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ABSTRACT

¢

"f‘he objectives of the work are (1) to study t;he dpping
effects of 2Zn0 thin films, Vf\(‘Z) to sthdy Znoﬂ:umSe2
heterojunctions\ and (3) to st\xdy CuIn‘éez homojunctions. Bot;h
indium- and tin-dopéq 2no 'films with a thickness of Iabcrnut 1
micrometer have«been' deposited on glass substrates using an
rf magnetron sputterirg technique with high purity argon gas.
T}nxe targets used -for the \sp\;ttering contained weighted
amountg of 2ZnO and 111263 -(or SnQ,). It was found that the
electrical and optical propefties of the 2Zn0 films were
affected by the presence of im':lium or tin. For indium-doped
znO films, the room temperg\ture dark resistivity decreased by
4 orders of magnitute as the indium \oxide content was
increased from 0 to 10 Fwt.t.b For tin-doped films, the
resistivity decxleased by a;bout 3 orders of magnitude as the.

tin oxide content was increased from 0 to 2 wt.% and was

‘assentially constant as the tin:oxide content was further

increased to 10 wt.s. Effect of the argon pressure on the
resistivity was also studied. It was observed that the higher
the pressure ‘(within the range from 5 t;: 40 mTorr), the
higher the resistivity. Using the sp\?tterinq technique
establigshed in the present work, several heterojunctions were
fabricated by depositing a layer of low resistivity ZnO film
on n-or p-type - Bridgran~grown monocrystalline CulnSey
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samples. Current-voltage and differential capacitance-volt;age
measuremer;ts have be:en carried out on the fabricated devices.
It was .found that .current transport in the devices was
domfnateé by a tunneling process (or a shunting ‘effe‘ct) ﬂin
the 16w voltage region. 1In the 1ntérmediate voltage region,
this was dominated by a recombination/thgrmal emission
process. From the differential capacitance measurements, it
"was found that the apparent barrier height was greater than
that' predicted from an ideal energy band diagram constructed
" from material parametérs. A polarity reversal effect was also
found for the open circuit voltage of the 1isotype
an(n)/CuInSeZ(n) devices. These were int%rpreted by a dipole
effect and effects of interface states“.‘%}From these results,
energy band diagrams h§ve been constructgd for the
heterojunctions., Temperature-dependent dark current-voltage
.;:haracterist.icé were . also investigated on (}:uInSe2
hor;\ojunctions fabricated by diffusing indium or bismuth int;>
p-type monocrystalg:fifi;e CulnSe, samples. It was found that a
recombination procef‘ss dominated the current in these dgvices
in th:e intermediate voltage region, bifferential capacitance

and transient capacitance effects also have been studied. It

was found that deep levels were present in monocrystalline

CuInSez.
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. RESUmME . )
L ‘ :
Les buts de ce travail sont: 1) &tudier .le dopage de
couches minces de 2n0, 2) &tudier les hétérojonctions de 2Znd/
CulnSe, et, 3)“I étudier les homojonctions de éuInSez. Des
couches minces, de Zn0, d'une é&paisseur d'enViron 1 micron et
dop&es 3 l'ind}ium ainsi qu'd 1l'&tain ont &t&€ dEposées sur des
substrats de verre par pulvE@risation RF par magné&tron dans
une atmosph@re d'argon de grande puret&. Les cibles utilisées
pour la pulvérisa‘tion contenaient des quantité&es peséeé de Zno0
et In,0; (ou Sn0,). On a trouvé que les propri&tés optigues
et &lectriques des couches de 2n0 &taient modifé&es par la pré-

" sence d'indium ou d'&tain. Pour les films de 2n0 dopé€s &

1'étain, la résistivité& d'obscurité&, 3 la températg,re ‘de la
pidce, a-diminué de 4 ordres de grandeur avec une augmentation

de la quantité d'oxide d'indium de 0 3 10% (poids). Pour les
films dopés 2 1'étain, la résistivité a diminué& par approxima-
tivement 3 ordres de grandeur avec une augmentation du contenu

en oxyde d'&tain de 0 A 2% (poids), et est demeurée essentielle- ]
ment constante avec une augmentation supplémentaire du contenu

en oxyde d'é€tain jusgqu'a 10% (poids). L'effet de la pression
d'argon a aussi &té &tudié. On a observé& que la résistivité
augmente avec la pression (dans le giomaine de 5 3 40 mtorr).

En utilisant la technique de pulvérisation &tablie dans ce”
tfavail, plusieurs h&t&rojonctions on &té& fabriquées en d&pos-
ant une couche mince de 72n0 de faible résistivité sur des
échantillons monocristallins de CulnSe, de type n ou p préparés
par croissance de Bridgman. Des mesures courant-tension et
capacitance différentielle-tension ont &té& faites sur les -

-

disposififs fabriqués. ‘ .

~ On a trouvé que le transport de courant dans les ‘dispositifs *
est domin& par un effet tunnel (ou "shunting") dans la r&gion )
de basse tension. Dans la r&gion de tension interm&diaire, c'est
un processus de recombinaison/emissjon thermique qui domine.

A partir des mes;ures de capacitance différentielle, on a trouvé .

L
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que la barri2re de potentiel ap'iaarente est plus grande qu¢ celle
prévue X partir d‘'un diagramme de bandes d'énergie id&al construit

- IV

avec les paramdtres des matériaux. On a aussi trouvé un effet
d'inversion de polarité& pour la tension en circuit ouvert des
dispositifs isotypes Zn0 (n)/CuInSe2 (n). Ces r&sultats sont
interprétés par un effet dipolaire et l'effet des &tats d'inter-
face. Dejs diagrammes de bandes d'E&nergie pour les h&té&rojonc-
tions ont aussi &té construits.2 partir de ces résultats.

« .

Des caractéristiques de courant d'obscurité& tension en
fonctaion de la température ont &té dE&termines pour des homo-
jonctions de C\'JInSe2 fabriquées par diffusion de bismuth indium
dans des &chantillons monocristallins de CuInSe2 de type p. On
& trouvg qu'un processus de recombinaison est dominant pour le

courant de ces dispositifs dans la r&gion de tension interm&diaire.

Les effets de capacitances différentielle et transitoire ont
ausgi &t& &tudifes. On a trouvé que des niveaux profonds sont
présents dans le CulnSe, monocristallin. '

BN
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) 1 " CHAPTER 1 INTRODUCTION

3

In views of limited energy resources on the earth and

[

the increased demand of energy consumptibn, it \15 important
: to explore alterrzative and renewable energy resources. There
Va,re seQeral candidates currently being developed. These
‘incl.ude solar ' energy, energ"y from ocean. waves and wind
energy. Among them, the s'ola°r' ene/i(gy using diregt conversion
/ of photovoltaic cells has been considered to be a pronising
* candidate because ‘of the folllowiug reasons. (1) Considering
the 1life-time of the earth,” the sun is aklongevvhs energy

. /
source. (2) U;ing solar cells, 1light can* A converted

directly into eiectricity. (3) There is no nvirorﬂxpental

-

contamination problem. (4) There are no moving parts in the

system making the maintenance requirements to be minimal. (5)

o Solar cells with a high ‘convers‘ion effeciency can‘. be

fabricated. The .first solar cell was fabricated using a
diffused silicon homojuﬁction in 1954 p1 :1], since then
sé\:eral pht'ovpltaic structures have been developed.
. , . . ‘ "
There are sevgral promising mo‘nocryst:alline= mategials
waich have- been considered ana developed for ph:)tovoltaic
éppliqation. Among them, monocrystalline silicon apd GaAs
have "been exte{x‘sively studied. Cells with an effeciency

wards 20% have been achieved [1.2, 1.3). However, it is not
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economic for these single crystal cells to be used in large
scale terrestrial applications. For such ‘large scale
applications, thin film cellé'appeared to be more appropriate
due to the lowe; cost and smaller amount of material
consumption. There already have been many research and
development efforts on thin film devices. At the present,
amorphous silicon, CdTe and CulnSe, appear to be successful

candidates for low cost photovoltaic application.

Among the three thin film materials, CulnSe, has been
considered to be the best candidate for future application
due mainly to its high optical absorption coeffecient for
photons with an energy above bandgap-[1.4] and 1long term
thermal stability [1:5]. Although high efficiency cells based
on CuInSe2 have been demonstrated [1.5]; there are still many
unanswered questions about the properties of this material.
For example, defects in the crystalline CuInSe, have not been
extensively studied. The defects in this material are
important in determining minority carrier recombination
processesl and the "performancgJof the final photovoltaic
devices. Therefore, the maf; objective of the present
research  work is to study monocrystalline CulnSe,.
Experiﬁents have been initiated to study both heterojunctions
and homojunctions of thi; material. These were done in an

attempt to obtain information about the -current transport

processes of the devices and deep 1levels (resulting from



. C .
defects) in the material. The information is useful for the

development of this material” for future device application.

@

-

There are several techniques for studying of deep
levels in semiconductors. For example, deep level transient
spectroscopy‘technique, "thermal stimulated current technlque
and thermal stimulated differential capacitance technique;
However, these technigues have not been applied to CuInSez.
Ih the present wo%k, differential capacitance measurements
were made on CuInée2 junctions in order toninvestigate the
effect of deep levels on the junction characgeristics.

'Apart from the absorbing material, window materials ‘are
also very important for photovoltaic devices. There have been
\

many research activities.on window materials 1like cadmium

oxide (CdO) (1.6], cadmium sulfide (CA4S) (T.?]; cadmium zinc

" sulfide (Cdzns) (1.5}, indium oxide (In203)'[1.8], tin oxide

(Sn0,) [1.9] and indium tin oxide (ITO) [1.10]. Axising from
these research activities, the above-mentioned window
materials have found applications in photovoltaic devices. In
this )work,\ another important window material, =zinc oxjde
(z2n0), has been ipvestigated and used to form ZnO/CuInSez‘
heterojunctions. Electrical and optical properties of the
devices have been studied.

)

The arrangement of the thesis is as follows. Fabrication
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processes for 2ZnO thin films using an rf sputtering technigue
ana the effects of doping (by indium or tin) on electrical
(resistivity) and optical properties of 2n0O films are first
given in chapter 2. ‘Using the 2Zn0O deposition technique
develdped, heterojunctions of the forms ZnO(n)/CuinS;;(p) and
énO(n)/CuInSez(n)x have been fabricated and studied.

Characteristics of thése anisotype and isotype

o

heterojunctions are given in chapter 3. In chapter 4,

current transport mechanisms in monocrystalline CuInSe,
homojunctions “are discussed followed by preliminary results
of the deep level investigation. Finally, main conclusions of

the thesis are presented in chapter 5.

o
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CHAPTER 2 INDIUM- AND TIN-DOPED ZINC OXIDE FILMS (

~

&
PREPARED BY RF MAGNETRON SPUTTERING

2.1. INTRODUCTION

Zinc oxide " is aﬂ n-type semiconductor with a direct
energy band gap of about 3.3 eV which is wide enough to

transmit ﬁost of the terrestrial sunlight. The reflectivity

b

of 1light from 2nO surface is small, therefore, it is a

promising candidate for photovoltaic window ~material

-

applications. Crystalline Zn0 has a hexagonal structure

\

[2.1] (the lattice parameters are: aj = 3.24 gr c, = 5.23 2
[2.2]). Comparing with other metal oxide semicélﬂactors, it
is an inexpensive material and can be fabricated using simple

‘and inexpensive deposition techniques.

