out to determine the magnitude of each current component. Fig. 5.23

shows the ln I.-T plots for the two current components ofthe sample D-IO\. For this sample, the

activation energies of the two current components were found to be about 0.09 eV for the low-

• voltage slope (14.8) and 0.29 eV for the high-voltage slope (24.8). Similar values of activation

89



• cncrgy. 0 Il cV and 0.30 cV, were obtained for 0-100. The TI temperature variation of the

current can be explained by the need of activa!'ng the holes in the Cu\nSe2 valence band to a

certain energy level before they can recombine with the tunneling electrons as shown in Fig. 5.22

(b). To put it in another way, the tunneling electrons fall from the deep level into the Cu\nSe2

valence band inside the depletion region where there is band bending. The band bendings are E,\1

and E,\2. measured from the top of the valence band in the neutral Cu\nSe2 region, as shown in

Fig. 5.22 (b). Considering path a in the figure, the density ofholes available for recombination is

_~'_I

Il. =111: kT
1;,11 " ~

(5.5)

where pu is the hole concentration in th(l neutral CulnSC2 regior.. In EQ. (5.2) for the tunneling

current, the electrons are assumed to tunnel to the top of the valence band in the neutral region

where there is no band bending. The hole density po is high in this location so that it is not a

limiting factor for the tunneling current. However. for the case in Fig. 5.22 (b), the hole density

available for recombination is much smaUer (Eq. (5.5)) and becomes a limiting factor for the

tunneling current. Therefore, Eq. (5.2) bas to be modified by Eq. (5.5) and becomes

(5.6)

This equation can account for both the temperature-independent slope and the Tl dependence of

the Cl'rrent observed e.xperimentally. The decrease ofactivation energy of the current component

\Vith slope of 14.8 at very low temperatures in Fig. 5.23 can be considered as a change of

recombination location where sufficient holes are available for recombination.
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• 5.4 Analysis of Photovoltaic Performance

As described in section 5.2.1. it was found experimentally that substrate annealing could

significant!y improve the open-circuit voltage and fill tàctor. but did not show a strong el1èct on

the shon-circuit curren! density. Funherrnore. it has been shown in the last section thai the dark

1-V characteristics changed significantly with substrate annealing. \t is quite possible that these

two phenomena are related and. therefore. they are funher examined here.

The equivalent circuit of a solar cell shown in Fig. 2.6 is repeated in Fig. 5.24 for the

shon-circuit and open-circuit conditions. Shunt and series resistances are omitled in the figure to

facilitate explanation but they should not significantly affect the arguments. It can be seen that

under the shon-circuit condition (Fig. 5.24 (a». the photocurrent flows directly to the extemal

circuit as the shon-circuit current and is not significant affected by the 1-V char:lcteristics of the

p-n junction. This can explain why the shon-circuit current density is not significantly affected by

substrate annealing as long as the substrate annealing changes only the dark \-V characteristics of

the ZnO/CdS/Cu\nSc:! junction but not the collection efficiency of the photocurrent. It has becn

shown to be the case that the spectral responses were not significantly changed by substrate

annealing and should result in similar collection efficiencies.

Under the open-circuit condition (Fig. 5.24 (b», ail the photocurrent "flows" into the p-n

junction. To put it in another way, ail the photocurrent is negated by the dark junction current.

The open-circuit voltage is the voltage across the p-n junetion that can produce a dark junetion

current equal in magnitude to the photocurrent. Therefore, it is cIear that the open-circuit voltage

is highl:; dependent on the dark 1-V charaeteristics of the junetion. lt has becn demonstrated that

substrate annealing changed the current mechanism and, thus, the dark 1-V charaeteristics of a
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• ccU, and a non-annealed ceU always showed a larger dark CUITent density than a similarly prepared

ccU with substrate annealing. The larger dark CUITent density in an non-annealed ceU can be

cxplained by the multiple tunneling of charge carriers.

Fig. 5.25 shows the dark I-V characteristics of the two ceUs shown in Fig. 5.2. It can be

secn that the annealed ceU (0-39) had smaller CUITent densities at the operation voltage range of

the solar cell than the non-annealed cell (0-38). Suppose both cells had the same photocurrent of

30 mA/cfl1~, 0-39 would have a larger open-circuit voltage (about 0.48 V) than 0-38 (about

0.44). Those values are not too far off to those obtained e.xperimentally in Fig. 5.2. This can

account for the larger open-circuit voltages of anneaIed .:ells than non-annealed cells observed

cxperimentally. ln other words, the photocurrent can "leak" more readiIy through the larger dark

CUITent of an non-annealed cell so that a smaller open-circuit voltage is obtained than in an

annealed cell. This e.xplanation is valid only when the illumination does not change the junction I­

V characteristics drastically and this was usually the case for the cells prepared in the present

work as can be seen from Fig. 5.9 for 0-39. In this figure, the illuminated I-V curve is almoS! a

direct tr:msIation of the dark 1-V curve along the current axis with no change in the shape.

Similar behaviour was observed for the non-annealed cell, 0-38, as shown in Fig. 5.26.

The increase of fill factor was due to the change of the current mechanism. The

exponential dependence of the current in annealed sampIes usually led to a more squared 1-V

cun:e than the multiple tunneling current in non-annealed samples and, hence, a larger fill factor.
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• 5.5 Capacitance-Voltage Measurements

ln order to examine further the properties of the heterojunction. ditTerenti'll

capacitance-voltage (C-V) measurements were made. Information such as the doping uniformity.

doping concentration. diffusion potential. and interface-state and deep-level etTects may be

deduced from these measurements. The capacitance of a p-n heterojunction is given by

(5.7)

where A is the area of the device. EA and E0 are the dielectric constants of the two materials. N"

and No are the doping concentrations. Yb; is the diffusion or built-in potential and V is the applied

voltage. This equation is derived for the ideal case without interface-states. deep-levels or other

interface etTeets. C-V measurements are generaUy used to obtain the doping profiles of the

semiconductors near the interface. from the slope of a I/C2 vs V plot. especiaUy for a Schottk-y

junction or a one-sided p-n junction. The built-in potential can also be obtained from the voltage

intercept of the plot. For a one-sided n--p heterojunction. Eq. (5.7) can be further simplilied by

letting No » NA. and the net acceptor concentration of the p side can be obtained from the slope

ofa I/C2-V plot as expressed by the foUowing equation,

(5.8)

The net acceptor concentration ofthe CulnSC2 substrates in the present case can be determined by

this method.

An HP model 4247A LCR meter was used to measure the differential capacitance-voltage

characteristics ofthe ceUs al. the frequency range of 1 kHz to 100 kHz. The dc bias applied to the

ceUs by the LCP. meter \Vas measured with a HP3468A multimeter. A Booton mode1 72B
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• capacitance meter wa:> used 10 measure the capacitance at 1 MHz. Fig. 5.27 and 5.28 show the

I/C2 vs. voltage plots of two cells (D-I02 and D-32) measured at three different frequencie;.

Both cells were fabricated with substrate annealing. The plots appear to be quite linear at high

voltages but at voltages near zero bias. the slope~ increase and become curved. A curved C-V

plot roay result from a concentration gradient. deep levels in the CuInSC2 or interface state5 at the

CdS/CulnSe2 interface [5.19].

il is apparent that the three possibilities may also be applicable in the present case.

