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ABSTRACT 

• 
The obj .cti v.es of the vork are (1) to study the doping 

~, 
effects of ZnO thin films, (2) to study zno!cu'Inse 2 

-If> 
heterojunctions and (3' to study CulnS~ homojunctions. Both 

\ 
, , 

indium- and tin-dope~ ZnO films Vith, thlckness of a,bout ,1 

micrometer have been depOsited on glass substrates .u8ing an 
"' . 

rf magnetron sputteridg technique vith high purlty argon g8S. 

The targeta used - for the sputtering contained veighted , 
amount-s of ZnO and I~~ . (or Sn~). It was~ found that the 

electrical and optical propefties of the ZnO fi·1ms were 

affected by the presence of indium or tin. For indium-doped 
....-

ZnO films, the room tempe~ure dark resistivity decreased by 

,. orders of magnitute as the indium oxide content was 
\ 

lncreased fram 0 to 10 wt.,. For tin-doped films.' the 

reslstivity decreased by about 3 orders of magnitude as th" 

tin oxide content was increased f·rom 0 to 2 wt.. and was 

'essentially constant as the tin<,o*lde content was further 

increased to 10 wt... Effect of the argon pressure on the 

reslstlvity was alao s.tUtUed. It W8S observed that the higher 

the pressure (withln , 

higher the reslst1vity. 

the range from 5 to 40 mTorr), the 
~ 

Using the sputtering technique 

established in the present work, several heterojunctions were . \ 

fabricated by depositing à layer of low res1stivity ZnO film 

on n- or p-type -Bridg~grovn monocrystalline CU1nS82 
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II 

·aamplèS. Current-voltage al'!d ,differential capaèitance-voltage 
, 

measurements have been carried out on the fabricated devices • 
• 

It was found that current transport in the devices vas 

domlnatea by a tunneling process' (or a shunting effect) in 

the low voltage region. In the intermediate voltage region, 

this was dominated by a recombination/thermal emission 

process. From the d'ifferential capacitance measurements, it 

was found that the apparent barrier height was greater than 

.that predicted from an ideal energy band diagram constructed 

from material parameters. A polarlty reversal effect was also 

found for the open circuit voltage of the isotype 

ZnO(n) /CulnSe2(n) devices. These were int~.rpreted by il dipole 
(t' ~ .... 

:\1 \\'"1' 
effect and effects of interface state~. From the.se results, 

en~rgy ban~ diagrams have been constructed for the 

heteroj unctions. Temperature-dependent dark current-voltage 

"~haracteris tiè~ were a1so investiqated on 

homojunctions fabricated by diffusing indium or bismuth into 

p-type 
/ 

monocrystalli'he culnSe2 samples. 
)/ ,< 

It was found that a 

recombination process dominated the current in these devices 
y' 

in the intermediate voltage region. DifferentiaI capacit;ance 

and transient capacitance effects also have been studied. It 

was found that deep levels were present in monocrystalline 

CUlnse2 • 
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Rêsum~ 

, 

Les buts d~ ce travail sont: 1) êtudier .le dopage de 

couches minces de ZnO, 2) êtudier les h4§t~rojonctions de ZnO/ 

CulnSe2' et, 3)~\ ~tudier ies homojonctiqns de èUlnse2. Des 

couches minces, de ZnO, d'une 4§paisseur d' eri-o-iron 1 mi cron et 

dop~es il l' ind~ um ains ~ qu'a l' êtain ont êtê dêposê~s sur des 

substrats de verre p~r pulvêrisation RF par magnêtron dans 

une atmosphf!re d'argon de grande puretê. Les cj..bles utilis4§es , , . 
pou~ la pulvêrisation contenaient des quanti têes pesêes de ZnO 

et In203 (ou Sn02)' On a trouvê que les propriêt~s optiques 

et ~l6!ctriques des couches de ZnO êtaient, rnodifêes par la pr~­

sence d'indium ou d'êtain. Pour les films de ZnO dop~s ~ 

l'étain, la rêsistivitf! d'obscuritê, il la tempêrature de la 
~ , 

pi~ce, a ·diminué de 4 ordres de grandeur avec une augmentation 

III 

,de la quantité d'oxide d'indium de 0 il 10% (poid~). Pour les 

films dopés a l'~tain, la rêsistivité a dirninuê par approxima-. 

tivement 3 ordres de grandeur avec une augmentation du contenu 

en oxyde .d' étain de 0 ~ 2% (poids), et est demeurée essentielle­

ment constante avec une augmentation supplêmenêaire du contenu 

en oxyde d'étain jusqu'il 10% (poids). L'effet de la pression 

d'argon a aussi êté êtudiê. On a observê que la rêsistivité 

augmente avec la pression (dans le ~ornaine de 5 li 40 mtorr). 

En utilisant la technique de pUlvérisation êtabliè dans ce" 

tfavail, plusieurs hétêrojonctions on été fabriquées en dçoJjr 

ant une couçhe mince de ZnO de faible résistivité sur des , 
êchantil10ns monocristallins de culnSe 2 de type n ou p préparés 

par croissance de Bridgman. Des mesures courant-tension et 

capaci tance différentielle-tension ont étê faites sur les 

dispositifs fabriqués. .. 

On a trouvê que le transport de courant dans les -dispositif~ # 

est dominé par un effet tunnel (ou "shunting") dans la rêgion 

de basse tension. Dans la rf!gion de tension intermédiaire, c'est 

un processus de recombinaison/ernission thermique qui domine. 

A partir des mesures de capacitance diffêrentielle, on a trouvê 

p 

o' 
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que la barri!re de potentie~ apparente est plus grande quê celie 

pr~vue à partir d'un diagr~e de bandes d'~ner9ie id~al construit 

avec les param~tres de~ matêriaux. On a aussi trouv~ un effet 

d'inversion de pol~ri tê pour la tens ion en circuit ouvert des 

~ disposJtifs isotypes z~O (n) /CuInSe2 (n) • Ces rt!sultats sont 

interprêtês par" un ef-fet 9ipolaire et l'effet des êtats d' inter­

face. Des diagrammes de bandes d' ~nergie pour les h~t~rojonc-, ' 

tions ont aussi ~tê construits· l partir de ces rêsultats. 

pes caract~ristiques de courant d' obscuri tt! tens ion en 

fonction de la tempêrature ont ~tê d~terminêes pour des homo­

jonctions ~e Culnse2 fabriqu~es par diffusion de bismuth indium 

dans des êchantillons monocristallins de CUlnSe2 de type p. On 

a trouv~ qu'un processus de recombinaison est dominant pour le 

courant de céS dispositifs dans la r~gion de tension interm~diaire. 

Les effets de capacitances diffêrentielle et transitoire- ont 

aussi.. ~tê ~tudiêes. On a trouv~ que des niveaux profonds sont 

prêsents dans le CUlnSe2 monocristallin • 

• 
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CHAPTER 1 INTRODUCTION 

In 'vlews of limlted energy resources on ~he earth and 
, 

the Increased demand of energy consumption, it ls important 
" 

to explore 
. 

alternative and renewable enerqy resources. There 
~ 

are severai candidates currently beinq developed. These 

include solar energy, energy from ocean, wa ves and wind 
! 

energy. Among them, the sola<r eneJgy u~J..ng direct conversion 
, / 

o~ photovol taic cells has been consideréd to b~ a promising 

" candidate because 'of the following reasons. (1) Considering 

the life-time of the earth, the sun is a,longevtus energy 
/1 

source. (2) U~i~: solar ce1ls, 1ight cana ~. converted 

directly into electrlcity. (3) There ls no nviro~~ntal 
_/- ---

contamination problem. (4) There are no rnoving parts in the 
'- . . 

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

Solar cells with a high convers'ion effeci~ncy can, be 

fabricated. The ,first solar cell was fabricated using a 

dlffused silicon homoj unction in 1954 fl.1 ] , since thén 

severai pht"ovoltaic structures have been developed. 

There 

W~lch have 

are several promising monocrystalline. materials 
o 

been conside·red and developed for photovo1 taie 

application. Among them, monocrystalline silicon and GaAs 

\ 

extensively studied. Cells with an effeciency 

have been achieved (1 .2! 1.3]. However, 1t ls 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 cella appeared to be more appropriate 

due to the lower 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 CulnS~ appear to be successful 

candidates for low cost photovoltaic application. 

Arnong the tluee thin film materials, CulnSe 2 has been 

conside~ed 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 long term 

thermal stability [1.5]. Although high efficiency cells based 

on Culnse
2 
ha~e been demonstrated [1.5]', there are still many 

unanswered questi~s about the properties of this material. 

For example, defects in the crystalline CulnSe2 have not been 

extensively studied. The defects in this material are 

important in determining minority carrier recombination 

processes and the performance ,of the final photovoltaic 
J 

devices. Therefore, the mai~ objective of the present 

research work is to study monocrystalline CulnSe;z • 

Experiments have ~een initiated te study both heterojun~tions 

and homojunctions of this material. These were done in an 

attempt to obtain information about the ·current transport 

processes of the devices and deep levels (resulting from 

2 
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c • 
The information i8 useful for the defects) in the rnaterial. 

development of this:material" for future device application. 

" 

There are severai techniques for studying of deep 

levels in semiconductors. For example, deep level transient 

spectroscopy technique, 'thermal stimuiàted c~rrent technique 

and thermal stimulated differential capacitance technique. 