Recently, many authors have reported results of ZnO thin

films prepared using various techniques such as: spray

pyrolysis, dc (magnetron) sputtering, rf (magnetron)

.sputtering, reactive sputtering, enhanced reactive

evaporation and (OM)CVD. The purpose gﬁ these experiments is
to prepare high resistivity Z2nO films for surface Qgcoustid
wave transducers [2.3]. Howefér, zinc oxige thin films with

2

low resistivity of the order of 10 ° to 164 ohm-cm and high

'optiCal transmission over the whole solar spectral range have

-~
()
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been prepared only in recent years. Théltechnidues used for
.the low resistivity film preparation are: enhanced reactive
evaporation [2.4]), rf reactive magnetron sputtering [(2.5] and
spray pyrolysis with a heat treatment [2.6]). Results rep;rted
by k. Ito and T. Nakazawa {2.7] and H., Nanto gt al [2.8])
showed that 2ZnO films with low resistivity could be“‘obtaind
on thg upper surface of a substrate placed parallel to the
target or on the two surfaces of a substrate placed
perpendicular” to the target ‘using the rf sputtering
technique. Loé resistivity 2ZnO films also can be obtained. by
ajusting the film stoichiometry (sputtering from a ZnO + 2n
target, or from a ZnO target usiny a mixture of hydrogen and
~ argon gas) [2.9, 2.5). Using a doping technigue, T. Minami et
al (2.10] found that Zné‘films doped with aluminum not only
sho&od a very low resistivity but also showed Mmoxe‘ stable
electrical and optical properties. The .results indicated
that impurity - doping could be a feasible method fof
preparing thermally stable 2nO films with low resistivity .

*

In this chapter, results of indium- and‘tin-doped Zno

films ére reported. X-ray -diffraction, EPMA, optical

transmission and electrical measurements have been performed

to characterize the deposited films.

. 1\1‘“
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2.2 PREPARATION METHODS
2.2.1 RF Sputterigg System
.

In the present experiments, ZnO thin filnms were prepared
using an rf sputtering system. The system consisted of a -
planar magnetron rf sputter source (US' Gun II, US Iné;), a
500 W rf power supply (13.56 MHz, with auto-tuning) and a
Varian vaccum system with a conventional diffusion pgmp unit.

A schematic diagram of the rf sputtering chamber is shown in

figure 2.1. /‘

-«

For rf sputtering, a planar target which could be

- conducting or nonconducting is insulated from the «rf

. generator by a plate insulator and used as the source

material. This arrangement is necessary since it has been
shown [2.11% that the electrode for the sputtering target in
an rf system must be an insulator or be coupled to - the rf
power supply capacitively. Center and ring permanent magnets
are arranged just under tbe target support and magnet housing

so that there is a ring region immediately in front of the

-target where the magnetic field lines are all parallel to the

target surface. Figure 2.2 shows a circular planar magnetron
sputtering source where. curved lines repregsent magnetic field
lines. Using the magnetron tephhique, secondary electrons

will be given a'curved trajectory under the influence of the

*4
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transverse magnetic field s0 the direct bombardment of the
substrate by the electrons is minimized.\ This effect has a’
benefit in decreasing the power dissipation thus reducing
the substrate heating. The helix-like path of the secondary

electrons also makes a larger number of cblligions of the

secondary electrons with sputtering gas atoms which will be

ionized and then bombdfd<the target. This effect allows

sputtering with a high yield to be performed. However, the
increased amount of target bombardment by the -iens will
résﬁlt in ta;get overheating. Therefore, a water cooling,
system ié necessary to remove the generated heat by cooling

the insulating plate to which the target is attached. The

pressure of sputtering gas (Ar, 1in the present case) will

_ greatly affect deposition rate and the energy of neutral

particles incident on the substrate. The gas pressure in the
experimental system is controlled by ajusting a leak valve
and the orifice opening (between the deposition chamber and

the diffusion pump shown in figure 2.1).

2.2.2 Experimental Procedure

Several dish-shaped aluminum holders (inner diameter of
4.7 cm) were fabricated and used to contain powder targets.
Pure 2nO targets were made from high‘*purity (five nine's,
‘Johnson Matthey Chemicals, Ltd.) Zn® powder. For doping

cases, 8 gm 2Zn0 powder was mixed thoroughly with the

”
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_ gas was then introduced to initiate the plasma. It was found

required amount of high purit& Inzos or‘SnOb pgwder {both .

.five nine's) and pressed into target. To facilitate the

experiments, weight percentages of Iny03/Zn0 and Sn0,/2znO
were used in the present work. Microscope glass slides were
used as substrates which were placed parallel to the taré;iif
surface. The separation/'between substrate and target was
chosen to be about 3 cm. No intentional substrate heating or

cooling was applied throughout the experiments even though a

relatively high temperature (estimated to be . about 1000C)

would be produced on substrates when large incident rf power ///’,

(up to 200 W) was applied. ‘

In order ta get a constant deposition rate, incident rf
power was fixed at 60 W for most of the deposited films
(effects of variation in the rf power, from 30 to 200 W, were
also investigated) and the typical deposition time was about
30 minutes. Most of the éputtering runs were carried out
under high purity argon atmosphere at a pressure of 5 mTorr.
To study the pressure effects, other pressure values were

also adopted for the film preparation.

Deposition experiments of ZnO films were carried out as
follows. The deposition chamber was first pumped down to a

residual 4as pressure of about 5x10°8 Torr, using an oil

diffusion pump with a liquid nitrogen trap. High purity ardén
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that the plasma could be induced in the preseﬁt system only
at an’ argon pressure higher than 25 mTorr. As soon as the
plasﬁa had been established, the argén’ pressure was
controlled to 5 mTorr (or other “required values) by

:gjusting the leak vafve. The orifice opening was kept to the

same position so that a constant gas flow rate could be

.retained. The deposition wyas continued for-a peridd of about

3b minutes. After this, the rf power was turned off. The
sputtered samples were maint;ined in the system for at least
20 minutes before being taken out of the system Ez aviod‘§hé
film cracking. ‘ - ’
It has been reported that the resistivity of ZnO films
can be greatly reduced by selec&ing suitable deposition
condit;ons: such as gas pressure, rf power, substrate
position and substrate orientation [2.7, 2.8]. However, the

purpose of the present experements was to determine how the

preserice of In and Sn would affect the quality of the doped

Ofilms. Therefore, no special attention was paid to

optimization of the film quality. During the experiments, a
mixture of argon and oxygen (up to 10%) was also used to

\
investigate the effects of the oxygen gas. It was found that

.the la}ger the oxygen content in the sputtering gas, the

higher the resistivity of the films (results not shown).

" This effect is consistant with those reported by many other

authors [2.12]. o .
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2.3 EXPERIMENTAL RESULTS

b

2.3.1 Thickness Measurements

EY

s

3

A éommercial stylus_(Dektak Surface Profile Measuriné

System, Sloan Technology Corp.) was used to determine the’

- thickness of the deposited films. . Under the deposition

conditions described above. (5 mTorr, 30 minutes, 60 W), the

typical ‘thickness of the deposited films was found to be’

about 1 pm., The film thickness was ' also  estimated by
observing the number of interferénce fringes unfler a; optical
microscope (with filt;red red light_sdurca), A qhasi-linear
relationship between" the measured thiéiness and the nuﬁber of

interference fringes is shown in figure 2.3. Figure 253 was

used for thickness estimation in routine deposition -runs.

-
)

. Co,
2.3.2 Experimental Resuits
| 2

4

Tables 2.1 and 2.2 give the results of In- and Sn-doped’

films, .Several 2n0O targets containing different amounts of

. Ingy03  (or SnO3) were used for the fabrication. ‘Since the

i

deposition rate and 4£ilm resistivity °‘change as the

déposition _experiment ‘goes on (conditid@é of the target‘

:sﬁrface‘ chaﬁge wvith the . bombardment ‘of the accelerated

ions), only the th@f& and fourth samples deposited for, each

new target are ‘listed in the . two  tables. - Number of
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'2:3;¢ X+~ray Results ..

integgefeﬁce fringes was g¢ounted under fhe microscope -and
film thickness was‘estimated from figure nz.;. Four-point
probe was used to determine the room temperature sheet
resistance, Ry, which is simply given by 4.5x(V/I). Here V
and I are the measured voltage and current respectively. From
this relation, resistivity of the film can be easiiy

1

caculated.

2.3.3 EPMA (Electron Probe Micro Analysis)

!
-

12

Results from electron probe micro ahalysis 'for both

"In- and Sn-doped films are shown in figures 2&4 and 2. 5 It

'is noted that for the Sn-doped films, the Sn content in the

films is roughly egual to that in the targets. However, the

g-content in the In-~ dopedrfilms is less than that in’ the_

' - L
- , ,

-~
s -

In order to determine the crystalline structure of the

" deposited filme, éever;l samples deposited on dlasslisiides

L 4

'werefexamined by X-ray difffaetdhetry. A schematic diagram of

.the'x-ray seiﬁup-is g;ben in figurelz.é.j Figufe 2.7 shows a

g

‘pypicai example of the diffraction experimehte where :x—raj

intensity is plotted versus the angle between the incident
and;tpe diffracted beams for one of the In-doped .{2 wt$% Inéo3

(e ' - [ 2 - “

&

‘targets xespecially for higher In203/z§0 weight percentages.
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2.3.5 Electrical Resistivity Results

' orders of magnitude as the Iny03 content is increased fr

in the Earget)< Zzn0 films. The X-ray diffraction results
r,ipdicated.that alf deposited films were polycrystalline with
"a hexagonal structure and ﬁéd'a preferred\(OOZ) orientation.
These results are slmilar to that obtained Sy Nayar /[2.9].
However, dopiné of In and Sn introducqé a lattice constant
incxement, éd,: and the ’yalqe of Ad was found to increase
yith the increage'oflIh‘or §n éQntent in the target.’  Figure

2.8 shows the calculated Ad versus the weight percentage of

13

Iny03/2n0 or SnOz/Zn0O. It is noted that Ad increases more

rapidly with the increase of the doping concentration for sn-

doped films than that for 'In-doped films. The difference in )

lattice constant inérement could be a reason for the

o

difference in optical ,traﬁsmission for In- and 'Sn-doped

films (to be described in section 2.3.7).