Tavakolian et al. [5.20) also suggested that such a distinct kink near zero bias might be due to a

more lightly doped layer near the CuInSe2 surface. Since the CuInSC2 substrates were annealed at

350 "c in the present case. it is possible that there was out- or in-diffusion of sorne elements that

caused the concentration gradient. In order to confirm this. the non-annealed samples were aIso

measured. Fig. 5.29 shows the 1/C2-V plot of one of the non-annealed samples. It can be seen

that the curves did not show any straight-line portion and the curvature increased near zero bias

as well. AlI the non-annealed samples showed similar behaviour. Therefore, it is clear that the

curved 1/C2-V plots were not necessarily caused by substrate anneaiing. Since ail the other

fabrication steps were not high-temperature processes, it is unlikely that concentration gradient

due to diffusion was the cause ofthe nonlinear behaviour of the 1/C2
-V plots.

ln order to find out whether this is due to surface states or deep levels, sorne cells were

measured at a higher frequency and larger reverse biases. Higher frequency was used because it is

weil known that interface states and deep levels are not responsive to the small-signaI voltage in

C-V measurements when the frequency is sufficiently rugh. The use oflarger reverse bia~es can

probe deeper into the CulnSC2 so that surface effect and bulk effect can be distinguished.
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• Fig. 5.30 and 5.31 show the I/C~-V plots of two samples. one with substrate annealing

(D-IOO) and one without the annealing (D-Il1). It can be seen that at 1 MHz. the lIe:-v plots

ofboth samples were completely straight up to small forward biase!>. The missing kinks indicate

that they were frequency-dependent and further confirmed that they were not caused by

concentration gradient. At lower freQuencies. the CUl'\'es were straight dt large reverse bi~lses.

indicaling that the curve bending was probably a surface or interface eITect. Ifit was a bulk el1èct.

the whl'lle curves would be bent. Since deep levels are intrins;~ to semiconductors and should

exisl in the bulk. the curve bending should not be caused by deep levels. Therefore. it is likcly

that il was caused by interface or surface states. It can be seen that the curve bending was more

severe for the non-annealed samples (Fig. 5.30). especially at low frequencies. probably due to the

much higher densities of surface defect states. According to Sah et al. [5.2!]. a charge-trapping

bandgap energy level has a time constant of

(5.9)

Here. only the electron capturing is considered and Cn is the electron capturing rate of the

ba:ldgap and n is the electron density. With large reverse bias, the electron density at the interface

is very small and the time constants of the bandgap states (surface states in this case) are large so

that they cannat follow the small-signal voltage, especially at high frequencies, for the C-V

measurements. However. with the depletion region shrinking toward the interface with smaller

reverse biases, more eleetrons will be available for the surface states and their time constants will

decrease. The surface states can then start ta foUow the small signal and contribute to the

capacitance measurements, causing an increase in capacitance.
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• Besides the curve bending. a near parallel shi ft of the I/C2_V plots can also be seen. This

frequency dispersion of the C-V curves was quite common in CulnSe2 de\ices [5.19.5.22-5.24]

and was believed to be due to the presence of deep levels. Sah et al. [5.21] proved that such a

frequency dispersion of the C-V curves was caused by discreet levels of bandgap states or deep

levels in the bulk of the semiconductor. Deep-Ieve1 transient spectroscopy was used to identify

and characterize these levels in the CulnSe2 substrates and the results will be shown in chapter 7.

Net acceptor concentrations of the CulnSe2 substrates were ca1culated from the slope of

the I/C2_V plots using Eq. (5.8). High-frequency curves (1 MHz or 100 kHz) were used for the

calculation because they were less affected by surface states. The straight 1/C2-V curve

indicated that the net acceptor concentration is quite uniform for both the annealed and non­

annealed cells. The concentrations obtained were in the order of 1017 cm·3, which agree quite weil

to the values obtained from Hall-effect measurements. Although deep levels did not alter the

slope of the I/C2_V curves, the frequency dispersion makes it impossible to determine the buHt-in

potential.

5.6 Conclusions

ZnO/CdS/CulnSe2(bulk) solar cells with conversion efficiencies close to or more than 10

% have been routinely fabricated in the present work. The best cell showed an open-circuit

voltage of 0.48 V, a short-circuit CUITent density of 33.8 mAlcm2
, a fill factor of 0.71 and a

conversion efficiency oîl 1.5 % under global AM 1.5 illumination. The best cells prepared in the

present work are comparable in performance to, but with an area of up to an order of magnitude

larger than. the highest-efficiency cell reported in the literature.
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• It has been demonstrated that a CulnSe, substrate annealing fi.1110wing the abrasive

polishing and etching was instrumental in obtaining the high-ellieiency ZnO/CdS/CulnSe:

photovoltaic cells. The optimal annealing condition was determined 10 be 350 "c in Ar fN two

hours. The improvements by substrate annealing were mainly in V,~ and lill !:\ctor. while no

apparent gain was observed in 1",. The improvements of V,~ and fill làctor were probably duc to

the change of CUITent mechanism from multiple tunneling through surface defect states in nun­

annealed samples to discrete deep-Ievel assisted tunneling in annealed samples. Spectral response

measurements showed the need of an improvement in the quality of CdS lilms and an

antirel1ection coating to improve the short-circuit CUITent density. Furthemlore, a smaller net

acceptor concentration of the CulnSe~ substrates should also improve the device perfOlmance.

Capacitance measurements indicated the strong eITect of inteiface or surface states, especially for

the non-annealed samples. High frequency \Vas required to reduce such surface eflèct. Net

acceptor concentration \Vas observed to be quite uniform at the CulnS~ surface for both the non­

annealed and annealed ceUs.
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1

•

Table 5.\ Experimental results showing the effect ofsubstrate annealing.

Sample Ingot Substrate V.. J.. f.f. Efficiency
no. no. annealinll:" (V) (mAlcm1

) (%)

0-\06 LS-42 no 0.23 19.2 0.42 l.8S
0-\0\ !..S-42 ves 0.44 28.0 0.67 8.25
0-38 LS-SI no 0.42 30.5 0.63 8.0
0-39 LS-SI ves 0.47 32.8 0.67 10.3

• 350 oC in Ar for 2 hours

Tab\e 5.2 Photovoltaic characteristics ofZnO/CdS/CulnSC1 solar ceUs.

Sample No. Active Arca V.. J.. f.f. Efficienry
(rnm2) (V) (mAletn2) (%)

0-102 4 0.48 33.8 0.71 Il.S
0-105' 4 0.48 32.4 0.69 10.7
0-39" 8 0.47 32.8 0.67 10.3
0-44 4 0.45 32.1 0.69 10.0
0-37" 8 0.45 31.3 0.68 9.6
0-32 8 0.43 31.9 0.65 8.9
0-29" 8 0.45 29.8 0.65 8.7
0-94 4 0.42 30.5 0.67 8.6
0-101 4 0.44 28.0 0.67 8.3
0-100 3.8 0.43 27.3 0.68 8.0

Il Ail CulnSc, substratcs WClC annealcd al 350'C in Ar for 2 hrs cxccpt 0-105. which wasannealcd in H:.
• CcII pcrfonnanccs mcasurcd undcr the sun al noon.
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• Table 5.3 Comparison oftwo cells fabricated in the present work with the best single-el)·stal and
thin-film cells reported in the literature.

Sanple No. Active Area V", J", F.F. Efficiency
(mm2

) (V) (m:Vcm2
) (%)

0-102'" 4 0.48 33.8 0.71 11.5
0-39'" 8 0.47 32.8 0.67 10.3

SC-cell" 0.79 0.5 -38.0 0.6 12'
TF-cell' - 0.515 41.2 0.726 15.4

&. No amircncction coating was uscd for thcsc IwO ecUs.
• Bcst singlc-cl)·stal CulnSc: ccU rcportcd by SI~1Y Ct al. Il.31. Fabricatcd on a c1ca\"cd (112) CuluSe: surface.

Al1tircnCClion coating was uscd.
t The emcicucy of the sarne ceU without amircncction coating was 10.6 %.
# Bcslthin-liIrn CulnSe: ecU rcported by Hcdstrolll et al. 11.131. Amircncction coating W:lS lL",d.
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Fig. 5.14 An e:I:ponentiai plot of the forward current against forward voltage for the cell 0-100.
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from 0.1 to 0.45 V.