However, these techniques have not been applied to Culnse 2• 

In the present work, different~al capacitance measurements 

were made on CulnS~ junctions in order to investigate the 

effect of deep levels on the junction characteristics. 

Apart from the absorbing rnaterial, windQW materials'are 

also very important for photovoltaic device's. There have been 
1 

\ 

many research activities,on window,rnaterials like cadmium 

oxide (CdO) [1.6], cadmium sulfide (CdS) (1".7J: cadmium zinc 

. sulfide (CdZnS) [1.5], indium oxide (I~03)' [1.8], tin oxide 

(Sn02 , (1.9] and indium tin oxide (ITO) [1.10). A~ising from 

the se research activiti~s, the above-mentioned window 

materials have found applications in photovoltaic devices. In 

r 

this 'work, another ïmportant window material, zinc ox~de 

(ZnO), has been ~vestiga~ed and used to form znO/CulnSE2 / 

~ heterojunctions. Électricai and optical properties of the 

devices have been studied. 

The arrangement of the thesis is a$ follows. Fabrication 

1 

.... 

• 
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prOC8sses for ZnQ thin films using an rf spùttering technique 
-

and the effecta of doping (by indium or tin) on electrical 

(resisti!it7) and optical properties of ZnQ films are first 

given in c~apter 2. Using the ZnO deposit~on technique 
, .... 

devel&ped, heterojunctions of the forma znO(n)/CUlnse2(p) and 
, 

ZnO(n)/CUlnSe (n) . 
2 .' 

have been fabricated and studied. 
-

Characteristics of théae anisotype and isotype .-
heterojunctions are given in chapter, 3. ln chapt~r .. , 

current tranegort mechanisme in monocrystaJ.line 

homojunctions -are discussed followed by preliminary results 

of the deep level investigation. Finally, main conclusions of 

the thesis are present4d in chapt,er 5. 

... 
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CHAPTER! INDIUM- AND TIN-DOPED ZINC OXIDE FILMS , 

" PREPARED BY RF MAGNETRON SPUTTERING 

2.1, INTROD9CTION 

zinc oxide is an n-type semiconductor with a direct 

energy band gap of about 3.3 eV which is wide enough to 
. 

transmit most of the terrestrial sunlight. The reflectivity 

of light from ZnO surface is small, therefore, it is a 

promising candidate for photovol~aic window 'material 

applications. Crystalline ZnO has a hexagonal structure 

[2.1] (the lattice parameters are: ao = 3.24 i;\co = 5.23 i 
[2.2]). Comparing with other metal oxide semicon~tors, it 

ia an inexpensive material and can be fabricated using simple 

'and inexpensive deposition techniques. 

Recently, many authors have reported results of ZnO thin 

films prepared 

pyrolysis, 

>sputter1ng, 

de 

using various techniques such as': spray 
-

(magnetron) sputtering, rf (ma9net~on) 

reactive sputtering, enhaneed reactivè 

evap~ration and (OM)CVD. The purpose ~ these exper1ments is 

to prepare high resistiv1ty ZnO films for surface acoustiè 

wave tr~ns4ucers [2.3]. However, zinc oxi~e thin films~with 
-2 -4 

low res1stivity of the or-d~r of 10 to 10 ohm-cm and high 

optical transmission over the whole solar spectral range have 

',' 
1 • 

• f 

5 

, : 

, ~ . 

, 
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been prepared only in recent years. The techniques used for , 

,the low resistlvity film preparation are: enhanced reactive 

evaporation [2.4], rf reactive magnetron sputtering [2.5] and 

spray pyrolysis with a heat treatment [2.61.. Results reported 

by K. Ito and T. Nakazawa [2.7] and H. Nanto et al [2.8] 

showed that ZnO films w1th low ~esistiv1ty could be obtaind 

on the upper surface of a substrate placed parallel to the 

target or on the two surfaces of a substrate placed 

pèrpendicular- to t~e target ,'using the rf sputtering 

technique. Low resistivity ZnO films also can be obtained, by 

ajusting the film stoiehlometry Csputter1ng from a ZnO + Zn 

target, or trom a ZnO target usin~ a mixture of hydrogen and 

argon gas) [2.9, 2.5]. Using a doping technique, T. Minami et 

al [2.10] found that ZnO films d~ped with aluminum not only 

showed a very 10w resistivity but also showed more' stable 

electrical and optical properties. The results indicated 
~-

that impurity' doping could be a feasible method for 

preparing thermally stable ZnO films with 10w resistivity • 

" 

6 

In this chapter, results of indium- and tin-doped ZnO , 

films are repdrted. X-ray ! diffraction, EPMA, 

transmission and electrical measurements qave been 

to characterize the deposited films. 

" 

\ " , 
, . 

, . . 
, , 

optical 

performed, 

1 ,. 

\ 
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2.2 PREPARATION METHOes 

2.2".1. RF Sputteriqg System 

In the present experiments, ZnO thin films were prepared 

using an rf sputtering system. The system çonsisted of a' 

planar magnetron rf sputter source (US' Gun II, 
,-

'~ 
US Inc';.), a 

500 W rf power supply (13.56 MHz, with auto-tuning) and a 

Varian vaccum system with a conventional diffusion pump unit. 
" 

A schematic diaqram of the rf sputterinq chamber is shown in 

figure 2.1. 1 
• 

For rf sputtering, a planar tarqet which could be 

conducting or nonconducting is insulated frQm the rf 

generator 
"" .. by a plate insulator and used as the source 

material. This arrangement ia necessary aince it has been 

shawn [2.11. that the electrOde for the sputtering target in 

an rf system must be an insula tar or' be coupled ta (the rf 

power supply capacitively. Center and r~ng permanent magnets 

are arranged just under the target support and magnet housinq 

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

« -target where the magnetic field 1ines are aIl parallel to the 

target surface. Figure 2.2 ~hows a circu1ar p1anar magnetron 

sputtering source where.curved 1ines represent magnetic field 

~ 1ines. Using the magnetron te?hnique, secandary electrons 

will be given a curved trajectory under the influence of the 

-
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transverse magnetic field so the direct bombardment of the 
"-

~ubstrate 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 

e1ectrons also makes a larger number of colli~ions of the 

secondary electrons with ~puttering gas atoms which will be 

'ionized and then bombird -the target. This effect allows 

, 

sputtering with a high yie1d to be performed. However, the 

Increased amount of target bombardment by the --lons will 
0 

result in target overheating. Therefore, a water cooling. 

system Is necessary to remove the generated heat by coo1in9 

the insulating plate to which the ta~get is attached. The 

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

greatly affect deposition rate and the energy of neutra~ 

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 a1uminum holders (inner diameter of 

4.7 cm) were f~brièated and used to contain powder targets. 

Pure ZnO targets were made from high1Purity (five nine's, 

~ohnson Matthey Chemicals, Ltd.) Zn8 powder. For doping 

cases, 8 gm ZnO powder was mixed, thoroughly with the 

'ô' 
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required amount of high puri ty I~ 03 or Sn02 pqwder (both, 

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

experiments, weight percentages of In203/ZnO and Sn02/znO 

were used in the present work. Microscope glass slides were 
,~~ 

used as substrates which were placed parallel t?-the targèt 

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 tempe rature (estimated to be ,about 1000 C) 

would be produced on substrates when large incident rf power ~ . 

(up to 200 W) was applied. 

In· order to 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 sputtering r~ns were carried out 

under high purity argon atmosphere at a pressure of 5 mrorr. 

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 ?own to a 

residual gas pressure of aoout 5x10- 6 Tôrr, using an oi~ 

diffusion pump w~th a liquid nitrogen trap. High purity argon 

gas was then fntroduced to initiate the plasma. It was found 

, ' 

.. ' 

, \ 
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that the plasma could be induced in the present system only 

at an argon pressure higher than 25 mTorr. As soon as the 
, 

plasma had been established, the arg6n' pressure was 

controlled to 5 mTorf (or other required values) by 
,. 

adjusting the leak valve. The orifice opening was kept to the 
ft 
sarne position so that a constant gas flow rate cou Id be 

retained. The d~positioa vas continued for-a period of about 

30 minutes. After this, the rf power was turned off. The 

sputtered samples were maintained in the system for at least 

20 minutes before being ta ken out of 

film cracking. 

~ 

the system to aviod~he , 
It has been reported that thé resistivity'9f ZnO films 

can be greatly reduced by selectinq suitable deposition 
"\ 

conditions: such as gas pressure, rf power, substrate 

Il 

position and substraté orientation (2.7, 2.8]. However, the ~ 

purpose of the present experements was to determine how the 

presedce of In and Sn would affect the qua lit y of the doped 

films. 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 larger 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]. 
.' 

" 

\ 
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2.3 EXPERIMENTAL RESULTS 
, . 

2.3.1 Thickness Measurement, ,,. • 

~ commercial stylus.(Dektak Surface Profile Measuring 
/ 

System, Sloan Technology corp.) was used to determine the", 

," thickness of the deposi'ted films. _ Onder 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 
• 

observlng the number of Interference fringes unBer an optical 
-

microscope (with filtered ~ed light sdurce0~ A quasi-1inear 

~elationship between" the measured t~ness and ~ne number of 
, ' 

Interference fringes is shown in figure 2.3. Figure 2'.3 was 

used for thicknesà estimation in routine depos~t1on ',runs. 