»

—

8

4

. ~ .
Figure 2.9 shows the measured film resistivity plotted

versus the Inz03 and SnO; content in the targets. The data

were taken from the samples sputtered at 60 W, 5 mTorr for 30°

.minutes. It is seen that the resistivity decreases by abo:§ 4
0

to 10 wt%.and by about 3 oxders of mégnitude for the Sn-doped
films. It 1is also noted that the reproducibility of
resistivity 1is improved for the films deposited with high

, Iny03 or San\conteht. A further decreme&t of resistivity for



In-doped films at higher doping concentration is expected.
Reglstivity of the films doped with Snob remained essentially
constant for a Sn0O,/znO ratio in the range from 2 to 10%,
Using ‘a target with 2 wt$ In03, several films have
been sputtered with different values of incident rf power

and different argon pressure. It was found that the film

14

resistivity‘ decreased as the power was increased and

increased wiﬁh ége increase of the Ar pressure. The results
are presented in figures 2.10 and 2.11. From these samples,
effects of incident rf power and gas pressure on the
deposition rates were also studied (see figures 2.12 and
2.13). From figures 2.10 to 2,13, a cursory comment can be
méde that a relatively high deposition rate will result in a
relatively low resistivity.

-

\ I3
v

2,3.6 Mobility and Carrier Concentration

LA

\Hallv Fffect Reasurements were carried out at room
. temperature 0 (under 'a dark condition) for two samples
deposited on glas; substrates. The films were prepéred using
a‘ target containing 2 wts% of In203—powder .and the typical

conditions (60 W, 5 mTorr) were maintained during the

' 'processes. A permanent magnet with a magnetic flux density of

0.2 tesla was used for the measuréments and an HP model 3@57A

digital voltmeter was used to measure Hall voltages. From the

< -
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‘measGremeﬁts, a Hall mobility value of 4 cmZ/V-Sec was found

for the samples. This value is comparable to the resulté

obtained by K. Ito and T. Nakazawa [2.7]. The electron
1 ]

concentration was about 1020 cm'3 from the present results.

2.3.7 Optical Transmission Results

1‘\ For high conversion éffiéiency solar celi application,
- Vl&rée optical transmission.values ;p the solar spectrum Bf
reg',the> toétlayer is as important as the requiremeht of having
»iaw resis£ivity values. In the present experiments, optical
ﬁxéns;ission measurements for both In- and Sn-doped Zn0 films
were.cinried out at room temperature. A Beckman monochromator
wi£h;aL§11t width of 1'mg was used as the light source. No
other 1light source .waé applied during the measurements.
Figure 2.14 shows a schematic diaéram of the sample under the
optical transmission measurement. Here I, 1is the
monochromator output intensity while I7 and I represent the
transq}tted light intensities for 2n0O film coated g%ass and
the uncoated one respectively. A :-Model PIN 6DP detector
(Unite Detector Technology) was put behind the sample to
measure| I1 and I2. The same detector was used to measure I,.
Finally, the transm}ssion value was obtained by taking the
ratio I;/Iz3. BTN
The results measured.at 0.7.an§‘0;5 pm wavelengths for

. .

~
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films with different In and Sn content are shown in figures
2.15 and 2.16. It is seen that the transmission value for In-
doped film‘s at 0.7 pm is essentially constant (up to 85%) for

‘the composition range studied and that at 0.5 pm is a_ffected

by the presence of In. For the Sn-doped films, the.

transmiss::l,on value for both wavelengths first decreases with
the increase in Sn0, content, reaches minima at 5 wt%, then
increases as the 8Sn0O, content 1is  further increased.
Transmission #alues at wavelengths in the range of 0.4-0.8 pm
for four samples (one undoped, one In-doped and two Sn-doped)

were also studied. The results are shown in figure 2.17. a1l

of the four samples (undoped or heavily doped) show a region

with flat transmission in the range from 0.55 to 0.8 pm
however, the transmission value falls off rapidly for
wavelengths below 0.5 pm. Reflectiop’ ‘property of the
.sputtered ZnO films has not been studied in the present work.

E]

2.4 CONCLUSIONS

°

= ,
Indium- and tin-doped zn0 films have been prepared on

glass substrates by an ‘rf mégnetron sputtering technique
using 2Zn0 targets containing up to 10 wts ic>>if Iny0; or Sno,.
The deposition experiments were carried out in an argon
atmosphere (typical pressure 5 mTorr) without - intentional
heating of the substrates. Incident rf po;ver used for most of
the experimerits was 60 w‘and‘the typivcal deposition me was

-
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about 30 minutes (film thickness about 1 pm). It was found

from electron probe micro analysis that the Sn-content in the

‘filmg  was roughly equal t6 that in the targets and the 1In-

content in the films was smaller than that in the targets.
Room temperature resistivity of the deposited films was found
to decrease by about 3 orders of magnitude as the Sno2
content was increased from 0 to 10 wt% and by 4 orders of
magnitade as the In203 content was increased from 0 to 10

wt%., Using a target with 2 wts In,0y, films have been

" prepared with different incident rf power‘ﬁnd different argon

pressure. Optical transmission data wére also obtained for
both In- and Sn-doped films. The transmission value at 0.7 pm
was essentially unchanged for the In-doped fiims and that at
0.5 pm was affected by the presence of indium. For the Sn-
doped films, the transmission value (bp‘th 0.5 and 0.7 ﬁ)
first decreased as the tin content was increased, reached
minima at 5 wt.% SnO, and then increased ag the tin content

was further increased.

frow o
.
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Tab 2.1 Results of In-doped Zinc Oxide Films.
=8=88=8===8=8=8=B=S88883388823=B===B=====B=================8========F====888ﬂ88
Sample In,03/2n0 No. of Interf- ~ Thickness Sheet Resistance
No. w%. % erence Fringes (am) {ohm/Q1)
zZn0-13 0 6 1.12 2.95x10°
Zn0-14 . 0 6 1.12 1.‘7,5x1g57
Zn0-27 0.5 6 1.12 / 5.3x10
Zno-28 0.5 6 T 1.12 1.4x105
Zn0-17 1 8 1.5 1.575%103
zZn0-18 1 5 0.94 9.45x%102
ZnQ-31 2 6 1.12 1.03x103
Zn0-32 2 . 6 1.12 5.35x102
zZno-21 5 5 A 0.94 1.53x102
Zn0-22 5 57 » 0.94 8.8x10!
Zno~73 8 . 6 1.12 1.62x101
Zn0-74 - 8 6 1.12 2.025x107
Zn0-25 10 - 5 0.94 - 3.83x10]
Zno-26 10 5 0.94 4.05x10
=BB‘8BB===8========================*

* RF Power: 60 W. o ) o ) )

v 1
*% Ar Pressure: 5 mTorr.

Hh K Spttt:tering Time: 30 min. (2n0-17, 43 min.).

taas
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Tab2.2 Results of Sn-doped Zinc Oxide Films. -

=====ég==8g=======SSEBBBB===BB==B=B====3===============8‘==82888=8===8=8=I

N

Sample Sn02/2n0 No. of Interf- Thickness Sheet Resistance
No. wtos erence Fringes (pm) (ohm/Q1)
2nSn0-3 e 0.5 6.5 1.21 8.055x103

ZnSnO-4 0.5 5 0.94 4.59x1
zZnsn0-7 1 5.5 1.03 1.8x103,
ZnSn0O-8 1 5 0.94 8.37x10
2nSn0-11 2 6 1.12 5.22x102
ZnSnoO-12 2 5.5 1.03 4.77x102
ZnsSn0-15. 5 6 1.12 5.31x102
2nSno-16 5 6 1.12 5.34x10Q2
ZnsSnoO-31 7.5 6 1.12 4.9x%10
ZnSn0-32 7.5 6 1.12 5.67x102
ZnsSno-18 10 ¢ 6.5 1.21 | 5.85x10§
ZnSnoO-19 10 , K3 1.12 7.65x10

* RF Power: 60 W.
** Ar Pressure: 5 mTorr.

*hk Spgttering Time: 30 min.

*

2
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CHARTER 3 CHARACTERISTICS OF ZnO/CulnSe,
~ .Y . . . " HETEROSTRUCTURES "

-

3.1 INTRODUCTION .’

In the past few decades, many research %dtivities have
been done on investigation of SemiconQUctor héterojunctiéns
gince there - are many applications, es écially for
bhoéovoltaié cells. Among these heterojunctiong, structure of
the form Ge/GaAs was the first one to be const ucted'with the
band diagram proposed by R.L. Andérson [3.1). From then on,

many other heterostrnctures have been studied.

1
* LR

Copper dium diselenide is a promising phétgvoltaic
material whi;ia\kas been studied«‘intensively recently. A
CdS/CuInSez cell witﬁ a conversion efficieﬁby ovér 12: [3.2]
has already been fabricated, making this material a prqmisipg
thin film solar cell candidate. However; CuInSe, -based
devices with other window materials are glso interesting.
Recently thin film heterojunctions of phe)‘form zn0/CulnSe,
have been reported by fomar and Garcia [3.3) using a spray
pyrolysis te®hnique. Their devices showed a relatively large
photocurrent density wunder AMI1 1llumination cdnditioh aﬁd

were sensitive to light in a wavelength mange from 0.4 to 1

pm. From  their results,” it appears that ZnO is one of the

‘potential window materials fgf CuInSeQ-baﬁed solay cells.,

37
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Zine oxide is a largé band gap semiconductor which can
be produced in " a highly conductiné thin film form by
coﬁtrolling the f£film stcichjometxry and by impurity - doping

.[2.10]. As described in chapter 2, indium doped ZnO thin
* films with a relatively IOW‘reéistivity can be prepared by
.using a sputtering technique. Using such‘tecﬁniqpe, ZnO film
n was sputtgred on a monocrystalline‘CuInSez sample to form a

heterojunction., , 'For ‘the 2nO/CulInSe, structure, current

transport mechanisms appear not to have been 'reported 1in
literature; It is therefore interesting to irnvestigate the

current-voltage characteristics - and to comstruct an energy

38

band diagram for this heterostructure. 1In this chapter;-

' N (5 .
-simple heterojunction theories are first reviewed. Device

fabrication brocesses and meaédrément techniques are then
. » .

described. I-V- and C-V characteristic results for both p-n

and n-n structures are reported. Using elegtron' affinity

difference rule, theoretical energy band diagrams have also

‘been established for the ZnO/denSe2 heterojunctions.

3.2 HETEROJUNCTION THEORIES .

I

A junction formed between two different semiconductors

is called a heéterojunction. It can. be- an isotype

heterojunction (n—h or p-p) if tbe conductivity type of . the
N . )

-

two semiconductors is the same, or an anisotype one. (p-n or

A N
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n-p) in‘which the conductivity type is different in the two

é;miconductors. To form a good qﬁality ‘heterojunction, the
mismatch of . lattice conéﬁant and thermal  expansion -
coeffecients of the two materials should be as small as
possible since it will - introduce ‘dislééations _at . the“
%gﬁérojunction' interface and give rise to interface states.
Tou“reduce the eneggy discéntinuities in the conduction band

and the valence band as a spike or notch,' the electron

affinities of.the two semiconductors §hou1d be close.