113



•

0.70.60.50.40.30.20.1

10-1

10.9 LLL...L.;L..L.L..l:...LL..L......L..L.L..l:...LL..L.......L.J.....L..JL..L.L..l:...LL..L.......L.J.....L..JL..LJ

0.0

10-"

10-2

10.7

-~ lO.l----~-..
=U 10.6

Voltage (V)

Fig. 5. 15 An e.'l:ponential plot of the forward current against forward voltage for the cell D-I02.
The forward current was corrected for shunt resistance but a second slope at Iow
voltages (0.1 to 0.3 V) can be seen.

114



•
260K

300K

0.7

220K-----...

0.60.50.3 0.4

Voltage (V)
0.20.1

10-9 L....K:..L..I......~...L.L.I::.L..JL..L..L..I....L..L..1...L.L..L..L..Iu...L..1...L.L.L..L..IL..L,I-\...LJ

0.0

10-3

10'"

ISOK

-<- IO-~-- 140K-~
:----U lOOK10-6

Fig. 5.16 Temperature-dependent I-V characteristics orcell 0-100.

115



0.60.50.40.30.20.1

10-9

10·101L.a1L.L...L........L.J...1...1...L.JL...L...L........L.J...1...1...L.J.........I...I...L.JL...L...L.......L.J-l

0.0

10'"

Voltage (V)

Fig. 5.17 Temperature-dependent 1-V charaeteristics ofcell D-1 01.

116



•
0

-0.1 220K
180K

-0.2

-0.3

-< -0.4
:::1.-- -0.5=<:J:..
:..

-0.6=U
-0.7 300K

-0.8

-0.9

-1.0
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 -0.0

Voltage (V)

Fig. 5.18 Reverse 1-V charaeteristics ofthe cell D-I 00 measured at different temperatures.

117



A.B&C ARE POSSIBLE

RECOMBINATION - TUNNELING

PATHS

8",1 _
Aft-Ge

E01

p-GaAs

Fig. 5.19 Tunneling model proposed by Riben and Feucht [5.3] for a n Ge-p GaAs
heterojunction. V. is the applied forward bias and Eb is the tunneling barrier height.
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Fig. 5.21 A current mechanism model of multiple tunneling through surface states in CulnSl:2 for
non-annea1ed samples.
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Fig. 5.24 Equivalent circuits for the (a) short-circuit and (b) open-circuit conditions. Shunt and
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Fig. 5.28 A plot of 1/C2 vs voltage for the cell D-32 at three different frequencies.
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• CHAPTER6

ELECTRON-BEAM-INDUCED-CURRENT MEASUREMENTS

6.1 Introduction

Before ZnO was established as a better window material for CulnS~ solar cells, CdS had

been widely used. The CdS films were prepared by thermal evaporation. However, an active

buried CulnS~ homojunclion was observed by e1eetron-beam-induced-current (EBIC)

measurements in sorne CdS/CulnSe2 cells fabricated on single-crystal or thin-film CulnS~

substrates [6.1-6.3]. The depth of the homojunction formed in a single-crystal substrate ranged

trom IJ.lm for an acceptor concentration of 1.8xl018 cm'; to 9 J.lm for 2.6x1016 cm·3, but the

homojunction in a thin-film cell was usually much shallower.

The type conversion of the top layer of the p-type single-crystal CulnS~ substrate was

believed to be due to either the in-diffusion Cd trom the CdS film and/or the out-diffusion of Se

or Cu during the CdS deposition at about 200 oC substrate temperature. However, the type­

conversion mechanism in thin-film cells was less clear because of the faet that oxygen was

believed to be commoniy incorporated in CulnS~ films and also the faet that an oxidation, i.e.

baking in O2, was able to reverse the type conversion. The homojunetion, therefore, could have

been formed during the CdS deposition or EBlC measurements by reducing the oxygen content in

the top layer of the CulnS~ film. However, atomic/defeet diffusion should and could not be

ruled out as the type-conversion mechanism in thin-film cells as weil.

There has always been a concern ofthe possibility ofthe presence ofsuch a homojunetion

in the now more commonly-used ZnO/CdSlCulnS~ structure, especially because CdS is used as

132



the buffer layer. Therefore. EBIC measurements were performed in the present work to check

the existence of such a homojunction. The diffusion lengths of the CulnSe~ substrates were also

measured using the EBIC method. In this chapter. the principle of EBIC is tirst brietly exp!ained

and the results of the EBIC studies on the ZnO/CdS/CulnSe~cells are presented.

6.2 Principles of the EBle Method

During the EBIC measurements. an electron beam is usually scanned across the cross

section of a cleaved device with a charge-collecting junction as shown in Fig. 6.1 (a) for a

CdS/CulnS~ junction. The electron beam will generate electron-hole pairs in a volume

surrounding the eleetron beam inside the semiconductor and if these electron-hole pairs are

generated close enough or inside the depletion region of a p-n junction, the electron-hole pairs

will be separated by the electric field and contnbute to an e".-terna! short-circuited current. This

current is then measured and recorded for the particular position of the electron beam. By

scanning the electron beam across the junction and plotting the measured current against the

electron beam position, the EBIC scan of the junetion can be obtained. The energy band diagram,

electric field distribution and the corresponding EBIC scan are also shown in Fig. 6.1. Ideal1y, as

shown in Fig. 6.1 (d). the EBIC signal should peak at the position with the maximum electric

field. i.e. at the metallurgical junction in the case of a p-n junetion. Therefore, the position of the

EBIC peak is a good indicator ofthe position ofthe p-njunetion.
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6.3 Characterization of ZnO/CdS/CulnSe2 and CdS/CulnSe2 Junctions

Several ZnO/CdS/CulnSe2 cells with conversion efficiencies greater than 8 % were

selected for the EBIC studies. A sample was fractured or cleaved to expose the p-n junction

before being loaded into a JEOL model 6100 SEM system. The sample was made certain to be

securely fixed into position because any small shift of the sample position might cause a

misinterpretation of the position of the junction. The system was allowed to be stabilized prior to

any measurements. It was also found that repeated scanning of the electron beam at the same

position on the sample could gradually change the position and magnitude of the EBIC peak;

therefore. ail the results presented in this section were obtained from the first two EBIC scans.

An EBIC scan of one of the ZnO/CdS/CulnSC2 cells (sample 0-45) is shown in 6.2 (a).

The picture is a SEM photograph superimposed with the EBIC signal. The EBIC scan was taken

first on a Polaroid film and then the SEM image was taken on same film to combine the two

images. It should be pointed out that the CdS is too thin to be observed in the SEM picture; only

the ZnO and the CulnSC2 are visible in the pieture. lt can be seen that the EBlC signal peaked at

a position of about 0.2 \lm from the metallurgical junetion in the CulnSC2 side. The apparent

small shift of the peak could imply the e.xistence of a very shallow homojunetion as suggested by

Matson et al. [6. Il, although their homojunetion was much deeper, up to 9 \lm in one case.

However. the shift could also be caused by the presence of interface states at the junetion or other

interface effeets [6. Il.

ln order to find out the true cause of the shift, a CdS/Si junetion was tested for
..

compai:ïson purpose. The CdS/Si cell was fabricated by evaporating a layer ofCdS onto a (100)-

oriented Si wafer. lt also showed a very small shift, about 0.1-0.2 \lm, of the EBIC peak away

from the metallu~cal junetion. The existence of a homojunetion in the CdS/Si ceII is very

134



• unlikely because of the usually rugh temperature (>1000 OC) required for diffusion in Si. wrule the

CdS evaporation was carried out with a substrate temperature of only 180 oC. It is more likely

the EBlC sruft was due to interface states or other interface effects than of a homojunction in the

CdS/Si junction. Of course. trus does not prove anytrung for the case of the ZnO/CdS/CulnSe~

junction, but just to show that EBIC sruft occurs in other junctions due to interface effects as weil.