2.3.2 Experimental Results 

Tables 2.1 and 2.2 give the.'resufts of In- -~nd Sil~"dopêd' 

f,1lma" . Several ZnO 'targets containing di"ïfèrent amounts of 

" rn20) - (or Sn02) were used for the fabrication. "Since the 

deposit1on rate and ~11m resistivity 'change as, 'the 

depositionexperiment goes on (conditio~ of the target 
... 

'. 

" , sùrface' with the, bombardment 'of the accelerated " 1 

ions) , only the thirà and fourth saraples deposited for, eacb , , 
" - ~ 

new target are ' listed in the , two tables. Number of 
" 

, - - '., 

" 
-, ~ 

t 
, ,.4> , " 

P 1 

\ 
" . 

. ~; 
, D , . ' . 

" . - . J é 
.;-.!.... ........ , 
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inte~ference fringes was çoun~ed un~er the microscope 'an~ 

film thickness was estimated from,figure 2.3. Four-point 

probe was used to determine the -room temperature sheet 

resistance, ~, whic,h is simply given by 4.5x·(V/I). Here V 

and l are the measured voltagè and current respectively. Fro~ 

this relation, ~esistivity of the film can be e~sily 

caculated. 

2.3.3 EPMA (Electron Probe Micro Analys~s) 

l ' 

Results from ele'ctron probe micro' a~lysis ',:<'-for bath 

"In- and Sn-doped films are shown in figures 2iwA and 2.5. It 
\. 

'i~ note~,that for the Sn-doped films, the Sn content in the 

films ~s roughly equal ta that in the t~rgets. Howev~r, the 

I{1-cont.ent ln the In-dQpeq.. films is less than that in' the" 
. , 

. tar~ets- ,espeèially for higher In203/z~o weight percenta9è~. 

, ' 

'. 

2, .:'3. • X ... ray. Resul ts 

'. 
'< , 

In order to' 4eterin~l'1e the çrysta~line,' Istr~ctl1re of t,he 

•. ~eposited' ~ilms, sever~l samples depos1ted, on glass, 'siides 
~ ..... , 

were:examined by'X-ray diffraçtometry. A sc~ematic diagram of 

t~e' X-ray set-up·is given in figure 2.6.' Figure 2.3 shows a 
• "' " ';.J,' 

: ~~icai examp.le of the: diffraction exp~rime'nt~ w~re '~-ray 
intensity is plotted versus the angle betweeri the incident 

and t~e diffracted beams for one of the In-doped,C2 vt, In203. 
(" If·. 

'. , 

.. '.:: 
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in the- target) ZnO films. The x-ray diffraction results 

indicated that alt depostted films were polycrystalline with 
"'"r' ~ ~-~ 

a hexagonal structure and had a preferred (002) orientation. 

These' res"lts are similar to that obtained by Nayar [2.9]. 

However, doping of In and Sn introduced a lattice constant 

inc~ement1 ~d,' and the yalue of ~d was found to increase 
~ " 

with the increa.se, of In _or ~n cO,ntent in the target.' Figure 

2.8 shows the calculated Ad versus the weight percéntage of 

In203/znO or Sn02/ZnO. It is notéd that 6d increases more 

rapidly with the increase of the doping concentration for Sn­

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

lattice ~onstant increment could be a reason for the 
, 

- difference in optical ,transmis~ion for ~n- and Sn-doped 
, " \ 

films (to be' desc:::ribed i~ section 2.3.7): 

" 

2.3.5 Electrical Resistivity Results . . 

. ~ 

Figure' 2.~ shows the measu:ted film resistivlty plotted 
'. . 
versus' the In203 and Sn02 content in the targets. The data 

were taken fram the samp1es sputtered at 60 W, 5 mTorr for 30' 

. minutes. It is ,seen that the resistivity.decreases by abou~ 4 

o~ders of magnitude as the In203 content ia increased fr~ 0 

to 10 wt% .and by about 3 qrders of màgnitude for the Sn-doped 

films. ~t ia also noted that the reproducibility of 
... 

reaist,iv'ity is improved for: tHe f'11ma deposited with high 
\ •• ;:J 

In20J or snQ2 content. A further decrement of resiativity for 

, . .'-

1 
/ 

, . 

1~ 

-, t> 

. ' 



In-dpped films at higher doping concentration is expected. 

Resistivity of the films doped with sn~ remained essentially 
". 

constant for a sn~ 1 ZnO ra.tio in the range from 2 to 10%. . 

" 

Using -a target with 2 wt, In203, several films have 

been sputtered with different values of incident rf power 

and different argon pressure. -It was found that the film 

resistivity decreased as the power was increased and 
f' 

increased with the 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 qùrsory comment can be .. ' 

" 

-
made that a relatively high deposition rate wil~ result" in a 

relatively low resistivity. 

2.3.6 Mobility and Carrier Concentration 
• 

'" , 

Hall effect ~eas~rements were carried out at room 

temperature (under 'a dark condition) for two samples 

deposited on glass substrates. The films were prepared using 

a target containing 2 wt% of In203 powder - and t~e typicai 

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

processes. A permanent magn~t with.~ magnetic flux "density ~f 
. , 

0.2 tesla was used for the measurements and an HP model 3457A 

digital voltmeter was used to measure Hall voltages. From the 

.. 
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meas~rements, a Hal~ mobility value of 4 cm2/V-sec was founé .. 
for the samples. This value is comparable to the results , 

obtained by K. Ito and T; Nakazawa [2.7]. The electron , 
• 

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

2.3.7 Optical Transmission Results 

'. For 
" 

high conversion efficiency solar cell application,! 
~ 1 

large optical transmission ,.values in the solar spectrum of 

-the top layer is as important as the requirement of having 

low' resis~ivity values. In the present experiments, optical 
. .' 

~~n~ission me~surements for both I~-,and Sn-doped ZnO films 

were clrried out at room temperature. A Beckman monochromator 
" 

wit~_A.s11t wldth of 1 mm was used as the light source. No 

other light source was applied during the measurements. 

Figure 2.14 shows a schematic diagram of the sample under the 

optical transmission measurement. Here is the 

monochromatar output intensity while Il. and 12 represent the 

trans\itted light intensities for ZnO film coated glass and 

the uncoated one respectively. A "Model PIN 6DP detector 

(U~it~ Detector Technology) was put behind the sample to 

measur~ Il and 12- The sarne detector was used to measure la. 

Finally, the transmission value was obtained by taking the 

the results measured,at 0.7 .and 0~5 pm wavelengths for 

J 
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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 films at 0.7 pm is essentially constant (up to 85')' for 

'the composition range studied and that at 0.5' pm is affected 

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

'­.... 

transmiss~on value for both wavelengths first decreases with 

the increase in Sn~ content, reaches minima at 5 wt" th en 

increases as the Sn~ content is further inéreased • 

Transmiss,ion Nalues 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 stud.ied. The resul ts are shown in figure 2.17. All 

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

with fIat transmission in the range from 0.55 to 0.8 pm 

however, the transmission value falls off rapidly for 

wavelengths below 0.5 pm. ReflectiCll' ~ 'property of the 
, 
sputtered ZnO films has not been studied in the present work. 

2.4 CONCLUS IONS 

, . 
Indium- and tin-doped ZnO films have been prepared on 

glass substrates by an rf magnetron sputtering technique 
'. :1 

using ZnO ta~gets .containing up to 10 wt% of In203 or sn~. 

The deposi tion experiments were carried out in an argon 

at~osphere (typical pressure 5 mTorr) ,wi thout ~ intentional 
/ J 

heating of the substrates: Incident rf power used for most of 

" the experimertts was 60 W and the typical deposition 

, , 

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

from electron probe micro ana'lysis that the Sn-content in the 
, 

>films. was roughly equ~l to that in the targets and the 1n-

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 sn02 

content was increased ofrom 0 to 10 wtt and by 4 orders of 

magnitude as the In20) content was increased from 0 to 10 

wt%. Using a target with 2 wt% I~~, films have been 

/' ' prepared with different incident rf power and different argon 

/ ' 
~ressure. Optical transmission data were also obtained for 

both In- and Sn-doped films. The transmission value at 0.7 pm 

was essentially unchanged for the In-doped films and that at 

0.5 pm was affected by the presence of indium. For the Sn­

doped films, the transmission value (both 0.5 and 0.7 pm) 

first decreased as the tin content was increased, reached 

minima at 5 wt.% Sn~ and then increased aljJ the tin content 

was further increased. 
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Tab 2.1 Results of In-doped Zinc Oxide Films. 

== •••• = •••• = •••••••••••••••• = ••• ===.=====.======:= •• =======.========~===._._.= 
Sample In203/znO No. of Interf- • Thickness Sheet Resistance 
~o. wt. , erence Fringes (pm) (ohm/a)· 
Z~O:ï3----------o-----------------6----------------ï~ï2-----------2:95;;06----

ZnO-14 0 6 1.12 ,.'76x1 gS -:-
ZnO-27 O.S 6 1.12 S.3x10 
ZnO-28 O.S 6 1.12 1.4x10S 
ZnO-17 1 8 1 .5 1 .575x1 03 
ZnO-1 8 1 5 0 • 94 9 • 45x1 02 

~ ZnO.-31 2 6 1 .12 1 • 03x1 03 
ZnO-32. 2 ... 6 1.12 5. 35x1 02 

ZnO-21 5 5 0.94 1.53x102 
ZnO-22 5 5'-: 0.94 8.8x10' 
ZnO-73 8 6 r 1.12 1 .62x1 0' 
ZnO-74 8 6 1.12 2.025x10' 
ZnO-25 10 5 0.94 3.83x1 O~ 
ZnO-26 10 S 0.94 4.05x10 
=._~ .. == •• =======.================*======= __ = __ ==~=====~==a~_=2==_=_.=D= ____ == 
* RF Power: 60 w. 
** Ar Pressure: 5 mTorr. 