’

3.2.1 Semiconﬁuctor p-n Heterojunction Models
Several models for current transport in heterojunctions
have been developed in the‘pastn decades. Of them Anderson's

maodel, shown in figure 3.1, ié the fundamental one which
. ) N

_considers the current flow to be ideal diffusion or injection

"over the conduction or valence band barriers. 1In this model,

it.is assumed.that ho interface atatéa exist. This could be a
good approximation only when the 41fference of lattiée
constant betﬁeen two materials is small enough (<<1%) and
th; difference in tge expansion cpefficient iS‘\Sméll. The’
difference in energy of coriduction band edges in the two

semiconductors, or electron affipity difference, is

‘represented by AEc and that in fhe valence band edges by AEb'

(both are invariant with doping for nondegenerate materials),

>



* ﬁ_ E as shown in figure 3.1 (a).. Figure 3,1 (b) shows ,ﬁﬁh_ band
e T i'diagram Cof a _heterojunction formed between - rhe two
S ,semiconductors in figure 3.1,(a). Qhe totel diffusioq voltage
L "\"vD is defined as the difference in the work functions of the

) two materiaie. Because of the discontinuity in the vélenceﬁ

_band edge at the interface, the energy band barrier to holes |

flow is much larger than that to, electrons flow. Therefore,? "

S . ) \'the predominant current carriers are electrons. The current-

‘ . . . o

ot .o . voltage relationship, in the absence of recombination current
: L is given by, L T ' C,

# -

“in. T Ia Aegp(-qvnzlxw)[exp(qulxw)-exp(-qY{lKT)l (3.1)

]

where ' AzaqXNDZ(Dn1/Tn1)1/2, with X beiug trensmissiou

R . coefficient for electrons across the-interface, a 1is the
“ L ‘ ‘junction area, and D , and Th1 the diffusion coefficient and ‘

lifetime of minority carriers, respectively, in the p—ﬁype

LT ‘ material.

- -

4 / .
Rediker et al [3. 4] have proposed a model for an
¢ abrupt anisotype heterojunctions where electrons have to
- ‘ *surmount or tunnel through the potential barrier in the . n-
type wide band gap material to flow from n-type to p~type

region or - vice versa. If tunneling through the barrier

H : greatly exceeds thermal emission over the barrier, then
) ’ oy
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v ‘ . . Q -
I=Is(T)exp(V/Y°) (3.2)

'where Is(T) is a weakly increasing function of temperature. .
b '

Dolega - [3.5] has discussed the reco nation model
assuming a.lifetime_a?proaéhing zero at the interface. He
found that the dark forward current was probortiona1> to
exp(qV/ni&),' where n >ranges.froﬁ 1 to 2 depending on the
ratio of the impurity pohcentratioﬂs. And it can be shown

that for a heterojunction with large lattice mismatch (>1%)-

the inteifaqe' states will dominate the current flow .
" mechanism. There seems very little brospect for an acceptable

.fnjection effictency for such a junction.

» LI -

- 3.2,2 Capacitancehstudy of Anisdtype Heterojunctions
Applying Anderson's equation w;th the assumption of
abrupt junction and uniform doping in two - materials, the

capacitance per uynit area as a function of applied voltage, V

is given by, -

«

. N ‘ '3 ' v
aNp1Npa€ €280 - M2 53

2(e1ND1+ezNA2)(VD:V)
. . 5

C= |

. ‘Where Ni)1' N,, are net ionized impurity concentrations and-€ ,
€, are 'dielectrig constants in the two materials,

respectively. From the gbove equation, a linear rélaéionshlp .

- Ed
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between ‘1/02 and the applied voltage should be obtained and

the slope of the line can be written as,’ 5

a(1/CF)/aV=2(e,Np 46,8, )/ (QNp Npoe e ) (3.4)
For one-side heterojunctions (Np,>>N,, - or Ny,2>>Np.), the
H
carrier concentration. of the light}y doped-side can (bg
obtained from this equation. When the applied forward voltage
is equal to.the d;ffusion potential Vps the band bending will
no longer exist (flat-band condition), and the capacitance
becomes infinity. Therefore, the extrapolation of the 1/C2

curve versus V to abscissa gives the value of V..

N ’
L) f »

For the Jjunctions which have perfect interface, the
'value of Vp taken from capacitance measurements is in good
aggeement with‘ that expected from calculationiof the work
function.  However, there is some evidence thaé the barriers
measured may be different from the caculated results if the

interface states are present. The effect of interface states

. on the capacitance of p-n jqnctions has been studiedﬂ by

Donnelly and Milnes [3.6]. They found that the apparent
diffusion voltage,. Vpyr obtained by extr?polating the slope

of 1/cé'at lowlreverse bias and forward bias back to abscissa

.18 given by, r ,

o)
A 2
- vDi = VD -Xm ‘[918 '/2Q(€1 N, + €2N2)] (3.5)
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. concept. of electric dipole effect h

has provided a possibfiity of measuring interface state

)

‘where Qg is the charge per unit area assoc}ated with

1nte;face states, and Xm represents a dipole effect. Electric
dipole effects caused by interface states being dipolar and

distributed 1in space on either side the Jjunction were

first Qiscussed by Van Ruyven et al in 1965 [3.7):. Since the
not been greatly
explored with respect to heterojunctions, the actual values
of Qis ané Xp can not be obtained althqygh equation (3.5)

’—-‘b
param@ters by capacitance measurements.

.3.2.3 Isotype Semiconductor Heterojunctions [3.8)

In an n-n heteroj@hction, the conduction band barrier

is determined by the electron affinity difference for the two

semiconductors (AE.= xz- X1) and by the doping levels of the

semiconductors if there are no interface states. A typical

o

energy band diagram in absence of interface defects is shown

in figqre 3.2(a) where a barrier” Vpy; exists in the -

- . ~
conduction band for electron flow from 2 to 1. Similarly, in
a p-p heterojunction a barrier to hole movement exists in the
valence band _as shown in figure 3.2(b). Both structures

(proposed by Anderson [3.1]) can act as rectifiers.

In heterojunctiéns formed from two materials with
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different lattice constants,  dislocations will occur at the
interface 1in order to compensate for the lattice mismatch.
Interface states resulted f{rom dislocations at the interface
will have a dominant effect on the barrier in isotype
heterojuhctions. Usuaily only the net chargé on these states

will affect the ®nergy band diagram. It is not improbable,

however, that the 'defects at the interface will create

‘electric dipoles which will produce a quasi discontinuity in

the electrostatic potential. Electri:: ‘dipole, for this
reason, has the same effect as the difference in electron
affinity. Depending on the strength of the dipole, the energy
band ;iiagram might become more dependent on fabrication

-

teqniques than on work function difference.

Considering an n-x:z h,eterojuanction with the éresence of
the interfaee etates, the energy bands at the irterface are
free to. move uE) (or down) with the necessary vc‘harge‘ being
supplied by ele::f:rons (or their absencs) in the interface
.s‘tates. Figure 3.3 shows (examples presented by Donnelly
and Milnes [3.9]. Junction 2 in Fig.3.3 (a)/ shows two
depletion regions 'at both ‘side while junctions 1 and 3 show
depletion regiqns enly in lightly doped side. A device with

44

double depletion regions may display rectification 'in either

direction. Typical 1I-V characteristics which correspond to

the energ%and diagrams‘ of figure 3.3 (a) are , given in
(

4
. As expected, diode 2 shows current1 saturation

L}

figure 3.5

o
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in both dtrections, and a voltage direétion for easy currehi:
flow in diodes 1 and 3 exists. The optical properties of the
n-n Ge/Si heterojunction, shown in figure 3.5 (c), also have
been studied by Donnelly and Milnes. The polarity of the
optical response changes when wavelength 1is changed for.
diodes 2 and 3.1 This is due to the photoexcitation of the

3

electrons from different side of the junction.

N
A

14 .
3.3 DEVICE FABRICATION PROCESSES ‘ - ;
- i ‘
Monocrystalline p-type CuIBSez samples w;fre selected
from Bridgman grown ingots and polished using 0.3 pm alumina
powder to give a mirror-like surface. qu these samples, an

effective carrier concentratio;i of 1016 cm'3w

and a room
temperature mobility vglue of about 50 cn?" /V-sec have been
reported ﬁgom Hall effect measurements [3.10]. N-type CuIn‘Sezﬁ
samples were aiso prepared with .a comparable e'gfective
carrier concehtration. Using the rf sputtering system
described in chapter 2, a layer of‘j‘.’ndium-éoped ZnO was then
deposited on the pql'ished CuInSe, surface. A 2Zn0 target
containing 2 wts :In‘zo3 was used for the sputégring. The
dep&sition experiments were carried out wunder an argon
atmosphere with a pressure of ‘about S mTorr and an 1nci@eht

rf power of 60 watts. Using the above described 'conditio:}s’,

several devices havé been fabricated and the typical ZznO film

[
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thickness was found to be about 0.5 pm for a deposition time .

of 20 minutes. An aluminum mask with a circular window of 2.5

mm diameter was used to define the debosited Zno a‘rea. A

schematic cross sectional view of the fabricated device 1is

shown in figure 3.4, During the déposition,'a glass substrate -

was placed sizie .by side with the CulnSe, sample to prepare a
film for parameter testing. Since samples prepared-: i>y cf
magnetron sputtering technique (under thg conditions: 60 W, 5
m'1‘<r>rr,“s 20 minutes) were not intentionally» heated during

deposition (temperature of the samples about GOOC), the\

thermal expansion difference is believed to be small in the

present experiments.

Hall effect measurement.s; = as described in chapter ~2,
were carried out at room temperature for two 2nO samples
dgposited on the glass substrates (magnetic flux den_sity) was
'0..2 teslg) . The Hall mobility value was’ found to be 4 cm2 /V;-
sec and the electron concentratign about. 1% cn ﬁi)m: the

present results. After t};e Zn0 £ilm depositién,- ac rculqr

indium area (diameter about 1 mm and.1! pm thick )\ 'was then
P ' . .

evaporated. through a second aluminum mask. The device was
finally mounted on an aluminum holder using silver epoky. A
short heat treatment of about 1% minutes at 140°C was done on

the samples to harden the silveﬂr\ epoxy.

- - B

The .. effect of the indium top contact't‘o the 2n0 f£f4ilm

o
S

.

Ap
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' determined at room temperature using an HP model 4274A multi-

r

~

. was determined by observihg ' t;l’ieu current-voltage

characteristics of two 'Zn0 giln;a erobitéd on glass
substrates, with three ‘ciréul.,ar indium-ar;-:zas evapdatéd on
each of them. Figure 3.5 shows the I-V charagteristics
between the, K circular indium areas. It s 'noted that both
curve 1 and 2 are straight lines with different slopes. i The
re‘sistiv:_lty value obtained from figure 3.5 was rozxghly eq'ual
;c; . that obtained from four-point probe measurements,

confirming the low resistance characteristics -of the In/2n0

" contacts. o . (

o
4

3.4 MEASUREMENT TECHNIQUES

- - 'ifhe fabricated .'ZnOICuInSQZ junction was mountgd in‘ a
cryostat ‘and the dark current-voltage characteristics at
. temperatures between~260 and 300 K were measured using an HP
model 4145A semiconducto; . ‘parameter analyzer. The input
impedance of the analyzér.; was 10'4 ohms,'» so that the loading
effect was negligible in these experiments. Il]‘..uminated I-v
characteristics weré - algo measured using the same

instrument. A tungsten lamp was used th 'provide an

approiimate AM1 illumination condition.