A strong evidence of the absence of a homojunction in the ZnO/CdS/CulnSe~ junction is

shown in Fig. 6.2 (b) for another EBIC scan of the sarne sarnple as in Fig. 6.2 (a) but of different

location. The SEM image shows that the ZnO/CdS layer of the area under exarnination was lifted

off from the CulnS~ substrate during the fraeturing of the œil. An EBIC scan of trus area

revealed no EBIC signal as in Fig. 6.2 (b), indicating no electric field in the CulnS~ substrate,

although EBIC signais were still observed in other areas, including the edge of the lift-off region,

• where the ZnO/CdS was still in contact with the CulnS~substrate.

It should be noted that the EBIC scan shown in Fig. 6.2 (b) was taken near a region where

the ZnO/CdS layer was still attached to the CuInS~ substrate. If there was a homojunction in the

CuInS~ substrate, the region with the ZnO/CdS layer would provide the eleetrical contact to the

homojunction. The absence of an EBIC signal in an area without ZnO/CdS indicates that there

was no buried homojunction in the ZnO/CdS/CuInS~ cells; otherwise, the eleetron-bearn

generated electron-hole pairs would have been separated by the homojunction, collected by the

region with ZnO/CdS, and given rise to an EBIC signal. The need of the ZnO/CdS layer being

attached to the CuInS~ substrate in order to obtain an EBIC signal indicates that the active

junetion was a heterojunetion.

Although Matson et al. [6.1] showed that the homojunetion was deteetable by EBIC even

• when the top window layer was se1ectively removed at the scan area in their CdS/CuInS~ cells, it
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•

•

is helpful to repeat this experiment to assure that such a buried homojunction can be deteeted by

the EBIC system in our laboratory. Therefore, efforts were made to reproduce the CdS/CulnSe2

heterojunction cell with a buried homojunction [6.1], using similar fabrication steps. The CdS

was deposited by thermal evaporation in a vacuum system with a pressure of 10'" torr. A CdS

source containing 2 at. % ln was used to obtain the CdS films with a resistivity of about 10.3 to

10.2 fi-cm. The CulnS~ substrates were maintained at 180 ·C during the evaporation. A

thickness ofabout 2 ll11I was obtained with a deposition time of 10 minutes, excluding the heating

and cooling of the substrate. The substrate was cooled after the deposition by passing water

through the substrate holder. The conversion efficiency ofthe cell was less than 3 % although the

CulnS~ substrate was also anneaied with the optimal conditions.

An EBIC scan ofthe sample (D-83) is shown in Fig. 6.3 (a). It can be seen that the EBIC

signal peaked at about 2.4 ll11I from the physical junction in the CuInS~ substrate, suggesting the

presence ofa homojunction. The CdS/CuInS~ heterojunction was almost inactive as indicated by

the absence of a strong eiectric field compared to the homojunetion. After the first EBIC scan,

the CdS layer was removed from selective areas by protecting certain areas with wax and dipping

the sample into dilute HCl solution. The exposed CdS was etched away and the EBIC

measurements repeated. Fig. 6.3 (b) shows an EBIC scan ofD-83 in the region where the CdS

was removed. The shape and position of the EBIC peak were almost the same as that before the

CdS removal. It is clear that the existence of a homojunction could be deteeted by EBIC even

without the top window layer at the location ofscan, as long as the top layer was present in other

areas to provide the electrical contact to the homojunction.

It should aIso he noted that the homojunction EBIC peak was observable anywhere in the

region where the CdS was removed, and was not necessary to he near the regions with CdS.
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• Therefore. the existence of a homojunction should be easily detected by EBle. From these

results. it is safe to conclude that there was no homojunction present in the ZnO/edS/eulnSe~

cells prepared in this laboratory.

6.4 Diffusion Length Measurements

Minority carrier diffusion length is an important parameter for solar cells because the

longer the diffusion length usually means the larger the collection efficiency. However. the large

absorption coefficient of eulnS~ rela.xes the requirements for diffusion length because only a few

tenths of a micrometer of eulnS~ is sufficient to absorb almost all the incident light. while the

diffusion length of eulnS~, especially for single crystals. is usually larger than that. Nevertheless,

diffusion length is still a good indicator of the quality of the eulnS~ absorber. Mora ancl Romea

[6.4] reported a minority-carrier diffusion length of O. 5 Ilm determined by photo-eleetromagnetic

effect for p-eulnS~ single crystals; while using EBle, Matson et al. [6.1] estimated the diffusion

length to be at lcast 2.4 Ilm and Piekoszewski et al. [6.5] obtained a value of 2.5 Ilm for p-

eulnS~ single crystals. B:lUazzi et al. [6.6] also reported the mcasurements of diffusion length

by EBle for thin-film eulnS~ and obtained a value ofabout O.6Ilm.

The electron-bearn-induced current has long been known to be proportional to the

exponential of the distance of the electron bearn from thejunetion plane [6.7-6.9]. as expressed by

the equation

x

1",(x) =1....,e-ï; , (6.1)

where 1...., is value of 1.. at the junetion plane, x is the distance of the electron beam from the

junction plane as shown in Fig. 6.1, and L is the effective diffusion length of the minority carriers.
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The EBIC are plotted against the distance from the junction plane in the CulnSe" side for one of

the ZnO/CdS/CulnSe" cells (0-24) for 5 different accelerating voltages in Fig. 6.4. The EBIC

scans were taken at five different locations, each slightly apan from each other but far enough to

be not affected by previous scans. It can be seer: that the EBle peak was wider for a larger

accelerating voltage, indicating a larger effective diffusion length.

A logarithmic plot of the currents is required to determine the effective diffusion length

from the slope, -IlL', of the plot. Such a plot is shown in Fig. 6.5. From the plot. the effective

diffusion lengths for the five accelerating voltages were determined and shown in Table 6.1. The

effective diffusion length was found to increase with the accelerating voltage. This behaviour was

reponed to be due to the effect of the surface recombination at the incident plane [6.5,6. ID). The

larger the accelerating voltage, the deeper the electron beam will penetrate and the larger ponion

of carriers will be generated deeper inside the material so that surface recombination will have less

ofan effect on C. If the surface recombination is smail. the effective diffusion lengths at different

accelerating voltages will be about the same and equal to the bulk diffusion length, LB. If surface

recombination is significant, as in the present case, C will increase and approach LB

asymptotically as the accelerating voltage increases [6.5, 6.10).

The effective diffusion length is plotted against the accelerating voltage in Fig. 6.6. It is

c1ear that in Fig. 6.6 C was not approaching its asymptote, even at the largest accelerating

voltage of30 kV used in the experiments. However, LB was at least equai to 1.56 lUIl. the vaIue

of L' obtained at 30 kV. Jastrzebski et al [6.10] proposed a model in which the surface

recombination effect was taken into consideration. In this mode! C cao be e.xpressed as

~. -:
." .. S LJ.' =L8 '(I- -.-e '),

s + 1
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• where LB is the bulk minority-carrier diffusion length. ç is the penetration depth of the electron

beam, and s· is the "reduced" surface recombination velocity given by the relation, S·=S1:iJLB.

Here s is the surface recombination ve10city and 1:B is the minority-carrier lifetime which can be

calculated from the relation. 1:B=(J.1BkT/q)ILB
2
• where J.1B is the minority-carrier mobility. In the

model, the generation of e1ectron-hole pairs by the electron beam is approximated by a point

source located at ç [6.5], which is given by

(6.3)

•

where b is a constant, Ra is the mean range of the primary electron beam, V is the accelerating

voltage ofthe electron beam and a. has a value of 1.62 as suggested by Piekoszewski et al. [6.5).

Using this value for a., these authors calculated the values of~ to be 0.9 J.1m for 10 kV, 2.9 J.1m

for 20 kV and 5.6 J.1m for 30 kV for CulnSC2 [6.5]. This set of~ values was also used by

Bouazzi et al. [6.6) for their thin-film CuInSC2 ceUs and will he used in the present case as weil.