• 1 

*** Sp~terinq Time: 30 min. (ZnO-17, 43 min.). 
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Tab2.-2 
'Ii., / 

Results of Sn~doped Zinç Oxide Films. 
, , 

a:a==:_a_.aa=a:.= •••••••• : ••••••••••••••••••••• == •••• == •••••••••••••••••• 
Sample 'sno2 /znQ No. of J:nterf- Thi.ckness Sheet Resi.stance 

No. wt~, erence Fringes (pm) (ohm/a) '" 
;~;~~:;-----~---~:~-------------~:~-------------ï:2ï---------8:055;ï93---
ZnSnO-4 0.5 5 0.94 4.59x19 
ZnSnO-7 1 5.5 1.03 .-1.8xlO 2 
ZnSnO-8 1 5 0.94 8 .37xl 0 
ZnSnO-,l 2 6 1.12 S.22x102 
-ZnSnO-12 2 5.5 1.03 4. 77x1 02 

ZnSnO-l 5 ' 5 ' 6 1 • 1 2 5.31 xl o~ 
ZnSnO-16 5 6 1.12 5.34x1~ 
ZnSnO-31 7.5 ,6 1 .12 4. 9xl 0 2 
ZnSnO-32' 7.5 6 1.12 5 .• 67x1 O

2 ZnSnO-,a 10: 6.5 1.21 5.85Xl(}2 
ZnSnO-\9 10 ., . 1.12 7.65x10 =a== __ ••• =~a==_~=~=_==_._& ••• = •• à ••••• _._. ____ ._= __ ._. ____ . __ ~ __ a _______ _ 
* RF Power: 60 w., - ~. 
** Ar Pre~sur~: 5 mTorr. 
*** Sputterinq Time: 30 min. . . 
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Fig. _2.4 In203/ZnO ratio ,in the film pl~tted versu~ 

that in. the target. 
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Fiq. 2.'6 Optical. transmission -of ZnO films a't wavelenqths of 

0.5 and ~.! pm plotted versus the ti~ oxide content in 

the tarqet. 
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3.1 IMTRODUCTION 

'. 
CHARACTERISTICS oF'zno/culns8 2 

HETEROSTRUCTURES 

In the past few d~cades, Many research activities nave 
~. 

been done on investigation of ~emiconductor heterojuncti6ns 

since there . are many applications, for 

photovoltaic cells. Among these heterojunction , structure of 

the form Ge/GaAs was the first one to be cons~ with the 

band d,iagram proposed by R.L. Andérson [3.1 r. From then on, 

Many otner heterostrJlcture"s have been studied. 

photovoltaic , 

37 

Copper ~dium diselenide is a promising 

material which ~as been studied, intensively recently. A. 

. CdS/CulnS6;z 
~ ~ , 

cell with a conversion efficiency over 12% [3.2] 

has already been fabricated, making this material a prqmising 

thin film solar cell candidater However, CulnS~-based 

devices with other window materials are ~lso interesting. 
" 

Recently thin film heterojunctions of the form ZnO/CulnS~ 

have been' reported by Tomar and Garcia [3.3] using'a spray 

pyrolysis te~nique. Their d~vices showed a relatively large 

photocurrent densi~y under AM1 illumination condition and 

were sensitive to light in a wavelength ~nge from 0.4 to 1 
,-

pm. From ,their reeults,' it appears that ZnQ ta one of the 

"potèntial window materials for CulnS~ -ba,sed BolaJ1' cella. 

.. -
" 

'. ". -
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" 
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Zinè" ox~de la a large band gap semiconductor which can 
\ 

.be prQduced in a highly oonducting thin film form by 

controlling the film stoichtometry and by impurity , doping 

. - [2 .• 10 l'. As described in ohapter 2, indium doped ZnO thin 

. films with a relatively low 'resistivity can be prepared by 

.using a sputterin9 technique. Using such 'technique, ZnO film. 

was spu~t~red on a monocrrstalline'Culns~ sample to forrn a 

38 

~, transport mechanisms appear not to.have b~en 'report~d in 

( 

heterojunction •. 1 'For 'the znO/Culns~ structure, cu'rrÉmt' 

, 

11terature. It is therefore interesting to investigate the 

current-voltage characteristics - and to construct an energy 

band diagram for this heterostructure. In this chapter", 
r; 

-simple heterojunction theories are ffrst reviewed. Deviee 

fabrication 

described. 

, l ~ 

process~s and measurement techniques are , 
I-V and C-V characteristic results for both 

then 

p-n 

and n-n structures are reported. Using ele~tron- affinity 

dtfference r~le, the?retical ener~y band'diagrams h~ve also 

beén established for the zno/culns~ heterojunctions • 

3.2 ~ETEROJUNCTION THEORIES 
.. -

A junction formed between two different semlconductors 

'called a heterojunction. It cano be- an isotype 
. 

heterojunption (n-n or p-p) if t~e conductivity 'type o'f ,.the 

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

.... 
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n-p) in~which the-conductivity type ia. different in thé \ two 

sell\iconductors. To forro a good quality heterojunction, 
/ 

the 

roismatch of lattice constant and thermal expansion 

coeffecients of the two materials should be as small as 

since it will' introduce dislocations at _ the 
., 
hetérojunction interface and give rise to ihterface states. - . , , 
To red~ce the energy discontinuities in the conduction band , , 

and the valence band as a spike "or notch, the el~ctron 

qffinlties of.the two semiconductors should be close. 

.. 
3.2.1 Semicon~uctor ~-n Heterojunct~on Models 

-.. ., 

Several models for current transport in heterojunctions 

have been developed iri tne'past decades. Of them ~derson's .-. . 
model, 8ho~n in figure 3.1, is the fundamental one which 

.1 

considers the current flow ta be ideal'diffusion,a~ injection 

'ovèr the conduction or valence band barriers. In this model, .' 
it.ip assumed.that no interface states existe This could be'a 

good approximation only when the difference of lat~ice 
, , 

constant between two materlals ls small,enough «<'\) and 

the differel1ce in the expansion c~effic-ient 18' ,8mal1. 'l'he' 

difference in ene:9Y of conduction band edges in the two 

semlèonductors, or electron affinity dlfff'rence, 1s 
- l' 

'represented by il. Fe and that in the valence band edges by A BV 
, 

(both are invariant with doping for nondegenerate materials), 

1 
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as shawn ~n figure 3.1 (a) •. Figu:t:e 3~ l' (~) shows .th'a band 

diagram of two a heterojunction formed between the , . 
. ~ 

,semiconductors in figure 3.1 (a). The total diffusio~ voltage 
. ' 

Vo is defined' as the cliffe'rence in the work functions of the 

two matérials. Because of the discont!nuity in the valence .. , 
band edge at the in~erface, the enerqy band barrier to holes 

flow 1:s much larger than that, t-o
l 
electrons flow. Ther~fore, ~. " 

the predominant current carrièrs are electrons. The current­

voltage relationship, in the absence of fecomb!nation'current 
, , 

is ,giv:en, by, 

. .. .' 2" ~ 
(3.1 ) ).\ l '. Aexp( -qV 0 . /-'KT) [exp ( qV 2/KT ) -e;xp ( -q~ i t~T). ~ 

. 1/2 
wher~ A=aqXNo2 (Dn1 /Tn1 ) , wit~ X being tr~nsmi'ssion, 

coeffiçient for eleatrons across the'interface, a ls the 

'junctiôn area, and 0nl and Tn1 the diffusion coeff~ci~t and 
, r 

.lifetime of'minority carriers, resp~ctiv~ly, ln the P-1rpe 

material. 

1 

Rediker et al [3.41 have proposed a model for an 

abrupt, -anisotype heterojunctions>' wh~e electrons have . ' .. to 

. surmount or tunne-l through the potential barr.ier in .the, n-
I 

type wide band gap material to flow from n-~ype to p-typg 

region or . vice versa. If tunneling throug~ the barrier 

gr.::atly exceeds thermal emission over the barrier., then 

. . 
'. 

.. 

" , .. .. ., . 

'. 

1 

'" .. 
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~ 
I=I s(T)exp(v/Vo ) (3.2) 

where 1.('1') is ;. weakly lncreaslnq function of tem,rature. 

D01e9a < .(3.5] has discussed .the reco~on m~el 
• 

assurning a ,lifetime approa~hing zero at the interfaoe. He 
. , 

, . 
found that the dark forward ou~rent ~as proportional to' 

...... 
exp(qV/nkT),' where n ranges from 1 to 2 depending on the 

, 
ratio of the impurity concentrations. And it can be shown 

'tliat for a heterojunction with large lattice mismatch (>")-

-the interface' states will dominate the OUTrent flow 
.. 

mechanism. There seems very litt1e prospect for an acceptable 

ïnjection efficiency for sucb a junction. 

, . 
3. 2 ~ 2 Capaci tance$l'Study of An.i.sotype Heteroj unctions 

n· . 
Applying Anderson's equatibn with the assumption of 

abrupt junction and un~form doping in two' materials, the 

capacitance per qnit area as a functton of applied voltage, V 

i8 given by, ... 