-

Differential capacitance of - the ' junction was also

47 -

frequéncy LCR meter with an IBM computer. Samples were

N

.
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maintained : unéer the @ark conditioﬁ~{ throhghout the
measurements and the LCR meter was set to the parallel
function mode with the ac signal amplitude‘of about 20 m&.
The range of dc voltagé app%}ed across. the junctions was. £rom
0 V to -3 V for the Zné(n)/CuInSez(p) junctions and’-3v to
3v_ for the ‘n~n junctions. The connecting wires to’ the
instrument were kept to be short so that the stray
capacitance was small, Several frequencies (in the range frqm

’

100 Hz to 100 kHz).were used,dﬁring the measurements and-the

. results taken at 100 kHz were adopted for the diffusion

voltage study.
: ™
The spectral va;iation of - the open circuit voltagé of'
the device was observed using a Beckman model 2400
monochromator in the wavelength range from 0.4 to 1.6 pm. An
HP model 3468A multimeter with an input impedance of .1010

chms, which 1is large eﬁéugh to minimize the loadingkeffect,

' was connected across the p-n heterojunction to measure the

. open circuit voltage. A lock-in voltmeter, HP model 3462A,

:was used to obtain the smaller Voc value "for the n-n

junc;ions. The incident 1light intensity at the' frequency
range was deter@ined by replacing the sample with A silicon
detector (United Technology model PIN 6DP). The normalized
V' was then obtained by dividing the measured voc' by the

ocC
1ight intensity.

-«l
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.5 EX#ERIMENTAL RESULTS

3.5.1 2n0(n)/CulnSe,(p) heterojunctions
o ’ . @
(1) I-V Characteristics

Dark forward current-voltage characteristics of one of
the,fabri%ated Zno(n)/éuInSez(p) heterojunctions at different
temperatures are shown in figure 3.6. At room ’temberature,

the device current shows an ideality factor of about 2.8 in

the intermediate voltage region. As .the tempera?;fure is

decreased, the I-V characteristics show two competing current

transport processes. In the low voltage region, the current

could bé controlled by a shunting of the Jjunction or a

tunneling mnd recombination ‘\pfocesé "which 1is not very
sensitive to the temperatu're' variation. 1In the intermediate
voltage region, the current appearis to increase exponen\tia;lly
with increasing voltage.' The transitiun volt%agg for the._tlwo

regions is seen to increase as the temperature is dgc ased.

" {2) C-v Characteristics ) . L. -

In order to (get an idea about the energy band diagram
of the heterojunction, differential capacitance measurements

have been made on the devices. Since the effective caf:rier

[4

A . .

\.
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concentration in. the zno0 films, o{l)tﬁained from Hall effect
studies, ~was much larger than that for CuInSe, substrate,

ﬁﬁe differential capacitance measurements provided material

-

information mainly for the CuInSéz side of the junction.,

Figure 3.7 is a' plot of 1/c2 versus reverse bias voltagé, \{'Y
at a frequency of 1‘00 kHz. IF{:om the curve, the apparent
diffusion potenf:ial w;'rs‘estimated to-be’ aboutl 2 voltsr, which
is larger than the difference in work functions, 0.8 V. And
the etfe.gtiveP \ionized impurity concentration in the p—t.ype
'CuInSez near the "junction given by £he slope of the 1/C2
vers'u's Vr' curve was about 4x1 015 cm-av. similar -results’ héve
been obtained’ from two other- ’ devices. The siope
discontinuity in tﬁa 1/C2 versus Vp plet at 0.5 volt could be
:lne to dee'p levelg in crystalline CulnSe, [3.11]. " The
ionized impurity concen‘i‘:rati’on‘of 4x10"° cn~> obtained from

figure 3.7 is about one order of magnitude less than that

measured for the p-type bulk' CuInSe, samples [3.10].

R
.
L . N :

"k This value was obtai,néd by extrapolating the curve

for 'VRI >0.5 wvolt., A slightly small value of diffusion

potential could be obtained if in figure 3.7 extrapolation is
dope with the initial slope (ie below lle = 0.5 volts).

¢
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(3) Energy Band iD,iagram
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I}si;xg the électron affinity rule and assuming that the
net . .charge is eql\]xél to zero, an eneréy band di@gram'of the
ZnO(n)‘/CuInSez(p)u system has been constructed accordi’ng to
the material’ parameters for‘ both 2Zn0 and CulnSe., (see table

B

3.1). This was done in order to determipe the possibie

’ 'r%sons for the large apparent Dbarrier height. The

constructed energy band diggram is shown in figure ' 3.8.

Pl

Since the electron affinity of znO is very close to that for

CuInSez, the conduction band discontinuity, AE(;, is small

{not hshown in figure) and the valence band'discont'inug.ty is ‘

)

large and is essentially equal to, o .

AE, = E4(Zn0) - Ej(CulnSe,) = 2.3 eV

@

i The total band bending, qu,. from the diagram.is about

4

0.8 eV which is not sufficient to produce the large app\arenf
barrier' height observed from the C-V measurements. For

zno/CulInSe , heterojunctions with large lattice mismatch

2
(>40%), a very ’ large density of interface states (Qis)’ is

“expectéd [3.12). It can be seen (from ffgure 3.9) that when

inkerface states of an abrupt p-n heterojunction are filled
with holes (by absence of the electrons), tha spate charge

distribution will change (by the requirement that the net

Q- T
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charge be equal” to' zero) so that the area under the curve of
électric, field distribixtion ) is smaller~t\han the one when
interface stateé are not included. ﬁ‘herefore, " the apparent
diffusion ‘potential is smaller than the work function
differepnce. ‘It also can be shown that negatively charged
interface states will affect the band structure in a similar
way. ‘It has been proposed [3.6}| that the measured apparent
diffuslon vélta-ge v | of a junction can be relatéd to the

Di

value of VI; assumip.g a finite value of Qg and a finite value

of Xm which represents an electric dipole effect,

Al

-+

\ 2 : ' '
vl?:l =V - Xy = [Qg / 2aleqe, Ny + €56 No) ).

Here g 1s electroniéléharge, N, and N, are the net iénized
impurity concentrat‘:!.on values in Zn0 and CulnSe, and 511.% and
€, are‘ the di,eiecﬁric constants in the two materials. sinpe
the presence of interface states (occupied by electrons or
holes) will only z-'educel t‘he apparent diffusion poteritial, Vbi
(as 'described before), a strong dipole effect seems to be

needed to account for the high apparent Vpjy of the devices.

From the above equation, the value of Xp must be negative for |

the present case. ' This suggests that the dipole- has the same

"~ dipolar direction with the space charge and therefore

enlarges the diffusion potential., Since the amount of the
electron dipole is unknown, density of interface states: can
not be obtained in the present case.

\ ‘ s

-
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- devices showed ap open circuit voltage of about 0.2 volt and
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' ?"rom the band diagram shown in figilre\.‘s.a, it is, seen
that becauee of the large discontinuity in the valence band
the barrier height for holes is much larger than that for
electrons.- 'I:herefore, thel hole emission current over the
large barrier in the ZnO/CuInSe‘2 heterojunctions “can be -
neglected. At , temperatures near to room value,’ it _appears
that emission of electrons and recombination_ at in'terfa:ce_‘
states (proceeses 1 and 2 iri figure 3.8). are the .dominant
cprrent transport process[es. Ae the temperature is decreased,
the emiesion and recombination current value decreases and
the third current ° transport (process becomes relatively
important in determining the device current in tlie low
voltage range., It is believed that tunneling of holes from -

the \‘ralencetband of CulnSe, to the interface states (process

. " )

3, figure -3.8) is. responsible for thé device gurrent which
is not very sensitive to' the temperature decrease, It is also
noted frorq figure 3.6 that the rate of current decrease with
temperature 'in the intermediate veltage'regien is less than

that for an p-n CuInSe, homojunction, which will be reported

. .
A - A

in chater 4. - ‘ . .
(4) Photoresponse

Under .an approximate AM1 illumination condition, the

a short circuit photocurrent density .of -abput ‘5 mA/cmz, {see
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" {1) I-V characteristics ‘ . ' -

¥

figure 3.10). Spectral variation of open c:!.rcuit voltage’o'f

one of the devices is-shown i.r.x figure 3.11. It is seen  that
the photovoltage variation covers a wavelength rlange from 0.4
to 1.4 pm.” The response curve {in arbitrary units) ‘for a

sprayed . thin -film  znO/CulnSe, "cell showing 'a smaller

~wavelength ) range- reported by Tomar and Garcia [3.3] is also“ "

R plotted for compar:lsJon.J ) '

. .
L ]
i : . . N

3

3.5.2 1Isotype ZnO/CuInSe:z~ '( n-n) Heterojunctions

Tt g

s

~

Two isotype ZnO(n)/(:qu‘:Se2 {n) heterojunctions have been '

i %' .‘
shows the room temperature dark And 1light current-voltage
characteristics for sample Cpins /2n0-11 in a voltage range
from -3' to 3 volts. Under the dark condition, the device

current was small in both forward (CulnSe, positive) and

‘-reverse (2Zn0 po;itivé) directions. Under the illuminated

condition (tungsten lamp, ,about 80 mw/cmz), the magnitude of.

current increased both in the reverse \}oltage range and for

" the most . part of the forward region. The illuminated current- .

voltage characteristics shown in figure 3.12 are thus,
different from that predicted using a superposition 'principie
for an' ideal p-n Junction. Such sharacteristics could be .

explq'ined by considering the enérgy band diagram similar to I

"

vf'a,bricated and studied in the present work. Figure‘ 3.12 -

"
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the one proposed for an n:n Si/‘Ge héterojunétion as shown in
figure ’ 3.5 ['3.12]. The energy band diagram for the ‘isotype
. ZnO/C!uIn.Se2 hete;ostructu;'es .coubld be constructed so that
the energy bands near the interface are bent upwai-ds due to
the presence of net electric charge in the interface states.
Alternatively, the band diagram could also be constructed
‘s'o' that the energy hgﬁds near. t'l_'le interface are bent
. ’ ,‘ ,;l_o'«n;walrds~ due to the presgnce’ of positive charge in the

interface states.