Slïghtly different values of a. were also suggested by different authors [6.11-6.13].

Experimentally, a. was found to have values in the range of 1.44 to 1.6 for materials with atomic

number larger than 30 [6.13]. Substituting Eq. (6.3) into Eq. (6.2) will give

• -bR,
... ., S L

L- =LB-(I-.---1e • ).
s +

(6.4)

•

The value of the constant b was taken as 0.085 by Bouazzi et al. [6.6] and Oakes et al. [6.14),

although a value of0.06 for b was obtained by Piekoszewski et al. [6.5]. With L' and ~ known

for each acce1erating voltage, the two unknowns, LB and s', in Eq. (6.4) can be solved using any

two pairs of values of L' and Ra. Using this method, the average value of the bulk diffusion

length, LB, was calculated to be 2.5 J.1ffi for a b value of 0.085 and 2.9 J.1ffi for a b value of0.06.

139



• However, the error of this method can be significant due to the uncertainties in the values of RB

and h. The diffusion length obtained in this case can then serve only as a rough estimate.

EBle scans were also taken !Tom the top of the ceUs as shown in Fig. 6.7. It is interesting

to find that the measured effective diffusion length was relatively insensitive to the accelerating

voltage of the eleetron beam as shown in Table 6.2. There are IWO possibilities ofthis behaviour.

First of ail, this could be due to a small depletion width compared to a large penetration depth of

the c1ectrons as shown in Fig. 6.7 so that only a small portion of the charge carriers generated

near the surface would be coUected by the junetion. However, this does not secm to be the case.

The depletion width was calculated to be about 0.2 !Lm !Tom C-V measurements while the

penetration depth was calculated to be about 0.08 JLffi for 10 kV, 0.25 JLffi for 20 kV and 0.48

!Lm for 30 kV. It is apparent that mos! of the electron-beam induced charge carriers could be

coUected by the depletion region ifthe electron beam was located within one diffusion length !Tom

the edge ofthe junetion.

A more Iikely explanation for this independence on the accelerating voltage is that the

surface recombination of the top CulnSC2 surface, which was polished and anneaied, was small

enough to not significantly affect the diffusion length measurements. In other words, no

significant amount of the generated charge carriers would be los! by surface recombination. The

measured diffusion length would then be near to the bulk diffusion length. Fig. 6.8 shows the

EBIC signal of such a top-surface or planar scan on the same sample shown in Fig. 6.4. The

accelerating voltage was 30 kV. The diffusion length calcu1ated from this figure was about 4 llIII.

which was larger than the 2.5 J.U1l or 2.9 JLffi values obtained previously for the same sample by

the method with the surface-recombination correction. However, it is believed that 4 !Lm is a

more accurate measurement of the bulk diffusion length becaùse no surface-recombination
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• correction was used. The diffusion length obtained from most of the other planar measurements

generally lay in the range of 4 to 6 ~m. These values are comparable to the diffusion length

values obtained by a photocurrent-c.:::acitance method on similar eulnS~ crystals [6.15].

6.5 Conclusions

lt has been demonstrated by EBle measurements that there was no buried homojunction

in the cells prepared in the present work, indicating that th~ heterojunction was active and

responsible for the high photovoltaic performance. However, a edS/eulnS~ cell was found to

have a buried homojunction and showed a conversion efficiency of less than 3 %. The diffusion

length of the eulnS~ substrates has also been obtained by EBle measureme:lts. Diffusion length

measurements on a fraetured plane of the ZnO/edS/eulnS~ junction were greatly affected by

surface recombination. After surface-recombination correction, a bulk diffusion length of about

2.5 or 2.9 ~m was obtained. A more accurate value of about 4 ~m was obtaiiled on the top

surface for the same sample. Using the pianar EBle measurements, the diffusion length measured

for most ofthe samples nad a value of4 to 6 ~.
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Table 6.1 Effective diffusion lengths of CulnSe2 measured at different electron-beam accelerating
voltages from EBIC measurements for cell D-24. The measurements were performed
on a fractured surface.

Accelerating Voltage (kYl

10 15 20 25 30........................................................................................................................_ _ - __.__ - ..-_ __ - - .

0.45 0.73 1.0 1.25 1.56

Table 6.2 Effective diffusion lengths ofCuInS~measured at different eleetron-beam accelerating
voltages for cell D-24. The measurements were performed on the polished top surface.

Accelerating Voltage (kYl

15 20 25 30_.•••.•.....•...._._•..•.••...••...__•._._._._..•.•_ ..__._..••. ... .__•....::.;0..-__

3.85 3.79
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Fig. 6.1 (a) Electron beam scanning across a edS/euInS~ heterojunction. (b) Energy band
diagram of the junction. (c) Electric field distn'bution across the junction. (d) Resulting EBle

• signal. [6.1]
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(a)

(b)

Fig. 6.2 (a) EBIC scan of a ZnO/CdS/CulnSl:2 ceI1 (0-45). Note that the CdS is too thin to be
visible. (b) EBIC scan of the same sample at a region where the ZnO layer was Iifted
off.
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CdS
removed

Fig. 6.3 (a) EBlC scan ofa CdSICulnS~cel!. (b) EBle scan of the same sample at a region
where the CdS was removed.
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Fig. 6.4 EBle scan at five different accelerating voltages for the cel1 D-24.
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Fig. 6.5 Logarithmic plot ofthe EBle signais for Fig. 6.4.
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Fig. 6.S A logarithmic plot of the EBIC signal against the distance from the edge ofthe junction
for a planar EBIC scan ofsample D-24.
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• CHAPTER 7

DEEP-LEVEL TRANSIENT SPECTROSCOPY MEASUREMENTS

7.1 Introduction

Deep-Ievel-transient-spectroscopy (DLTS) is a powerful tool for the study of deep-Ievel

defect states in a semiconductor. since both the energy levels of these delèct states and their

densities can be determined. Such deep levels. which are very common in semiconductors. may

be associated with the crystal growth or the device fabrication process. It is important to identi!)'

these defect levels because they may play an important role in the electrical properties of a p-n

junction and, thus, the performance of a p-n junction solar cell. The results of the DLTS

measurements on ZnO/CdS/CulnSC2 are reported in this chapter.

7.2 Principles of Deep-Level Transient Spectroscopy

Deep levels are associated with impurities having energy levels located inside the

forbidden gap of a semiconductor. Unlike the shallow-Ievel impurities, which are usually

introduced intentionally into semiconductors as dopants, deep levels lie deep in the forbidden

gap, i.e. they are relatively far from the conduction band and valence band edges. Although deep

levels are sometimes introduced into a semiconductor intentionally, usually by introducing foreign

impurities, as recombination centres to reduce charge carrier lifetime, they are usually

incorporated into the semiconductor unintentionally. Foreign impurity atoms exist substitutionally

or interstitially and crystallographic defects such as vacancies, interstitials, dislocations and
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• slacking faults can aIl contribute to deep-level defect states in the forbidden gap. Each deep level

is characterized by its energy, concentration, and capture and emission coefficients of charge

carriers. ln principle, a deep Ievel is able to capture and emit charge carriers in both the

conduction band and valence band, as can be seen by the following steady-state equation [7.1),

e p +C,ll
11 = N

T li +c l1+e +c p T'
It " P P

(7.1)

where nT is the concentration of the deep-leveI states occupied by electrons, NT is the total

concentration of the deep level states, n the concentration of free electrons in the conduction

band, p is the concentration of free hoIes in the valence band, and ep, e", Cp and Cu are the

emission and capture coefficients of hoIes and electrons. Furthermore, the time constant or of the

deep leveI can be defined as

T=-------
en +cnll+ep+cpP

(7.2)

lt can be seen that the steady-state occupancy of the deep level is detennined by the electron and

hole concentrations and the emission and capture rates. The emission and capture coefficients are

strOhgly dependent on the energy of the deep level. Those levels lying near the middIe ofthe band

gap can act, but not necessarily, as recombination centres because the capture and emission

coefficients are comparable for electron and holes. Electrons from the conduction band will

recombine \Vith holes in the valence band through the recombination centres. Deep levels doser

to one band edge usually act as trapping centres. Urnike recombination centres, such trapping

centres usually orny capture and emit charge carriers in either orny the conduction band or orny

the valence band.
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• Deep levels doser to the conduction band. i.e. in the upper half of the energy gap. arc

dominant with electron emission/capturing and have large electron emission and capture

coefficients. They are considered as e1ectron traps. Therefore. Eq. (7.1) and (7.2) can be

simplified by omitting the terms for hole emission and capturing. Similarly. the deep le\'c1s doser

to the valence band. i.e. in the lower half of the energy gap. are generally hole traps. When a

deep-Ievel state becomes positively charged after emitting an electron. it is called a deep donor

level regardless which half of the forbidden gap it is in. However. when a deep IcveI becomes

negatively charged after capturing an electron. it is called a deep acceptor level. These trapping

levels are usually undesirable and could limit device performance [1.11. 5.22]. Thercforc. it is

necessary to identif)r and characterize such deep levels in order to have more understanding of the

device characteristics.