(3.,3 ) 

.. 
F • 

Where N~1' N
A2 

are net ionized iJdpur~ty conoentrations and"wEiJ , 

-

are dielectric consta'nts in the 

re'specti vely. 

two materials, 
of 

Fro~ ~he above equation, a linear re~ationshlp 

'. • 

, 
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betweên '1/C 2 and the applied voltage should be obtained and 

bhe slope of the 11ne can be written as,' ..... \ 
-.. 

(3.4) 

For one-side heterojunctions (ND1 ) )NA2 . or NA2 »N
D1

), the 
~ 

èarrier concentration, of the 1ightly doped-side can be 

obtainèd from this equ~tion. When the applied forward voltage 

iS,equal to the diffusion potential VD, the band ben4ing will 

no longer exist (flat-band condition), and the capacitance 

becomes infinity. Ther.efore, the extrapolation,of the 1/~ 

curve versus. V to abscissa giv~s the value of VD• 

" 

, 
For the junctions which have perfect interface, the 

'value of VD taken trom capacitance measurements ls in good 

agreement with that ~xpected from calcu1ation of the work 

function. ,However, there is sorne evidenc,e that the barriers 

measured May be different from' the cac~lated results if. the 

~ interface states are present. The effect of interface states 

on the capacitance of p-n junctions has been studied by 

Donnelly and Milnes [3.6]. They found that the apparent 

diffusion voltage,. VDi , obtained by extrapolating the slope , 
of 1/c~ at low reverse bia,s and forward bias back to abscissa 

,-ts g1-ven by, 

(3.5) 

.. 

42 

<' • 



• 

, , 

{ 

, l 

.. 

, 

where Q is is the charge per unit area associated with 
• 

inte~face states, and Xm represents a dipole effect. EYectric 

dipole effects caused by interface states being dipolar and 

distributed in space on either junction were 

first discussed by Van Ruyven et al 

concept. of electric dipole effect 

explored with respect to heterojunctlons, 

not been greatly 

the actual values 

of Ots and Xm can not be obtained although 
• equation (3.5) 

has provided a possibtllty of measuring interface state 
<J ,---

'" parameters by capacitance rnéasurements. 

,3.2.3 Isotype Semiconductor Heterojunctions I3.8] 

In an n-n heteroj~nction, the conduction ban~ barrier 

• ls determined by the ~lectron affinity difference tor the 'two 

semiconductors (AEc. X - X) and by the doping levels of the 
2 1 

semiconductors if there are no interface states. A typical 
o 

energy band diagram in absence of ~nterface defects is shown 

in fig~~e 3.2(a) where a barrier" VD2 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 struétures 

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

In heterojunctions formed from two materials with 

t 

\ 
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different lattice constants, ,dislocations will occur at the 

interface in order to compensa te for the lattice misrnatch. 

Interface states resulted from dislocations at the interf~ce 

will have a dominant effect on the barrier in isotype 
1 

heterojunctions. Usually only the net charg~ on these states 

will affect the 1!nergy band diagram. It ia not imp~èbable, 

howevèr, that the defects at the interface will create 

'electric dipoles which will producé a quasi discontinuity in 
c 

the electrostatic potential. Electric dipole, for this 

reaaon, has the sarne effêct as the difference in electron 

44 

affinity. Depending on the strength of the dipole, the energy 

ban~ diagram might become more dependent on fabrication 1 

teqniquea than on wol"k functi~,n difference. 

Consi'dering an n-n h~teroju~ction wi th the presence of 

the, interface states, the energy bands at the interface are 

free to. move up (or down) with the necessary ·charge being 

supplied by electrQns (or tl)eir absence) ,in the 
, ~ 

Figure 3.3 shows ~xamPles presented by Donnelly 

interface 

~tates • 

and Milnes [3.9]. Junction 2 in Fig.3.3 (a) shows two 

d#!pletion regi.ons at both side 'while junctions 1 and 3 show 

depletion regi~ns ooly in lightly doped side. A device with 

double depletion -regions may display rectif ication in ei thér 

direction. Typical I-V characteristics which correspond to 

- the energv band diagrams' of figüre 3.3 (a) ar~,\giVen in 

figure' 3. 5 ~. As expected, diode 2 shows curren t '1 s~ tura tion 
/ 

1 

, \ 

, , 
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in both ~i:rections, and a voltage direction 'for eaey current 

f10w in diodes 1 and 3 exista. The optical properties of the 

n-n GelSi heterojunction, shown in .figure 3.5 Cc), also have 

been studied by Qonnelly and Milnes. The polarity of the 

optical response changes when wavelength is changed for~ 

diodes 2 and 3. This ts due to the photoexcitation of the 

electrons from different side of the junction. 

" 3.-3 D&VICE FABRICATION PROCESSES 
/ 

'.' 
. ~ 

Monocrysta11ine p-t'ype CuIns8;z samples vere selected 

from Bridgman grown ingots and polished using 0.3 pm alumina 

powder to gi ve a mirror-like surface. For these samples, an 

effect1:ve carrier concentration' of 1016 cm-3-~ and a 

temperature ~obilitY v~lue of about ~o c.l IV-sec have 

room 

been 

reported ~om Hall effect measurements [3.1 0]. N,-type cuInSe.z 

samples were él1s0 prepared with .a comparable e.\,fective 

carrier concentration. Usinq the rf -I5putterlng system 

described in 'chapter 2, JJ. layer of lndium-doped ZnO was then 

deposited on 

con\:aining 2 

the ~1ished CUInSe2 surface. 
" 

A ZnO target 
<'!,'J 

sputtering. 'l'he 

deposi tiort experiments were carried out under an argon 

atmosphere with a pressure of 'about 5 mTorr and an incident .. .; " 

rf power of 60 watts: Us1~9 the above deacrlbed 'conditi0!ls, 
.' 

several devices have been fabricated and the typical ZnO film 

,) 

.' 
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\ 
thickness was found to be about 0.5 pm for a deposi tion time 

of 20 minutes. An aluminum mask with a circular vindov of 2.5 
" 

J'IIIIl diameter was used to define the deposi ted ZnO area. A 

schematic cros~ sectional view of the fabricated device is 

shown in figure 3.4. D~rin9' t~e deposttion,' a glass substrate 
\ 

vas placed side .by side with the~ CulnSe2 sample to prepare a 

film f,or parame ter testing. Sinee samples prepared· by rf 

magnetron sputtering technique (under the conditions: GO W, 5 

mTorr, 20 
' ... 

deposition 

minutes) vere not intentionally ~~ heated dur~ng 

(teniperature of the samples about Gooe), the 
\ 

thermal expansion difference la believed to be small in the 
'., 

present experime~ts. 

" 

Hall effect measurements, ~l a8 described in chapter 2, 

-L vere c:arried out at ~oom temperature for two ZnO samples 

deposited on the glass substrates (magnetic' f:J.ux den.sity was 
.. " ~.; 2 ' 
0.2 tesla). The Hall mobility value was-found to be 4 cm /V-

sec and the electron cOrl;centratiqn about. 10
20 

cm-
3 ~om, the 

present results. After the ZnO film deposition" a c1rcul~r 
\ 

indium area (diameter about 1 mm. and.1 pm thlck >' 'was then 
, '-, 1 
.. lit 

evaporated \ through a second aluminum mask. The device was 
.. 

finally mounted on an aluminum holder using silver epQxY. A 

short heat treatment of about 1'0"" m;t.nutes at 140 0 C was done on 

the samples to ~rden th~ sil ver epoxy. 

, 
The .... effect of the indium top contact 'to the ZnO film 

'1r .. . ... . 
-.... 

'. 
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, . . -
. was determined by observi.ng tHe >curreot-vol~~ge 

" 

charâcteristics of two 'ZnO films depo'sited on glass 

oubstrates, w~th tlirèe 01rou1",r indiw:.·.roas èva~até~ o~ 
ea'ch of them. Figure 3.5 shows the I-V ~harteristics 

between the" circular indium arèàs •. It la noted that both 

curve 1 and 2, àre straight lines with different slopes. The 
. ~ 

tesistivi~y value obtained from figure 3.5 was roughly equal 

to tha t obtained from four-p?int probe measurements,' 

co.nf irming 

, contacts. 

the low resiatance charac~ris'tics -of the In/.ZnO , 
,. 

" , 

3.4 MEASUREMEN'l' TBCHMIQUES 

rz:he fabricated znO/culns~ junction wa,s mounted in a 

cryostat 'and the dark ~urrent-voltagé characteristics at 

,~emperatures between- 200 and 300 K were rneasured using an' ,HP 

model 4'145A serniconductor, -parameter analyzer. The input 

impedance of the analy~~r was 1014 ohms,', so that the loading 

effect WéSS neg1igible in these experiments. Illumina'ted I-V 

characteri s tics were . also measurèd using the sarne 

instrument. A tungaten lamp was used th provide an 

approximate AM1 illuniination condition. 

Differential capacit~nce of - the' junction was a,l'so . --
determined at ro~m temperatur,e using a~ HP model 4274A multi,.. 

frequency LCR meter with an IBM computer. Samples were 

-, 
, ; 
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'10 
maintained ' un~er the dark candi t ion _ i' .throughout the 

measurements and the LCR meter was set to the parallel 

function mode with the ac signal amplitude of ~bout 20 mV. 

The range of de voltage app1ied across, t~e junctions was-fram 
, '> 1\'/ 

o V ta ~3 V for the znO(n)/CulnSe2 (p} junctions and -3V to 

.3V fo~_ the n-n junctions. The conne~ting wires to' the 

instrument were kept ta be short so that the stray 

capacitance was small. Several frequencies'(in the range from 

100 Hz ta 100 kHz) -,)fere used ,during the .!Oeasurements and .. the 

results taken at 100 kHz were adopted for t~e diffus!çn 

voltage study.' 