4
B ﬁ ' _‘ N .\ A
(2) Photoresponse '

In order to get an idea about the band structure (bands

. ) Y . T
responge measurements were carried out on the two n-n

* »
devices. In such measurements, open circuit voltage across’

the Jjunction was measured usix;g -&:voltmeter with a high
) inpt%t‘ impedahce. and the incident - monochromatic light
intensity determined by a- calibx:'ated -S1 and InSb detéctor.
The" normafized qpén circuit voltage (to incident photon ?ux
density) is plotted ‘against the optical wavelength in fj;gure
3.13 for the sample, . _ '1"he open circuit wvoltage is
negative (CuInSeb neglative) .in the ranges from 0.4 t;. 0.55
- and f‘rom'1 .35 to 1.7 me." In the wavelength range from 0.55 to

‘ ' ’ ’ 1.35‘ pm, the open‘ circuit volt:ag-e is positi've.

s

‘“
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bent upwards or. downwards in ‘the interface region), spectral
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‘The photoresponse in, the wa\;elength range from 0.55 to

1.35 pm 1is very similar to that for a,CulnsSe homoj unction

2
(to be described in chapter 4), suggesting that the
photovoltaic effect in this region is due mainly’ to the
optical absorption in CulnSe 2° The spectral response in the
twe outer regions has an opposite voltage polarity, E and is
believed to be due to the ‘excitation of deep levels 1located
at about 0.8 eV [3.13] below the conduction band éﬁge of
crystalline Zn0O and the excit:.atiorf of electrons from vale;lce
band to conduction band in ZnO side.

(3) Ene~rgy Band Structure

-

e ) .
The energy-dependent polarity of the photoresponse

suggests that the devices have an energy band structure in
which‘ band edges bent downward/s near the interface, as shown
in figure 3.14. From the band diagram shown in figure 3.14,

photo—excited carriers generated near the space charge region

“in CuInSe, will flow in a direction opposite to that for

carriers generated in ZnO. Therefore, the polarity of open
circuit voltage (or photocurrent) is e);(pected to be affected
l;y the energy of incident photons. ﬁheﬁ photons with energy

larger than: Eg(CuinSez), the excited electrons at CuInSe2

- gide will drift from left to right and make CulnSe, to be

more positive than Zn0. For photons with energy between 0.8

eV and 1.01 eV or larger than 3.3 eV, the excited electrons

v
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will be swept out of the space charge fegion in 2n0., This
will make CuInSe2 side to be more negative. .
/ , "
Under the dark condition, ‘due to the presence of ﬁthe

potential notch (figure 3.14), device current will be limited
for both bias directions (see figure 3.12). When a forward
voltage (CuInSe, positive) is applied across to thefjunction,
the space charge region in CuInSe, is narrowed and that ,'in
ZnO0 is widened. The photo-current will be due mainly to
carrier "excitation in zZno, gi{ring rise to a bias—d‘epenc?ent
photocurrent flowing ‘from CulnSe, side to ZnO side. When a

reverse bias voltage (ZnO positive) is applied, the space

charge region in 2nO side is narrxrowed and that in the CulInSej;

o

gside 1is ;widened and the major part of phototurrent is from

excitation of carriers in the CulnSe, side. The combined

photocurrent 18 now flowing from ZnO to 'CuInSeAZ and is
opposite to that under forward bias condition. Because of the

large er :rgy gap and the small optical absorption coefficient

57

do

of crystalline 2n0O, .-the photocurrent under reverse bias -

conditioris is several times of that under forward bias
. :

(figure 3.12).
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3.6 CONCLUSIONS

Isotype and anisofype heterodiodes of the form
Zno(n)/CUInéez(p or n) have been fabricated by sputtering 40

’ layer of 2n0 on polished monocrystalline Bridgman-grown
Culnse, samples. The current~voltage ‘and capacitance-voltage
characteristics of the devices have been investigated. Energy

band diagrams with a negiig#ble‘conduction band disconf}nuity

- have been established fqr thé‘heterosystems based on the

, -material parameters. Dipoié~éffect with a négative sign were
found to be necceséry to account for the. iarge appefant
diffusion potential found from the differential capacitance-
voltage measuremenfs on the anis?type heterojunctions,
{Iowéveg:, the density of interface states and dipole can not be
/Ndptermined from the present results. For the anisotype
,//*’ ZnO(n)/CulnSe, (p) junctions, the dark current floﬁing in the
dévices in the low voltage region appeared to be dominated by

a tunneiing anq recombination process of carriers through

ghese interface states. For these‘heterostruétures, if a
lakéer electron affinity value for crys%hlline CuInSezl is
adopted [3.14) hfor the energy band diagram,r then . a

conduction band discontinuity will be present.

* The variation of open circuit voltage with wavelength
for the junctions fabricated using p-type CulnSe; was qimilar
to that for a £ CuInSe; homojunction. For the diodes

<
< i
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fgbricated using n-type CulnSe,, however, the polarity of
the open circuit voltage- was dependent on the. optical
wavelength. 1In the short wavelength region, the open circuit
voltage was produced hainly by the band gap exitation of zZnO.
In the 1long wavelength regibn, the voltage was due to the
possible exitation of deep levels located at about 0.8 eV
below the conduction band edge of 2n0O. In the pedium
wavelength region, the voltage was dominated by tﬂe band gap

exitation of CuInSez.
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TABLE 3.1 PARAMETERS USED TO CONSTRUCT THE 2n0/CulnSe,

BAND DIAGRAM. .

==============================.==!========,=:B======;===========‘==l
Parameters Zn0 . CuInSe2
mzzszazszssssszsscssssssosssssSoissoscessscssssssszasssssssszEoe

: ' Energy Gapf/Eg (eV) . 3.3 ‘ 1.01

T Electron Affinity (eV) ’ 4.35 [3.15] 4.3 {3.16]

% Net Donor Conc. (cm™3) 1020 .-

§ Net Acceptor Conc. (em~3) = ——-u-- ] , 1015

‘1 Mg /Mg, : 0.24 [3.18]  0.09(3.19]

E mg /my - 0.21 (3.18] 0.12(3.19]

; E,-E, (eV, 300Kj | emeee- ‘ 0.21

P Lattice’ Constant, a (%) .  3.24 [2.2] 5.78[3.20]

] ) Relative Dielectric - . ‘

) Constant, € g " 8.5 (2.1] .9.3

' MemmmssmsmsdmsssamEsEmsssaSksAEESaZSEEESEERESEERAEEEEEEEEZEZESE

. N .
L
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Fig. 3.4 A schematic cross sectional view of the
fabricated 2n0/CulnSe, heterojunction.
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Chapter 4 ELECTRICAL STUDIES OF MONOCRYSTALLINE

CuInSe_ JUNCTIONS
2

4.1 INTRODUCTION

In chapter 3, I-V characteristics, photoresponse and

75

energy band structures of the inO/CuInSez heterojunctions&

have been described, However, due to the presence of
interface states (the density of which could be comparable to-
the dangling bond density at the interface) only 1limited
i'nformation about characteristics of_ ‘CuI'nSez'monocrystalline
sample of the heterostructure has 'been obtained. 1In order to
further chara;:terize the crystalline CuInSe2 material,
several n*p homojunctions fabricated by diffusing indium or
bismuth into the Bridgman-grown p-type monocrystaliine
CulnSe) samples [3.11] have been studied‘. Using the n+p
homojunctions for measurements (C-V for example), effect of
interface states can be neglected. Thergfore, characteristics

of CulInSe, near the depletion region edge can be conveniently.

2
obtained.

It is also important to investigate energy states in

3

crystalline CulnSe. especially for device ap;plications. These
2 »

LY
have been reported recently by luminescent and electrical
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studies [4.1-4.3, 3.20 ] revealing several shallow acceptor
or donor states with ionization energy values of few tens of
a meV. From the I-V characteristics studies of CuInSez
homojunctions, it is expected that recombination centers of a

large density exist in monocrystalline CuInSez. Therefore, to

further characterize crystalline CuInSez, a preliminary .

program, was initiated in the present work to study deép
levels. The preliminary investigation of deep levels in p-
type region of the device was madew by a differential
capacitance technigque, a transient technigue [4;4] and a
thermally -stimﬁlated.capacitance method. [4.5]. The results
obtained from these measurements indicate that deep traps are
present in the depletion region although the energy posilion

of the trap levels can not been determined precisely af”*thg

present time.

4.2 SAMPLE PREPARATION AND MEASUREMENT TECHNIQUES

4.2,1 Sample Preparation

-

P-type CuInSe_ crystalline samples were selecéed from

2
ingots grown by the horizontal Bridgman method [4.6]. The

samples were then polished using 0.05 pm alumina powder and
etched in a mixture of HNO_, and HCl with a ratio of 1:3 for

3
abouplz'minutes to remove the oxide layer., A circular area

of Bi or In with a diameter of about 3 mm and a thickness of‘

N

(.
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about 1 pm was evaporated onto the polished surface in a
vacuum chamber with a—base,pressure of '10~6 Torr. The samples
were Eﬁen heated in an inert atmosphere at about 200 9% for
about 20 minutes (samples In-5-1 and In-5-2) and a Jjunction

dep of ut 10 pm was achieved in the fabricated devices.

.

“ Sample In-3 was heated at 200 °c for 10 minutes and Bi-3 was

" heated at 250°C for ‘10 minutes. After that, the back side of

the sample was polished using a fine sand paper. Contact tp
the back side (p-type region) was obtained by abpiying \a
layer of silver paste betweén the sample and an aluminium
holder and heat trdating the sample at a temperature of !OOOC
for 10 minutes. The front contact was made ‘directly by

soldering a metal wire using Wood's alloy.

4.2,2 1I-V Measurement Technique

5

Dark current-voltage characteristics of *the 'devices

77

were obtained by using a Hewlett Packard model ‘41455‘

Semiconductor Parameter Analyzer. The time delay for each
meésdrement (hold time) was chosen to be 0.2 second. The
fabricated CulnSe, devices were mounted Qto an Oxford
Instruments model CF 100 cryostat which' was connected
directly to the analyzer. During the measurements, 1liguid
nitrogen was used to cool the samples to low temperatures.

Sample temperature was controlled by a temperature controller

\ ‘



and an accuracy better than = 0.5°C in the range between 200

and 300 K was achieved.

4.2.3 C-V Measurement Technigques

s

Differential . capacitiance measurements of the

"homojunctions were performed using an HP 4274A LRC meter

(freguency range from 102 to‘105 Hz ) controlled by an IBM PC

78

as described 1in chapter 3. A parallel circuit mode was

chosen during thé measurementsland the amplituaqapf the ac

signal was aboqt 0.01 Vv throughout the pryséht experiments.

The experiments were carried out under dark condition with
¥

different reverse bilas voltages, frequancies, time intervals
e N
(only for - transient capacitance measurements) and

tehpe;atures (only for thermally B stimulated ° qapacitance

technique). For differential capacitance and thermall}
‘ 5

‘stimulated capac}tance experiments, at léapt four sets of

measurement were taken under the same condition (bias
voltage, frequency, temperature) and the average results were
recorded iudsing a printer or..plotter unit (HP model 7475 A).

In order to reduce the stray capacit&nce introduced by

" conflecting wire, a cryostat with very short lead wire was

v

used. - h
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4.3 EXPERIMENTAL RESULTS
.