Deep-Ievel transient spectroscopy (DLTS) is a quick and easy way to characterizc deep

levels in semiconductors. Its major advantage over other techniques is the spectroscopic nature

of the method. i.e. it gives a unique peak for each deep level detected. Using this method. the

concentration and energy ofcach deep level can be obtained. A Schottky junction or p-n junction

is required in the DLTS measurements. During the measurements, a voltage pulse is applied to

the junction and the capacitance transient is measured and carefully analyzed at different

temperatures. Fig. 7.1 shows the energy-band diagrams ofa p·-njunction, assuming it has only

one deep-level acceptor in the upper half of the energy gap in the n side. under different

conditions during DLTS measurements. As explained earlier, such a deep leve\ is an electron

trap. i.e. a majority carrier trap in this case, and holes can be neglected. For DLTS measurements,

the junction is tirst zero biased (Fig. 7.1 (a» or slightly forward biased for a cenain period of

time. Most of the deep level states are below the Fermi-level and wiU be occupied by electrons
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• providcd that this period is long compared with the characteristic time constant of the deep level.

Af1cr this filling period, the junction is reverse biased as in Fig. 7.1 (b). The depletion region now

cxtcnds deep into the n rcgion uncovering the electron-occupied deep levels. The electron-filled

deep-level states with energy above the electron quasi-Fermi level, EFn, in the depletion region are

bound to emit the trapped electrons; however, the response time or time constant of the deep

level is very sensitive to temperature. The trapped eleetrons will be emitted slowly until the

steady state is reached (Fig. 7.1 (c», when ail the deep level states above EqF are empty. The

timc-dcpendent concentration of the trapped electrons following the reverse bias pulse can be

described by

(7.3)

The time constant t, of the electron emission is equaI to the reciproca1 of the emission coefficient

as can be seen from Eq. (7.2) for the case when electron emission is dominating. As the electrons

arc emilled to the conduction band, they Ieave behind a net positive charge. i.e. the deep-Ievel

acceptor states change from negatively charged to neutral. This change of space charge density is

rellected in the depletion capacitance, although the change is small. Using Eq. (5.7), by letting NA

» No and including the deep-Ievel transient effect, the capacitance can be described as

(7.4)

where No-nT(t) is the total space charge density in the depletion region and Co is the capacitance

\vithout any deep levels at reverse bias -VR. Generally, the deep level concentration is much

smaller than the donor concentration, i.e. No»NT• and Eq. (7.4) becomes
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• C(r)=C[I_JlT(I)]=C l-I- NT e-'"'l.
G "N 0 ""- D -.1"'D..J

(7.5)

by also substituting Eq. (73) for nT(t). It is this capacitance transient that the lJL1'5

measurements are based on. The capacitance transient is shown in Fig. 7.2 with'the biasing pulse.

It can be seen that the capacitance increases !Tom t=O to a constant value as described by Eq.

(7.5). It should be noted that as long as the deep Ievel is a majority carrier trap. i.e. ekctron trap

in n-type semiconductor and hole trap in p-type semiconductor. the capacitance always increases

with time as in Fig. 7.2. The time constant Ile" depends strongly on the energy of the deep leve1

Er and the temperature as described by the following equation.

(7.6)

where A., is a constant and T is the temperature. If the values of en are known at different

temperatures. ET can be determined !Tom the slope of a In(e"IT2) vs T plot (Arrhenius plot). It is

clear that e" can be determined !Tom the Ci .,acitance transient using Eq. (7.5) and the method used

in the present experiments is called Boxcar DLT5.

ln this method. the capacitance transient is sampled at IWO points in time, let say tl and t2

as shown in Fig. 7.2. for each temperatnre. The difference of the capacitance SC at the two

sampling points at a particular temperature can be derived !Tom Eq. (7.5) as

(7.7)

ÔC is then recorded and plotted against the temperature. SC will go through a maximum at

temperature T...., as in Fig. 7.3 for the chosen set ofsampling points or rate window. A different

rate window exhibits a maximum at a different temperature. Tnw< can be determined

experimentally by carrying out a temperature sweep and observing the temperature of the
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maximum of ôe. Differentiating Eq. (7.7) with respect to en and setting the result to zero will

give Cn.n,,, at T...., as

(7.8)

It is clear that en....., is determined by the seleeted values of t, and 12. Therefore, the emission rate

is known for one particular temperature, i.e. one data point is obtained for the In(e"IT2) vs T plot.

The experiment is then repeated for other sets of tl and t2 to generate more data points for the

In(en(f2) vs T plot. The deep level concentration can a1so determined from Eq. (7.7) by letting

(7.9)

where liCT...., is the total capacitance change and C. is the quiescent capacitance, and both

quantities can be determined from a capacitance transient CUNeo ND is determined from a plot of

l/~ vs Vas described in chapter S. Rearranging Eq. (7.9), NT can be calculated as

(7.10)

A sample DLTS plot (liC vs T) [7.3] is shown in Fig. 7.4 for a device with !WO deep levels, which

yield two distinct sets of peaks in the plot. Another note about the DLTS measurements is that

minority carrier trapping by deep levels may a1so occur at forward bias in a p-n junction. When a

large forward bias is applied to a p-n junetion, the concentration of injeeted minority carriers is

high and capturing of the minority carriers by deep levels may be significant. The same set of

equations can be used to describe the minority carrier traps. However, the capacitance transient

due to a minority carrier trap will be the reverse of a rnajority carrier trap, i.e. the capacitance

decreases instead of increases with time. The method for determining the parameters of a
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• minority carrier trap is the same as for a majority carrier trap as explained above except that a

large forward bias is used during the fill pulse instead of zero bias. It should be noted that using a

large forward-bias fil! pulse, the majority carrier trap will also be fil!ed. However. the resulting

DLT5 spectrum should be a summation of the negative minority carrier peaks and the positive

majority carrier peaks.

lt should be noted that ail the arguments described above are equally applicable to an'-p

junction as in the case for the present experiments. The use of a p'-n junction for explanatioll is

due to the fact that it is easier to visualize and understand with electrons than holes.

7.3 Experimental

The experiments were carried out with a Polaron model 54600 DLTS system. The block

diagram ofthe system is shown in Fig. 7.5. The Boonton model 72B capacitance meter mcasured

the differential capacitance of the sampIe at 1 MHz and had a fast response time to allow an

accurate mcasurement of the capacitance transient. The device capacitance was usually offset so

that the capacitance transient could be mcasured more precisely using a smaller capacitance scale.

The biasing sequence required for the DLTS as shown in Fig. 7.2 was generated by the pulse

e.xcitation unit and applied to the sample. The length of the fill pulse could be seleeted but the

length of the reverse pulse, or the sampling pulse, was fixed for each of the seleeted sets of rate

windows. The signal output of the capacitance meter, a voltage proportional to the mcasured

capacitance, was conneeted to the signal processing unit through an interface unit.