The spectràl variation of-the open circuit voltage of 

the device was observ~d using a Beckman model 2400 

monochromator ~n'the wavelength range f~om 0.4 to 1.6 pm. An 

SP model 3466A multimeter With an input impedance of 1010 

. 
ohms, , which is large enough to'minimize the loading effect, 

was connected across the p-n h~terojunctio~ to measure the 
. 

ope~ circuit voltage: A lock-in voltmeter, HP model 3462A, 

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

junctions. ~he incident light intensity at the frequency 

range was determined by replacing the sample with a silicon 

detector (United Technology model PIN 6DP). The normalized 
.. 

V ~c was then obtained by dividing the measured Voc by the 

-light intensi ty~ 

, , 
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• 5' E~I~NTAL RESULTS 

3~5.1 ZnO(n)!CulnSe2(p) heterojunct!ons 
'" 

("1 )' I-V Characteristics 

, , 

Dark forward, curren:t-vo+tage characteristics of one of . , 

the)fabri~ated ZnO(n)/CulnS~(p) het~rojunctions at dlfferent 
, , \ 

• 
tempera tures are sh~wn in figure 3.' 6. At room 'temperature, 

the devlce current shows an ideality factor of about 2.8 1n 

,the intermediate voltage region. As ,the temperature 1s 

decreased,' the I-V characterlstics show. two compet1ng current 
" . 

transport processes~ In the low voltage r~g10n, the curre~t 

coul-d be controlled by ~ shuntlng of the junction or a 
. 

tunneling J~md recomb1natlon piocess - ,which ls not very 

sènsit~ve to the temperature'variation. In the intermediate 

voltage reglon, the current appear~ to increase eXp'onen~ially 

with il'lcreasing voltage. The transitic.m voltage for the two 
" . , 

regions ls seen to increase as the' temperature 

(2) C-V Characteristica il>' 

In order t0(get an idea about the ener9~ band dlagram 

of the heterojunction, dlfferential capacitance measurements 

have been made' on the devices. Since the effectiv'e· carrier 

.. ' - , 

\ 

. , 
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conc:e,ntration in, the ZnO films, obtained fram Hall, effect 

studies, vas mucn' larger th~n that for CUlnse~ 8ubstrate, 

the differential capacitance measurementa provided material 

information mainly f,ôr the eulnse2 side: of the j unction. 
, . 

2 ' 
Figure 3.7 ts a plot of lIe versùs reverse bias voltage, VR' 

àt a fr~quèncy of 100 kHz. From tne curve, the apparent 

diffusion potential w~s'eBtimated to'be aboût 2 VOlt8~, which 

ia 'larger than the difference i'n work functions, 0.8 V. And 

the e~fa~tive ionized impurity concentration in the p-type 

1JC
2 ~ , 

CUlnSe2 near the' junction given by the slope of the 
, 15 -3' 

versus VR' curve was about 4x10 cm. Similar ·results'~' have 

beeo obtain~d' from two other- devices. The slope 
'2 . , 

diseontinuity in the 1/C versus vR plat at 0.5 volt could be 
'. . 
due to deep l~vels in crystalline CulnSe2 [3.11). The 

ionized 
15 -3 

imp\lrity concen'tration 'of 4x10 cm obtained from 

figure 3.7 is ab,out one order of magoi tude less than that 

measured for the p-type bulk'CulnSe2 samples [3.10]. 

'* This value was obtained by extrapolating the curve 

for IvRI >0.5 volt. <i~ A slightly small value of diffusion 

potential could be obtained if in fi'gure 3.7 extrapolation is 

dOJ)& witb the' initial slope fie below IvRI • 0'.5 volts) • 

.. ,:~ 
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(3) Ener9~ Band J1iag ram 

. ' 

Çsing the èlectron affinity r':lle ,and assumin9 that the 

net. charge is equal to zero, an energy band diagram of the 
Il ' 
[' 

zno(n)iCulnSe2 (',?) system has been constructed accordi.~g to 
, 

the, ~ate!:ial parameters for both ZnO and CulnS8
2 

(see table 
, . 

3.1 ) • This 'fias done in or der to determlne the possible 
, .. 

for the large apparent barrler height .. The 

constructed band figure' 3. 8 • diagram ls shown in 
" , ,r 

energy 
r- ' 

Since t,he electron affinity of ZnO la very close to tn'at for 

culnS~ , the -conduction band discontinuity, Il E, is small c 

(not shown in figure) and the valence band 'discontinuity is , , 

large and 1-s essential1y equa1 to, 

The total ba,nd bending, qvo ' from the diagram. le abQut 
, 

0.8 eV which is not sufficient to produce the, large apparent 

barrier' height observed from the c-v measurements. ~or 

ZnO/CUlnS,e 2 heterojunctions w!th large lattice mismatch 

(>40\), a very 1~uge density of i~terface stat;:es (Qis) is 

,expected (3.12). 
.-,. 

It can be se en (from figure 3.9) that when 
, 

iqterface states of an abrupt p-n heteroj 1,lnction are filled 

with hales (by absence of the electrons), the spa~e charge 

distribution will change (by the requirement that the' 'net 

" 
'1 

•• 

, .' 
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, 
charge be equal ..... to zero) so tha t the area under the curve of 

electric. field distributJ,.on ia smaller than the one when 

interface states are not includèd. Therefore,' the' apparent 

diffusion 'potential, Is srnaller' than the work function 

differepce. 'It also can be shown that negati vely charged 

interfape states will affect the band structure in a similar 

way. It 1'!as been proposed [3.6] that the measured appa'rent 

ditfuslon voltage_ VDi of a junction can be related to the 

,~, value of V~ assumi~g a f:l.nl~e va'lue of Ots and a finite value 

of X which represénts an electric dipole effec;t, , m 

Here q is electronic ,èharge, ~ and' ~ are the net ionized 
, 

impurity concentration values in. ZnO and CulnSE2 and E 1,1 and , 

E 2 are the di~lectric constants in the two rnaterials. Since 

the presence of interface states (occ~pied by eleptrons or • 
holes) will only ~educe the apparent diffus'ion potential, VO:l. 

" ( , -
(as described before), a strong dipole effe-c.t 8eems to be 

needed to account for the high apparent VOi o~ the devices. 

From the abov~ equation, the value of Xm must be negatlve for 0 

, . 
the present case. This suggests tl;1at the dipole has the ,sarne 

dipolar direction with the space charge and therefore 

enlarges the ,diffusion potentlal. Since the amount of the 

electron dipole ls unknown, density of interface states' can 

'c not be obta:l.nèd ln the present case. , 

( 
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rrom the band diagram shown in figure 3.8, it ls. seen 
l 

that because Qf the large discontinuity iq the valence band 

thé ba~rier height for,holes i8 much larger than that -for 

electrons. - 'l!herefore, the hole • emission current over the 

large barrier ~n the znO/Culns~ heterojunctions can be 

neglected. At, temperatures near to room value,' it appears 

that emission of electrons and recombi'nation_ at interface 

states (processes 1 and 2 in figure 3.8) are the dominant 
l " 

current transport processes. As the temperature is decreased, 

the emission and recOijlbination cur'rent value decreases and 
.. 

the third- current 'transport process becomea relatlvely 

important in determin:1'ng' the device current in the ld)l 
, 

volt.age range. lt ls believed that tunneling of holes from 

the valence band of CulnSe 2 to the interfaée stat,e8 (proc~ss 
• ~ 4 ~ J 

3, ~ig:ure' 3.8) ia, responsible for thé device 'Qurrent which 

is not very sens~tive to', the temperat'ure decrease. It ls aIse;> 

noted'from, !lgure 3.6 that the rate of current.decrease with 

temperature 1.n the intermediate voltage' regian ls less than 

that for an p-n CUlnse 2 hom~j,,!nction, which will be reported 

in chater 4 ... 

(4)'phqtoresponse 

Under ,an app-roximate AM1 illumination condition, the 

devices showed a~ o~en circuit voltage of a&ut 0.2 volt and 

a short c~rc~it photocurrent density,of,a~u~ '5 ~A/cm2, (see 

, . 
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f i9ù~e 3.10) • Spectral variation of open circuit vol tàqe of 

one of the devices is~shown in 'figure 3.11. Itl ia seen ,thilt , ~ , , 

the photovo~tàge variation covera a wavelength r~nge from 0.4 
• t 

to 1.4 pm.' The response curve (i,n arbitrary units) 'for a 
1 0 

sprayed. thin ,film znO/culnS~ - cell showing 'il smaller 

54 

wavelength range· reported by Tomar' and Garcia [3.3] ta a1so' .' _ 

: plotted for comparis,?n • 

3.5.2 Isotype zno/culnse2 (n-n) Heterojunc~iQns 

\ 

11) I-V characteristics 

. -. . . 

\.. 