4.3.1 I-V Characteristics and Transport Mechanisms
Shockley {4.7] has pointed out that the current flowing
in an ideal p-n junction is given by the following equation, %

1o T3

exp(—Eg/KT)[exp(eV/nKT)-H (4.1)
wr}ere the curve factor (n=1) is independent of temperature.
For non—;ldeal junctions, the current component resulting from

L4
recombination processes 1is important. The recombination

current in the depletion region as a function of bias voltage
has been studied bf Sah et al [4.8] and can be described by

the following equation,

3/2

I ot T exp(-Eg/nKT)[exp(eV/nKT)-1] (4.2)

e

whgrev n=2 and this value may chdnge slightly in actual
devices, which will be shown later in this chapter,

-

The dark forward I-V characteristics of two In-diffused
junctions at several temperatures are shown in figures 4.1
and 4.2 and that for a Bi-diffused junction are plotted in

{ figure 4.3. It s seer; that in the present voltage range,



three regions exist, especially for the low-temperature case,
In the low-bias region the I-V curve factor, n, 1is greater
than two while in the high-bias region the séries resistance
effe;t becomes dominant. In the medium voltage region, the
curve factor n is about two for three sapples (less than 2
for In-5-1, Bi-3 and greater than 2 for In-3). The transition

point: for low-voltage region and medium-voltage region

Increases with the decrease of the temperature. This fact

suggests that there are two current components in this
voltage range, one is less sensitive to temperature while/the
other decreases with decreasing temperéiure. The first
component might be due to the surface 1leakage. The second
one, dominant in the medium voltage region, has an
exponential dependence on the.bias voltage and the slope of
it Jimost unchanged when temperature changes from 295 to 200
X, The room temperature saturation current, obtained by
extrapolating the lipear (medium) region of the forward room

8 A for both In- and Bi-

temperature I-V cuéve, is about 2x10°
diffused devices. The measured saturation currents within the

295-200 K range cover more than three orders of ¥ magnitude.

80

These characteristics in the medium voltage range (n=2,.

saturation current changes over 3 orders of magnitude- in the
range of 100 K) suggests that the junction current 1in the
medium region 1is mainly controlled by the recombination

mechanism in the depletion region, where the current is given

f

b
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practical devices.

Y

It is noted that the saturation current I = is

proportional to T3/2

. exp[-Eg/nKT]. Therefore, a plot of
log[I°/€T3/2)] against 1/T will yield a straight 1line.
Figure 4.4 shows the current results for the three samples.
Results caculated from the recombination current equatfonf
assuming Eg=1 and n=2, 1is given by the solid 1line for
comparison, It 1z seen that all the thgee samples show a
linear variation withla slopg closeoto the caculaéed one. The
small slope value, Eg/n, for sample In-3 in figure 4.4 is due
to the large curve factor n. This results let one conclude

that the dominant transport mechanism in the medium voltage

range 1s carrier recombination in the space charge region,
4.3.2 C-V Characteristics and Deep Levels

(1) Frequency-Dependent C-V Characteristics
Using . the depletion approximation, the\idifferential
capacitance of a p+n Jjunction under the reverse bias

condition without deep traps is given by,

a

1/2
C = dQ/av = € /W = [qe N, /2(V,-V)] (4.3)

8t

‘' by equation ‘(4.2) and the curve factor 1is about 2 in-
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Here € is the dielectric constant of thg semicéndqétor, Wis

the depletion layer width, Np is‘ ionized impurity

concentration 1in the gemiconductdr, Vb is the built-in
potential and V is the bias voltage. It is noted from the
;quation‘that the differential capacitance.is independent of
the measurement frequency. However, if traﬁs are present in

the depletion region, the finite time constant for charging

and discharging of the .traps will result in frequency;

dependent capacjitance characteristics. This phenomenon has
been investigated oy gold-doped silicon p+n-junctions By Sah
and Reddi in 1964 T4.9]. Their model is based on the trapping

'time constant of the deep-gold’ acceptor 1level in the

depletion region and is in agreement with the -.experimental
results. This effect has also been studied theoretically by

E. Schibli and A.G. Milnes using a numerical technique

[4.10].

For 'a one-sided junctioé\4n+p for example) with simple
traps, the capaé¢itance characteristics are relatively simple
and can be devided into three regions. At low frequencies,
deep traps can follow the charging and discharging processes.
The:ﬁﬁggg: the capacitance is determined both by shallow
impurity V(acéeptor in this case) and deep traps and the
giéferential capacitance value is large. At high frequencigé,
most of the traps can not respond to the charging/discharging

voltage, therefore the capacitance is determined only by the

“\
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effective dopant concentration in lightly doped side of the

junction (acceptor) and essentially has a constant value. 1In

.the medium frequency range;' the density of responding traps

decreases as the frequency is increased, causing a decrease
in the differential capacitanée until a constant wvalue 1is

reached. Therefore, non-constant .capacitance-fregquency

.characteristics will serve as an initial indication for the

presence of deep traps in the lightly doped side of the one-

sided homojunction devices.

In the present éxperiments, capacitance-voltage results
of three xi+p CulnsSe, homojunctiéns have been obtained. at a
}

20 10°

temperature of 298 K over a frequency rahge from 10
Hz. Figﬁrre 4.5 shows the measured results for sam;)Ie Bi-3. It
is clear that the capacitance decreases with the increase of
frequency. The measured differential capacitance for three
samples at a reverse voltage of -0.3 volt i3 also plotted
versus frequeﬁcy in figurk 4.6. It is seen i that the
differential ' capacitance decreases by a factor of 2 to 3. as

5 Hz . Const:,ant'

P 7/

the frequency 1is increased fromAO2 to 10
capacitance region does not appear to exist in the frequency
range studied, suggesting that the charging/discharging time
constant of the traps covers a relatively large range. The
results also suggest that the total effective traps ;iensit;y
is comparable to the net acceptor concentration, which is

about 10" cm® in the depletion edge region of the p-type

CuInSe2 -






which can be d'esciibed by,

.variation in the density of traps occupied by holes, Pps

12

dpp/dt = -e, B, ' (4.5) ‘

here t ig tine andleP is emission rate of the trapped holes.

A

1Y o
The time-dependent trapped hole density then results in . a '

transient capacitance effect. Curve 1 in figure 4.8 shows the

85
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results of transient capaéitan{ce taken for sample In-5-1 at’

room temperature. Similar resultg/have been obtained - for
sample In-5-2 and Bi-3. The AC(t)/values, ‘which'are negative;
éonfir’m that hole traps are responsibfe for the major
;;d’rt - of the transient process. From this curve,. the hole
emission rate é,nd the densi:ty“of participating&trapp;éd ho‘.les
can be estimated. Aésuming b‘T“NA' la simple relation as shown

below can be obtained from the differential capacitance

equation, \

\

2, 2 L .
AC(t) _/co =‘pT/NA (4.6) |

here C_yind AC(t) have the same definition as above. Since
2 .
’Cool- NA' 80

¢

pettretpy ' /F (4I7)

, = ! .
) " S
3 . -

The minus sign is chosen because the holef traps dominate the
\ ]

«

—m



transient effect ;md a negative AC(t) is expectedgl.“ \F?gom :the
curve 1 in figure 4.8, tl:e hole emission rate is esti;ﬁ;.i:ed.to
be about 0.35 1/second and the emission time constant is 2.8
seconds. , Assuming the traps are all occupied by holee; and
neglecting the “time delay (0.2 sec;) ) before taking the
measurement, 'density of trapped holes having the above
emission time constant can be estimated from the equation
AC(t)2 /Cg = pT/NA.* The value obtained i; in. the order of

1010 cm'3.

.

©

In order to see the effect of minority carrier
(electron) traps, a positive filling puls'g (0.3 volt) with a
duration ~ of 10 seconds was applied, After that, a zero
biasing condition was maintained for about 0.2 second to
sweep the free electrons, which will affect the transient
capacitence results; out of the regions A and B. The induced
capacif:ance seguence is shown in f}gure 4.9. Under the
application of the forward bias pulse, both electron and hole
trabs are filled in the neutral region (region A, figure
4.9). For the n+p CuInSe, homojunc:t:ionsm ‘under co:sideration
with Pn/"lpﬁo [3.11j, theﬁ number of injectgd holes under the
forward biasing condition 4is much smaller than that for
electrons. Hole traps in:region B are essentially empty. The
capacitance transient, under such conditions, is therefore
governefl. both by the electron and hole emission ’events.

Results obtained from sample In-5-1 are shown in figure 4.8,

b
[}

. -
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curve 2. In the initial stage of the capacitance transient
process wi\:h the 0.3 volt filling pulse, magnitude of A(:.‘(i:)
first increases with the increage of time mainly due toi the
emission of th; trapped electrons and then decreases with a
decay tilme constant similar to that fbr curve 1. (It should
be pointed out that the data points at t=0 in figure 4.8 were
itaken at about 0.1 second after the reverse bias voltage had
been applied.) The results indicate that in the i?xithial.
decay period (the first two seconds), the emission process is
dominated by electrons. However, the hole emi'ssion is
impo;tant in the most part of the decay process. Therefore,
the results gilven in curve 2 suggest that either the d:ansity
of the trapped electrons is small or ithe electron: emission
time constant.is short as compared to that for holes.

1y

(3) Thermally Stimulated Capacitance -(TSCAP)

Thermally stimulated capacitance (4.5] was also
investigated for the sample In-5-1 to determine the energy
position of the traps. Two sets of measurement were taken on
this sample and the results were.then compareg. ‘In the first
meashrements, a reverse blas’ voltage of -0.7 volt was first
applied to the junction (to empty the t.:raps in the depletion
region) at room temperature. The device was cooled to about
120 K in a period of about'5 minutes and then warmed up at a -

rate of about 15 c’C/min. During the warming process,
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differential capacptance data wére taken at 100 kHz at a '5°C
interval. The results are shown in figure 4.10, curve 1. To
observe the deep traps, a small forward bias was applied to

the device during the cooling period and the same reverse

,voltage was used in the warming process. At low tempexature -

range, the differential capacitance of the device will be
smaller than that measured when the traps are empty. During
the warming process, thermally stimulated emission of trapped

holes causes an increase in the capacitance.

The characteristi'c temperature il:l the TSCAP curve where
the capacitance value increases drastically can be used to
estimate the enetgy position of the traps. C;urve 2 in figure
4.10 shows the TS(:.:AP characteristics of the sample 1In-5-1,
The curve_shows a rapid fngrease in the capacitance at about
200 K dindicating a rapid emission of the trapped holes at
this temperature. However, the results given in figure 4.10

wl

must be regarded as tentative, because it has been observed

.

from about 20 experimental runs that the TSCAP results for ‘

the CuInSe, Jjunction were affected by the heating/éooling -

cycle and the biasing history of the device,

4.4 CONCLUSIONS AND DISCUSSION

Dark I-V characteristics-of three ¢rystalline CﬁInSez

]

o S
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was found that all devices possess the folfgwing

characteristics. (1) The curve factor is about 2 in the

- medium voltage range. (2) The room temperature saturation

8 A and decreases by about 3 orders of

current 1is about 2x10°
magnitude as the temperature is decreased to 200 K. These
facts indicate that fhe current in the medium wvoltage range
of the CuInSe2 homojunctions is dqminated by a recombination

mechanism in the depletion region.