The signal processing unit sampled the capacitance at three different points in time, tl, 12

and t;<. for each mcasurement 50 that !wo rate windows, t3-tl and trt!, were implemented for each
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•

•

temperature scan. The capacitance difference for each rate window at a particular temperature

corresponded to a data point in a oC vs T curve (Fig. 7.4). oC was positive for majority carrier

trap and negative for minority carrier trap. ln a DLTS spectrum generated by this system,

positive peùs (majority carrier trap) appeared in solid line and negative peaks (minority carrier

trap) appeared in dotted line. Therefore, it is very easy to distinguish me type of the trap. The

temperature of the sample, which was mounted on a copper platform in an evacuated chamber,

was controIled by the a temperature controIler. The temperature controIler controIled the heating

and the flow ofliquid nitrogen to the copper platform to attain the desirable temperature. AIl the

units were coordinated by a Hewlett Packard mode! HP98l6 computer through an IEEE-488 bus.

The computer aise coIlected the data ofthe measurements and recorded them in a floppy disk.

Many ZnO/CdS/CuInSe:z ceI1s were studied with DLTS, five of the better ceUs were

studied in detail. One of the DLTS plots is shown in Fig. 7.6. The plot was obtained using a

majority carrier fiIl pulse. There were six curves in each graph and each curve corresponded to

one rate window as indicated on the graph. The rate windows were indicated on the graph as the

reciprocal of the time difference, i.e. 1I(t.-t2). The symmetry of the peaks in Fig. 7.6 (0-39)

indicates that they were caused by a single deep leve!. The lack of other local maxima in the

DLTS spectrum revealed that no other majority carrier trap existed or, ifthey dià exis+., they had a

density much lower that the observed one. The observed deep leve! had an energy of 0.24 eV

from the valence band as shown in the Arrhenius plot in Fig. 7.7. The density of the deep leve!

was calculated to be about 7.7xl013 cm-3. Another one of the five samples (0-60) aise showed

aImost exactly the same DLTS spectrum with a deep leve! energy of 0.24 eV and a density of

1.2x101
• cm-3, although the CuInSe.z substrates of the two samples were cut from two different

ingots. Abou-Elfotouh et al. [1.11] aIso reported a sù:ùlar deep leve! at 0.234 eV with a density
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• of 1.2x101
' in their (Cd.Zn)S/CulnSe~ single crystal cell. However. they also observed another

deep level at 0.481 eV. which is near the midgap energy. measured at the same temperature range

using DLTS as in the present case. Such a mid-gap deep level could be an effective

recombination centre that could reduce significantly the device performance. The highest

efficiency and open-circuit voltage values obtained for their cells were about 4% and 0.25 V.

respectively.

A single crystal CulnSe~ homojunction fabricated in our laboratory [7.4] also showed a

majority carrier trap at 0.25 eV. although two minority carrier traps at about 0.18 and 0.34 eV

from the conduction band .vere observed in the homojunction as weIl. indicating that the minority

carrier traps might be created during the homojunction fabrication. From aIl these results, il

seems that this particular majority carrier trap at about 0.24 eV is quite common in single crystal

CulnSe~ cells. Giving the different device fabrication procedures for ail these different cells, it is

plausible to assume that this deep level is an intrinsic level. i.e. it is formed during the crystal

growth process rather than from the device fabrication process. However, rninority carrier traps

were not observed in any of the present samples. even using a fill pulse with forward bias as large

as 2.5 V which corresponded to a current density ofmore than 500 mAlcm2
•

Fig. 7.8 shows another DLTS speetrum (0-100). The broa:l and non-symmetrical curves

of this spectrum indicated the presence of more than one deep level. It is c1ear that each curve

can best be described by the summation of two peaks of comparable magnitude out with energies

close to each other. Effort was made tu try to estimate the maxima of the IWO c1osely-spaced

peaks and subsequent Arrhenius plot was made as shown in Fig. 7.9. The maxima that could not

be c1early identify were ornitted in the Arrhenius plot. The energies of the two deep leve1s were

about 0.198 eV (density 2.8x1013
cm,3) and 0.135 eV (density 2.5xI013 cm'\ Another sample
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• also showed similar DLTS spectrum and with deep level energies of 0.229 eV (density 1.8x10·3

cm") and 0.202 eV (density 1.6xI0" cm''). It is quite possible that the 0.198 eV and 0.229 eV

traps were the same one described in the last paragraph, because they appeared at about the same

temperature range and with energies close to 0.24 eV. However, the second deep level in the two

samples was not rei'orted elsewhere.

DLTS measurements were also carried out on the cell with the highest conversion

efficiency (D-\ 02). Surprisingly, no DLTS peaks were observe:! in this device. For a deep level

to be undetectable by the current system. its density has to be much smaller than \0 13 cm".

However. it is unlikely that no deep level was present in the sample, and it is more likely the

density of deep level was low. Ahrenkiel [5.22) reported that the smaller the density of the deep

level. the higher the conversion efficiency. Although it is tempting to conclude similarly that the

low density of deep level is one ofthe reasons ofthe high perfortnance, more work has to be done

to confirtn this because only this cell showed the absence of DLTS peaks. Another high­

perfortnance cell (0-39, conversion efficiency 10.3 %) a1so showed the presence of deep levels.

However, if deep-Ievel assisted tunneling is rea1ly the current mechanism as proposed in chapter

5, smaller deep level density should resuit in smaller dark current density and, thus, larger Voc and

fill factor.

Several non-annealed samples were a1so characterized with OLTS in order to study the

effect of substrate annealing on the deep levels. However, it was found that the OLTS spectrum

\Vas dominated by a capacitance transient that did not change with ternperature as can be seen in

Fig. 7. 10 for the sample 0-111. The horizontal lines, which appeared below about 270 K, in the

ae vs T plot indicated that ae was constant over that temperature range. Furthermore, the

doned line indicat~ that it was a minority carrier transient, i.e. the capacitance transient was
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caused by the emission of minority carriers. The capacitance transient was also monitorcd during

the DLTS measurements. It was found that both a majority carrier transient (solid linc in Fig.

7.10) and a mincrity carrier transient (dotted line in Fig. 7.\0) existed at temperatures abovc

approximately 270 K. However, when the temperature reached below 270 K the minority carrier

transient became dominant and completely masked off the majority carrier transient. The majority

carrier transient was caused by a deep leve\ and changed with temperature as predicted, but the

temperature-insensitive minority carrier transient should not be caused by deep level because,

otherwise, it would be strongly temperature dependent. This temperature-insensitive capacitance

transient was observed in ail samples without substrate annealing.

Santamaria et al. [7.5] observed a similar temperature-inser.sitive capacitance rela.xation in

sorne of their CdS/CuInSc:! devices. They attributed this behaviour to the deionization, probably

by tunne\ing, of the high density of interface states which interacted with the Fermi level, thus

justifYing the lack of temperature dependence of the relaxation. It is speculated that the same

mechanism is applicable to the present case. considering the temperature-insensitivity of the

capacitance transient and the faet that tunneling was a1so considered as the conduction mechanism

for these devices. lt is quite possible that the large density of surface states created by mechanical

polishing dominated the capacitance transient. However, the annealed samples generally did not

show such a temperature-independent transient, indicating the absence or low density of surface

states. It was a1so found that for several non-annealed samples, after Many runs of DLTS. the

temperature-independent transient appeared at higher an~ higher temperature, meaning the

magnitude ofthis transient was getting larger. This is probably caused by a further increase orthe

density of interface states to the already surface states-ridden interface because it is weil known
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that thermal stress can cause the increase of interface states. It is believed that the poor-quality

interfaces were especially susceptible to effect the thermal stress.