Two isotype ZnO( n) Icu.lnse
2 

,( n) he~erojunctions' have been 

,fabricated and studied in the present work. Figure 3 ... 12 
: l '", 1 ." 

shows th~ room temperature ~ark"nd, light cu+~ent-voltage 

characteristics for sample CUlns~ IZnO-l1, ln a voltage range 
, . 

from -3 ~o 3 volts. Under the dark condition, the device 

current was'; small in both ..forward (CUlnS~ positive) and 

-reverse (ZnO po~itive) directions. Under. the illumina'ted 
. - / 2 condition (tungsten lamp, ,about 80 mW cm ), the magnitude of, 

current increa.sed both in the, ,reverse voltage range and for 

the Most part of the forwax:d region. The illuminated current- . 

voltage characterfstics shown in figure 3.1 i are thus, 

,> • 

different from that predJcted using a superposition 'principie ' .. ' 

for an' '1deal p-n ,junction. Such <,haracteristicB could be 

expl",ined by_ conslderinq the energy band d1agram slmilar 1;0 

. ' , 

", . 

~ , 'I 
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the one proposed for an n-n Si/Ge heterojunction as shown in 

figure 3.3 [3.12]. The en~rgy b~nd diagram for t:he 'isotyp~ 
, 

zno/auln~e2 hete~ostructures .Oould ,be constructed so that . 
t1te energy bands nt?ar the interface are bent upwards due to 

, 
the ~resence of net electri~ charge iri the interface states. 

Al teJ;nati vel~ # the band diagram co~:ld a1so be constructed 

so that the energy bands ne,ar. the interface are bent 
,. , 

,d .. ownwards due ta the presence' of positive qharge in th • 

. interface st;.~tes. 
. " 

" , 

t \ .' 

(~) Photore$ponse , ' 

" 
In order to gat an idea about the band structure (banCts 

bent upwards or, downwards in 'the in~erface re-c~;r:lon), spectral 

response 

devices. 

measurements 
~ 

were 

In such measurements, 

out on the two n-n 

'" 9peri citcuit voltage across' 

the junction W&S - measurèd. using â, voltmeter with a high 

input incident " monochromatic light impedance and the 
r. 

intenBity determined by a> calibrated ·Si and InSb detector • 

ia plotted . against the optical wavelength in figure . . ... 
3.13 for the samp1e. - _ The open clrcui t vol tage is 

, , 

negatlve (CUlns8..2 negatlve) ,in the ranges from 0.4 to 0.55 
1 

- and f'rom. 1 .3S to 1.7 Il.m. In the wave1ength range from 0.55 to 

1.35' pm, the open circuit voltage ls positt've. 

-. 
" 

~. 

-.. 
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'The photoresponse in. the wavelength range from 0.55 to 

1.35 pm ls very similar to ~hat f~r a ~~u~nse2 homoj unction 

(ta be desctibed in ohapter 4) , suqgestinq that the 

photovoltaic effect in this 'reglan ls due mainly' to the , 

optical absorption in CulnSe 2- The spectral response in the 

t.wo outer r.egions has an opposite volt~qe polarity, and is 
. 

believed to be due to the 'exei tation of deep levels located 

at abou~ O...a eV [3.1 3] ,below the conduction band edge of 

crystalUne ZnO and the excitation of electrons from valence 

band to conduction band in ZnO side_ 

( 3) Energy Band structure 

.. ' 

56 

~he energy-depetldent polar! ty of the photoresponse. 

'I.J • 

auggests' that the devices have an energy band structure in 

~hich' band ed~es bent downwa~ near the interface,' as shown . . 
\ 

in figure 3.1 4. From the band diagràm shown in figure 3.14, 

photo-excited carriers generated near the space charge reglon 
, , , 

'fn CuInSe 2 will flov in a direction opposite to that for 

carriers generated in ZnO. Therefore, the polar! ty of open 

circu:Lt voltage (or photocurrent) is expected to be affected 

by the energy of incident pl;1otons. When photons with energy 

larger than' Eg(CUlnSe 2 ), the exqited eleotrons at CulnSe2 
side will drift from left to right and make CUIns~ to be 

more positive than ZnO. :For photons with epergy bet,ween 0.8 

'. eV and 1.01 eV or larger than 3.3 ey, the exci ted electrons 
• 

• 1 

, , 
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will be swept out of the space charge region in ZnO. This 

will make CulnSe
2 

side to be more negative. • 
./ 

Under the dark condition, due to the presence of the 

potential notch (figure 3.14), device current will be U.mited 

for both b1as directions (see figure 3.12). When a forward 

voltage (CUltlSe 2 positive) is applied across tQ the junction, 

the 

ZnO 

space charge ragion in CuInSe 2 i s narrowed and tha t 

is widened. The photo-current will be, due mainly 

in 
l' 

to 

carrier excitation in ZnO, giving rise to a bias-dependent 
o 

photocurrent flowing from CulnSe 2 side to ZnO side. When a 

-reverse bias voltage (ZnO positive) i8 ~ applied, the space 

charge region in ZnO side is narrowed and that in the CulnSe2 

side is widened and the major part of photocurrent is from 

excitation of carriers in the CulnS6,2 side. The combined 

photocurrent ia now. flowing from ZnO to ,CulnSe;z and ia 

opposite to that under forward bias condition. ~ecause of the 

large er. ')rgy 9~P and the small optica1 absorption coefficient 

of crystalline ZnO, , bhe photocurrent under reverse biaa 

cOBciitions is 

( figure 3.12). 

, 
J 

several times of 
f 

that under forward bias , 

. .... 

l 
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3.6 CONCLUSIONS 

.,' 

• Isotype and anisotype heterodiodes of th~ form 

znO(n)/CUlnse2(p or n) have been fabricated by sputterinq a 

layer of ZnO on polished monocrystalline Bridgman-grown 

CUInSe2 samples. The current~v~ltage~nd capac~~ance-voltage 

characteristics of the devioes have been investigated. Enerqy 

band piagrams with a negi~gible' conduction band discontinuity , , 

. have been established for ~he heterosystéms based on the 

~material parameters. Dipolè-effect with a nêgative sign were 

found ta be neccesary to account for the, large apperant 

diffusion potentlal found'from the di~ferential capacitance-

voltage measurements on the anisotype heterojunctions. 
" 

Howeve~. the densi ty of .interface sta~es and dipol,.e can not ~ 

~etermined from the present resul~s. For the anisotype 

~ ZnO(n)/CUlnSE2(p) junctions, the dark current flowing in the 

devices in the low voltage region appeared to be dominated by 

a tunnelinq and recombination proces8 of carriers' throuqh 

". these interface states. For these'heterostructures, if a 

lakger electron affinity value for cry~alline CulnSe;z is 
i 

• [3; 14] for the energy band diagram, th en a 

tion band discontinuity will be present. 

The variation of open circuit voltage with wavelength 

for the junctions fabricated using p-type CUlnS~ was similar 

to that for a CUlnSe2 
, ' 

hon:aojunction. fo~ the diodes 

, " 

... . , 
. . 
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fabricated us~ng n-type CulnSe2' however, the polarity of 

the open circuit voltage was dependent on the, opt~cal 

wavelength. In the shortowavelength region, the open circuit 

voltage was produced mainly by the band gap ~itation of ZnO. 

In the l~ng wavelength region, the voltage was ùue to the 

possible exitation of deep levels located at about 0.8 eV 

below the conduction 'band edge of ZnO. In the, ~edium 

wavelength region, the voltage was d6minated by the band gap 

exitation of CulnSe 2• 

• 

I~ 
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TABLE 3.1 PARAMETER~ USED '1'0' C,ON~TRUCT THE ZnO/~InS,e2 
• BAND DIAGRAM. 

, 
=========~============;========a=======~=~~.=====~=============_ 

Par.metera ZnO \ culnSe2 
. . , 

=======================~====~====:===============:=============-. 
Energy Gap,~ (eV) 3.3 ,1.01 _ g 
Electron Affinity (eV) 4.35 [3.15J 4.3 [3.161 

Net Donor Conca (cm-3 ) 1020 ------
Net Acceptor Conca (cm-3 ) ------ 1,015 

1De/1Ilo 0.24 (3.18) 0.09(3.19) 

ille/lib 0.21 (3.18] 0.12[3.19j 

lT-Ey (eV, 300K) ------ 0.21 

Latticeo.Constant, 'a (i) ,3.24 [2.2)- 5.78(3.20] 

Relative Dielectric 
Constant, ~r 8"!5 [2.1 ) 9.3 

=====.=========== •••••••••• = ••••• =a==~c.= ••• ~==a •••• D ••••• ~.=.= . . 
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Fig_ -3.1' Equilibrium energy band dia9ra", -,of an . , -

anisotype heteroju~ction: (a) before and (b) 
\ i .~ 

> 

after the formation. 
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A schema tic cross sectional view of the 

fabricated znO/Culnse2 heterojunction. 

) 



J 

(; (1 

" 65 

L 
.. 

'" 
~ . 

10 
-, In 

" -lnO'\cf 
, .. 

,--
5 

Glas~. 
.... 

« 
nE 
~ 

" , 
+-' 
C 0 Cl) 
l-
L-
:::J 2 u , 

." 

Dark , 

":5 ,,2S0C 
.. 

" . , 
i , 

1 
Il 

-10 
-1·0 0 1·0 

Voltage, ( V ) 
. , 

Yig. 3.5 Curre~t-v91tage characteristics b~tween two 

~ndium' areas deposited on a ZnO film 

showing the low resistance properties of 

the In/ZnO con}act. 
, ) / 

, '. J 



t 
t 

-! 
: « t 
r ......, 
j 
t " 

+J 

1 
~" c 

~ 

(b 
"-

i' . '-
~ :l 

'" 
(J 

J 
J:' 
t 
~. 
\, \ .-
, 

J, 

" 

' .... 