-

Al L)

Initial results of deep levels obtained in the preseAt
work h;ve'lbeen 'déscribed in this chapter. Differential
capacitance at a-reverse voltage of about -0.3 volt decreased
by a factor of 2 to 3 as the frequency was increasedfrom 10?
to 105 Hz for all samples, suggesting that the total density
of deep traés with-trappiné time constant less than 0.01

second 1is vcompapablé to the net acceptor concentration.

" fransient technique was édopted to stﬁdy the characteristics

L]

of traps at a frequency of 100 kHz. Effects for both hole

and electron traps have been observed on samples In-5-1,

In-5-2 and Bi-3. The results show that the density of hole

trapping centers with an e“gssion time constant of about 2.8
10 -3

.seconds 1is of the order of 10 cm itraps with a ‘shorter

emission time constant can not be observed using the present

. \ 89
n*p homojunctions (two In-diffused and one Bi-diffused) have
‘been studied over a temperature range from 100 to 300 K by
using an HP model 4145 A Semiég;ductor Parameter Analyze;jylg

N

N
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technique since the time delay of inélrumént) Transient

effects have not begn observed for sample’In -3 becuase a
large dh value at the depletion region edge (aue to the short -
diffusion time of 10 minutes). The large NA\value reduces the
effect of traps (ACZ/C “PT/ . Results of thermally
stimulated capacitance provided an idea about the energy..
position of the trapping levels but these can .only be
regarded as tentative at the present. o

It 1is also interesting to point out that, Roberts and
érowell (3.12] have developed a dodel for a Schottky diode

.with several deep levels. Each deep trap state is assumed to

have’ a\short time_constant (less than the reciﬁrocal of the
frguency) and will contribute a dip to the C-2 versus Vp plcz>
when the level is pulled above the Fermi level (for electron
traps) at a particular voitage. Following this model,
trapping states in thin film cds/cu,S heterojunctions have
been observed recently by L. ﬁmurcik et al [4.11] using the “‘
capacitance measurement techniqde. Their results appear to be |

the first ones to support the Roberts and Crowell model. 1In

the present work, C-V characteristics of two -CulInSe,

‘homojunction samples alsd have been inveetigated in 'the\

’ 2
frequency range from 100 Hz to 100 kHz. .A single dip of 1/C

vs. Vp plot was observed on samples In-5-1 and In-5-2 at

certain frequencies. For In-5-1, a dip at a reverse voltage

off about 0.51 volt was obtained at the frequency of 10



o

(see figure 4.‘11). The ‘dip (a;t 0.6- volt) . for' In-5-2 vialls
observed at a lower frequency '(-4kHz). No special feaf.ure was
. found w__{lén othe}.' frequncies were adopted. . Si/nce alil trépp:lng
. .leveis‘ are always joined u'p with ‘the Fermi level, the
observed dips might be due to other upknown/mechanisnis v;vhich

' have not been studied further at the present time.
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Fig. 4.1 Forward dark éurrent—voltage charact‘:eri'stincs'

of an i«x}dium-—diffused CulnSez homojunction

(sample In-3) differ/eﬂgt temperatures.
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Fig. 4.2 Forward dark current-voltage charaéteristics.

of .an indium-diffused CulInSe2 homgejunction

(In75-1) at different temperatures. v
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Fig. 4.4

IO*T'3/2 ‘plotted against 1/T for three

junctions in a semilogarithmic scale showing

o~

‘ essentially linear va'riat;’.bn ‘over the

temperature range.
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Fig. 4.9 (a)apnergy band diagrams of the n'p CuInSe, -
junction atidifferent biasiné stages with
the 0.3 V forward bias filling pulse and,
(b) biasing seéuenc; and the 'capacitance

.transient results from emission of both

trapped holes and electrons.
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CHAPTER 5 CONCLUSIONS

*

Final conclusions- of the thesis are gi;én in this
chépter. Both CuInéez and 2n0, which have been studied in the
‘present work, are promising for terrestrI;l photovoltaic
application. As mentionedabefore, CuInSe; has the highest
' abéorption coefficient (for photons with an energy above the
band -gap value) among any Known semiconductors. Because of
this, the material ha; been considered as a. potential
candidate for terrestrial photovdlttic applications. However,
in order to develope CuInSéz to become a useful ma£e;ia1 for

the future opto-electronic device a¥plications, it is

neceésary to characterize further the electrical and optical |

probertiés., Apart from this, it is also important to study
alternative  window materials For - ‘the - CuInSe,-based
photovoltai; devices (other than those being usgd, iike cdas
- and CdZns). In this work, an important window material, Zpo,
has been « investigated and used to form zn0/culInSejp
heterojunctions. Homojunqticns were also fabricated by
indium- and bismuth-diffusion. | Characteristics of
.monocrystalline CuInSe, have been studied by investigating

‘these heterojunctions and homojunctions, and the following\

‘main conclusions were obtained

r
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(1) Good quality, low resistivity ZnO films can be deposited
{using rf magnetron sputtering mgthod) on glass substrates by
doping using inaiup or tin. All deposited films show a single
;has; feature with a preferred (002) ‘orienpation. The 8Sn
content in the films was réughly equal to.that in the targé;
while the In-content in the film was less than that in the
target. 4 ) .

(2f Resistivity of the films decreased by 4 orders of
magnitude as the indiuﬁ oxide content in the target was
increased from 0 to 10 wt.8. For tin-doped films, the
réaistivity decreased /by 3 orders of maénitude as the-.tin

’oxide content was increased from 0 to 2 wt.s.

(3) Deposition rate and éark electricél resistivity of 2n0O
ifi;ms was affected by argon pressure and incident rf power. A

relativg}y high deposifiqn rate (high’incident"rf power and

low argon pressure) will result iﬁ‘ a relatively low
“resistivity. H

°

(4) Optic&} transmission of indiﬁm-doped Z2nO films at {A

wsvelength of O.f pm waQ essentially constant, however, it

was affected at 0.% pm wavelength. For tin-doped films, the

éptical tfansmission first decreased as the tin content

;# was increased, reached minima. at about 5% SnO, then inc;eased

[ -as the—tinﬁcontent was further increased.

-3
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F
(5) The fabricated ZnO(n)/CuInSez(g) heterojuncéions showed
a rectification effect and the ideality factor was about 2.8
in the intermediate voltage range. Temperature-dependent dark
current-voltage characteristicsf measured for these devices.
suggested tﬁat the room temperature current;transport in the’
junctions was dominated by an ‘electron emission ,ang
recombination procegs. In the 1low voltage ;egion, a second.
current component was dominant especially for lover
temperatures. '"This current component was believed to be tdue
to a tunneling/recombination mechanism or a shunting effect.
The variation of the open circuit voltage covers a wavelength

'3

" range from 0.4 to 1.4 pm.

(6) An ehergy band diagram has been constructed‘ for the
.Zn0§n)/CpInSe2(p) junq?ions based on the material parameters.
In this héterostructure, the conduction band discontinuity is_ -
neéligiﬂle, however, Eggrekis a large energy discont;nuity
.(253 eV) for the valgnc band.

(7) From differential capacitance measurements, ;he
apparent diffusiong potential was found to be greater than
that predicted by the energy band diagram. This is due to a
strong dipole effect in the interface region. The polarity of
the dipole was found to be theOZame as that of the space
charge and therefore‘énlarged the diffusion potentigl. S

>
A
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(8) Isotype ZnO(n)ICuInSez(p) heterojunctions were also
studied. From _ the dark/illuminated current-voltage
characteristics gnd variétion of open circyit voltage with
incident optical wavelengﬁh (variatlog of vﬁc was similar to
that for a CuInSe2 homojunction in the wavelength range froﬁ
0.55 to 1.35 pm, and the voc was found to have an opposite
polarity in the wavelength ranges from 0.4,£o 0.55 and from
1.35 to 1.7 pm), an ehergy band diagfam has bisn established.
The energy bands bend downwards in the space charge region.
This effect is believed to be due to the presence of

positively charged interface states.

‘(9) Temperature-dependent " dark current—véltage_

‘characteristics of both indium and bismuth diffused CuInSez

homoﬁunctions have been studiéd in the present work. It was

found that the ideality factor was about two for thesea

junctions in fhe intermediate voltage range gnd it was almost
unchanged when temperaturé changed from 295 ﬁq 200 K. The
measured saturagion éurreht within the temperature range
covered more than 3 orders of magnitude. These effects.

suggested that the diode current in the intermediate' voltage

" range was mainly controlled by a recombination process.

through the deep levels in the space chafge region.

2
A

s - 3 N ' .
(10) Differential capacitance mgasurements over the
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. quality: CulInSe, crjstals and to fabricate both_ihomojunction/
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frequency: rangé;of 102-10s Hz have been petfqrmed on several
homojunctibﬁé. Frequency—dgpendent differenti&l capacitanc;
characteristics (valué decreased by a facﬁor of 2 toijﬁas the
frequency was increased from 102 to.105 Hz) suggested that
‘the density of t@e total effective traps was comparable to
the net acceptor concentration. gonééént capacitance region(
did not exist in the frequency range studied, suggesting thaé
‘the charging/discharging time constant of‘the traps covered a
relatively large range. Tentative information about the
energy position o} the traps~have been obtained from the
thermally stimulated capacitance measurement results.
. ¥

(11) . Transient capacitance effects:. have been. obagrved in
both Int,ané Bi-diffused junctions. Tﬁe results irggested
that the majorify carrier traps with a charging/discharging
time constant of about .2.8 seconds are ‘dominant in these ,
transient effects. Tlhe effect of minority carrier tf&ps also
'has been observed.

The present investiga#ion‘od thin film 2nO and bulk

monocrystalline CulnSej has’resulfs in the above described

h~main conclusions. The information will be useful for future

research development of CuInSez-based photovoltaic cells.' S

‘However, there are still many questions for CuInSé2 remained .

* !

.to be answered.  For example, work is needed to prepare good, |

/

{
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stals. Pifferential

and heterojunction using such’

capacitance measurements- should be carriéﬂ\Out over a larger‘

frequency ‘range, Furthermore,~ transient’ cifferential
capacitante effects snpuld be, studied. usiné 'high speed
‘instrument to obtain a complete set of data'for the deep
'levels. |

»

Both the open ¢ircuit voltage and short circuit current

density of the an(n)/CuinSez(p) junctions under simulated

AM1 conditions are small. This is due to the large lattice
mismatch between the two naterials. Howeyer, ZnO still will
be a useful material if a thin layer of material like CdS is
introduced between CuInSez and ZnQ. This structure has

-

already been reported recently b?*?otter and coworkers [5.1].

Their devices, having'a layer of undoped cdas with a thioknessix

Ofe 500 x demonstrated an AM1 conversion efficiency _up to

“‘11;2%. ' i’ .-“— ) « :J“

hd
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