7.4 Conclusions

Deep-level transient spectroscopy has shown the existence of one or t\Vo deep levels in the

annealed CuInSe2 substrates of the ZnO/CdS/CuInS~ solar cells. A majority carrier trap at about

0.24 eV was observed in most of the samples. The density of the deep levels generally lay in the

range of 10'; to 1014 cm";. The absence of DLTS peaks in the cell with the bighest conversion

efficiency may suggest the photovoltaic performance is related to the density of deep levels,

although further \Vork is required to confirm tbis. A large temperature-insensitive capacitance

transient was observed in non-annealed samples and is believed to be due to electron emission

from a large density ofsurface states. Such surface states were not observed in annealed samples.
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• CHAPTER8

CONCLUSIONS

High-efficiency photovoltaic cells in the forro of ZnO/CdS/CulnSe~have becn fabricated

on monocrystalline CulnSe~ substrates in the present work. Energy conversion etlicicncics of

more than 10 % have been achieved. The CulnS~ single crystals were grown by a horizontal

Bridgman method; while the CdS buffer layer and the ZnO window layer were depositcd by a

chemical-bath deposition method and r.r. magnetron sputtering. respectively. The best cell

prepared in the present work had a conversion efficiency of Il.5 % and an active area of 4 mm~.

This cell is comparable in conversion efficiency to the highest value of 12 % [1.3] reported in the

literature for single-crystal CulnS~ cells but has an active area about five times larger than the 12

% cell. A 10.3 % conversion efficiency was also achieved on another cell with an active area of8

mm~. By contrast to the 12 % cell, antireflection coating was not used in the present cells.

Crystal growth e.xperiments were carried out with a horizontal Bridgman system to

producc the CulnS~ substrates. One of the main difficulties in earlier crystal growth experiments

\Vas the adhesion of the CulnS~ ingot to the inner wall of the quartz ampoule after the growth.

A technique was developed to overcome this problem. This was done by the inclusion of a layer

of carbon coating or a piece of solid graphite as a gettering agent into the sea1ed ampoule. The

gettering agent was found to be effective in removing the sticking agent, probably 02. from the

starting materials. Specially made ampoules were used to separate the gettering agent !Tom the

Culr.Së:l melt to minimize contamination. Using this method. large void-fÏ'ee and microcrack-free

CulnS~ single crystals of up to 2 cm on a side were obtained. lngots grown by this method
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• wcrc usually unifonnly p-type with a hole concentration of about 1017 cm". The composition

inside each CulnSe2 ingot was also found to be unifonn.

Slices were cut from the CulnSe2 ingots as the substrates lor the photovoltaic cells. The

CulnSc2 surfaces were then prepared by mechanical polishing. etching with a 0.5 % brome­

methanol solution and annealing in Ar at 350 oC for 2 hours. Good polishing was found to be

imponant in obtaining high-perfonnance cells. However, one of the most imponant fabrication

steps in achieving high efficiency was the substrate annealing. Cells prepared with substrate

annealing almost always showed a conversion efficiency of more than 8 %. The open-circuit

voltage and fill factor were found to be improved with substrate annealing; while no apparent gain

was observed for the shon-circuit current density. The p..,rfonnance of the ceUs was also

dependent on the quality of the CulnSC2 crystals.

Spectral response measurements showed that the charge carriers generated by low-energy

photons were not effectively coUected, probably due ~o the smaU depletion width in the CulnSC2

substrates. The reduced spectral responses for photons \Vi,h energies larger than the energy band

gap of CdS but smaUer than the band gap of ZnO indicated that the light absorption by the CdS

buflèr layer l'light not be negligible. Funhennore, the overaU spectral responses were relatively

lo\\' compared to other CulnSe2 ceUs, indicating the possibility of a large reflection of incident

light.

The current mechanism of a non-annealed ceU was believed to be multiple tunneling

assisted by a large density of defect states on the CuInSC2 surface. The multiple tunneling led to a

large dark junction current that reduced the open-circuit voltage and fiU factor of the ceUs. Such

su.face defect states \Vere probably caused by the mechanical polishing and their existence was

confinned by DLTS measurements. Substrate anneaiing was found to be able to remove these
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• surface states and to improve substantially the photovoltaic performance. The CUITent mechanism

of the annealed samples was believed to be a combination of deep-Ievel assisted tunneling and

recombination in the CulnS~ depletion region. Two tunneling components dominating at

different voltage and temperature ranges were found in most of the cells. Capacitance-voltage

measurements of the ZnO/CdS/CulnS~ cells suggested the e.xistence of interface states and deep

levels. The interface-state effect could be minimized at high frequencies. Carrier concentration of

the CulnS~ substrates was deterrnined from high-frequency C-V measurements and found to be

quite uniform even for the samples with ar,nealing.

Eleetron-beam-induced-cuITcnt measurements showed that the buried homojunction found

in CdS/CulnS~ junetions did not exist in the present ZnO/CdS/CulnS~ cells. A large electric

field was observed at the metallurgicaI junetion, indicating the heterojunction was active and

responsible f')r the high photovoltaic performance. The diffusion lengths of the CulnS~ substrates

were also determined by EBlC measurements and were found to be in the range of 4 to 6 Ilm.

Deep-Ievel transient spectroscopy revealed a deep leveI with an energy ofabout 0.24 eV l'rom the

valence baad edge in most of the CulnS~ crystals. A second deep level was also observed in

sorne samples. The deep level concentrations were about 1013 to 1014 cm"3. The capacitance

transient of non-annealed samples was atways masked by a temperature-insensitive componen!,

which can be attributed to a large density ofdefect states on the CulnSe:z surfaces.

Several suggestions are given here for possible further improvements in photovoltaic

performance of the ZnO/CdS/CuInSe:z cells. First of ail, the carrier concentration of the CulnSe:z

substrates may be reduced to increase the depletion width for better col1eetion of charge carriers

gen~rated by low-energy photons. This can be achieved by changing the conditions or starting

composition for crystal growth or by annealing the CuInSe:z substrates in appro!,riate conditions.

175



• Secondly, the quality of the CdS buffer layer may be improved to reduce the absorption of high

energy photons and to increase the bonding to the CulnSe2 substrates. This can be achieved by

changing the deposition conditions or the composition of the chemical solution. Thirdly, an

improved CulnSe2 surface preparation method such as a chemical-mechanical polishing and the

use of(112) CulnSe2 surfaces may further improve the ("Jality of the heterojunetion. Fourthly, an

effective antireflection coating may be required to reduce the refleetion of incident light and, thus,

increase the short-circuit CUITent density. Fifthly. a more detailed study of deep levels related to

substrate annealing and device performance may lead to improved fabrication procedures because

deep levels seem to be playing an important role in the electrical properties ofthe heterojunction.

FinaUy, the main contributions of the present work are summarized in the foUowing lis!.

From the research, the author:

1. developed a technique to eliminate the commonly encountered adhesion problem in CulnSC2

crystal growth e.xperiments;

2. grew large and high-quality CulnSC2 crystals suitable for solar cell fabrication;

3. developed an annealing process and established the conditions that can substantially increase

the surface quality ofthe CulnSC2 substrates;

4. developed a fabrication process that can routinely produce single-crystal CulnSC2 soIar ceUs

\Vith conversion efficiency near or more than 10 % and with relatively large active area;

. 5. fabricated a relatively large-area ceU with conversion efficiency of 11.5 %, which is close to

the two-decade-old record of 12 % for monocrystalline CuInSC2 cells;

6. investigated the substrate annea\ing effect on photovoltaic performance;

7. investigated the CUITent transport mechanism in ZnO/CdS/CulnSC2 ceUs;
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• S. proved the non-existence ofburied homojunction in the ZnO/CdS/CulnSc~ structure. at least

for cells fabricated on single-crystal CulnSe~ substrates;

9. studied the deep levels in CulnSe~ crystals; and

10. proved the existence of a large density of surface defect states on mechanically polished

CulnSe~ surfaces.
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