. -3 
10 

1 

-, 
Temperature: ( K) 

Dark 

'10-6 L..E-__ ----II-------J.------' 

.0.6 o 

Fig!' 3.6 

0·2 0·4 
'1 

Voltqge, (V) 

Oark forward current-voltage characteristics 
1 

of a ZnO(n)/CulnSe2(p) junction measured at 

differenç temperatures. 

- 1.1 . , 

66 

" 

/ 

• 



" -
~o 

70 . 

60 r-

-
."., N 50 

'è 
....... --

40 
N 
u 
....... '-

30 t; • 

20 1 

0 
J 

"~ 

Fig.,·3.7 

<. 

• 
". 

'. . 

... 

.-, 

• • •• 
' .. •• •• •• •• •• •• •• •• • •• •• 

····C 100 kHz •• •• • •• • Dark .. '" •• - . 
2S·C . -•••• • ... . 

" .. • •• 

l' i"",," 

1 2 3 

Reverse Voltage,' VR• ( V ) 

A plot of 1/2- versus reverse voltage for the 

anisotype.znO{~)/CUlnS~(p) heterojunction at room 

temperature, showinq the relatively'-large apparent: ,. , 

barrier-height. 

--

.,..-; ...... 

0'1 ..., 

... 
, 

" 



, 
~, 

f 
" 
). 

, : 

• 

• 

) 

~ 
, ' .. 

l, ; 

. 
" 

, .., 

ZnO 

< , l \ ~~' "\ Tr 
~ '\'. qVD 

\ ' , '" -~ 

1 

" \ 

------~-----=-r-----· 
, • 1 --- ) 

2' 'T 
,- . flEv . , 

'\ ! , ' ~,' 
, , 

<, 

" 
" 

!, • J 

, , 

" Energy band diagram of the anisotype 

znC;>(n)/C';ilnS~ (p), heteroj~·n~ti~ns • 
. " 

.' 

. .' 

,., 

-, 

...,..- ... 
l ,\1 

.' 68 

.. 
" 

" 



1 
" ! 
: 

; 

. • 

" 

. 
1 

" 

,( 

" 

" 

, , 

Fig. J.9 

, .". . . 
r 

.. 

" 

" 

n ·T' f' ' ~ 

Interface 
" 

charge 

l' 

'E 

,Area =VOi 

~ .. , 

N~t space chargé' dens,i ty distribution and 

th,é corresponding electric fi'elp distri­

,~ut}on of a heteroj unct"ion showing. the. 
" , 

effect of char'g.ed interfac~ -states. 

\' , 

( 

69 

, .. 

, , . 

\ 



, , 

- , 70 

. r 
" • 1 ,J 

200 
\ . 

100 
Dark 
. " 

0 
....-
« 
::J. - -100 . 
~ c 

~ 1 lluminated 
cv ' , 

~ • 
-200 

:::J 
u 

.. .. 
-300 

. , 
.;{ 

1 

-400 
-O., 0 o., 0.2 03 0.4 

'·Voltage (V ) 

Fig_.3.l0 
. "'-Park- and' il1uminated cùrrent-voltage , 

.• characteristics of the znO(n)/CulnSe2(p) . 

h~terojunction. .. 
( 

• 0 

. ,. 



t 71 
1 

t ' 

-

• CulnSe2,/ZnO-8,25C : ~ 

. " ,'\ 
:.-.-.~. . -~I ; 

~-~O-04D~-·-·-~ 
;j 

.) d -
" ~ 

[. , , 
f 
r 

t 
l , 
~. 
~. "-

• 

\~ 

ifq-.o-O-O~-O-O-l' 0-0'0\ 
, 0 

• .-

. Sprayed .ZnOltulnSè2 cell [2 ] 

• ~. 

\ • 
1·6 ' 

j 

Wavelength, ( IJm ) 

~i9. 3.11 Normalized open circuit voltage plotted 

:lI , , agairtst wavelength for the anisotype 
l 

ZAO(n)/CUlnSe2 (p) heterojunction. The 

• ,response curve of a sprayed cell i~ also. 

given for comparison. 
, ' , 

' . 
. . ... 
, 

Or 

~I 



--. " \ --' 

i t 

\, 
a> 

, 72 

• \0, N" 
• 0.5 ~ 
1 

~ t. 
1 

0.4 
.' 250C 

0.3 ;. 1 l~umjndted 
, 0.2 "- \ \ " 

• ,-- . -, 
4 " erf \ . E ;..' ." . -

~ , 0.0 
t ...., 
• c 
~ <U 
• 't/ -0.1 
~ ::j ~ Dark r -;~, 

U 

'-0.2 
. , 

, 
N 

~. 

"" , . -0.3 : .. ~--
( 

, ... 

:; \ 
.~, .... 
-0:4- " .-

9-
, , 

, 
.! \ 'l, 

-0.5 
-3 -,2 -1, 0'· 1 .'2 3 \ 

~ . . 
• 

" Voltag'e ,(. V ) .' .' \' 

, , .. J, 
~I' 

6,,' , 
4' . , , ",,:. ~" 

\ 
. , 

~!. li 

, 
( . 

Fig_ 3~ 12 ' bark and ill um.1 na ted current-voltag~ " 

• : . , 
characteri-s"tics of a~ isoeç,pe .' 

\ 
- ~ !.' ( , r ,-

het:~~oj un~tion· •. 
. i • , 

" , ( '. 
~ . , ' " 

, " 
~ " ", 

1 

. .., 
, " ~ j" 

" " 

.. ", .,. . , 

, . " . \ j) 

t • 

't .... 4 
.\ ~t 

J 

" .' ~ 

, . .. 
" 

Q 

,w . 



10-1 

-. ::3 

~ 

10-2 

,,~ 

"'0 
QI 

103 Ne ---
~ 
0 
z 

'. 

104 
, '. 

'r~" . 

" \ 105 

0-2 

, ,\. 
, 

" \ 

... 
.Fig ... 3.'13, " . 

l ' ,'( - . 
, .-

" 

- 1 

.. 
\\.. 

,,,,,,-
) 

" 

, 

\+ ....,. 

JT 
\ , 

p ~ 
\ ,., . 
~ 
.~ ., 

. , 
'. ... 

~ 0·6 08 1·0 1·2 1·4 . '·6 

Wavelength, (jJm) 

• 
Normalized open circui.t volt~ge. of th~ . , 

" 
isotype ZnO(n)/culnS~ (n) ,unction plotted 

against the optical. wavelength, showing the 

reversaI of voltage polarity~ 

73 

,.." 

1·8 

" , 



e , , .. 
. '. 74 

l> 

'-
.' . 

... 
1 'l, .. , , 

" 
j--~ ... 

/' ) 
Jo 

-- ------
\ 

1·01 eV 
.' . , ""1 

\ 1 

t ' 
3.3 eV j ~.--

. , 

·l· 
. .. 

. t 
~ .. . 

... 

. " CuInSe2 
. . 

. 

ZnO .. ':' 

... ", 

Fig. 3.14 
. 
Energy band diagram const~ucted for the 

. 
isotype ZnO(n)/CuInS~ en) heterojunctions. 

• • 



.C 

~- ~- . 

7S 

Chapter ! BLECTR:ICAL STUDIES OF MONOCRYSTALLINB } --=-

4.1 - INTRODUCTION 

In chapter 3, 

CuInSe JUNCTIONS 
2 

I-V characteristics, 

energy band structures of the ino/CUlnse2 

have been ~escribed. However, due to 

photoresponse and 

heteroj unctions ~ 

the presence of 

interface states: (the density . of which could be comparable to' 

the dangling bond density at the, interface) only limited 

information about characteristics of_ ~uI'nse2 ,monocrystalline 

sample of the heterostructure has been obtained. In order to 

further characterize the crystalline CulnSe2 material, 

s'everal n +p homoj unctions fabricated by diffusing indium or 

bismuth into the Bridgman-grown p-type 

Çulnse2 samples [ 3. 11] have been studied. 

monocrystalline 

Using the + n p 

homoj unctions for measurements (C-.V for exaJllple), effect of 

interface states can be neglected. Therefore, characteristics 

of CuInSe2 near the depletion region edge can be conveniently. 

obtained. 

> It is al80 important to investigate energy states in 

crystal1ine Culnse 2 especially for àevice applications
p

• These 
~ 

have been reported recently by luminescent and electrical 

.... 
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studies [4.1-4.3, 3.20 l revealing severai shallow acceptor 

or donor sta·tes with ionization energy values of few tens of 

a meV. From the I-V characteristics s~udies of CulnSei 

homojunctions, it 18 expected that recombination centers of a 

large densiJ:y exist in monocrystalline CulnSe
2

• Therefore" to 

further characterize crystalline CUlnse
2

, a preliminary 

program was initiated in the present work to study deep 

levels. The preliminary investigation of deep levels in p-

type region of the device was made by a differential 

capaci tance technique, a transient technigue [4.4J and a 

thermally 'stimulated capacitance method\ [4.5]. The results 

obtain.d from these measurements indicate that deep traps ar~ 

present in the depletion reglon although the energy position 

of the trap levels can not been determined precisely at- .. the 

present time. 

4.2 SAMPLE PREPARATION AND MEASUREMENT TECHNIQUES 

4.2.1 Sample Preparation 

P-type CUlnse
2 

crystalline ~amples were selected from 

ingots grown b~ the horizontal Bridgman method [4.6). The 

samples were then polished using 0.05 pm alumina powder and 

etched in a mixture of HN0
3 

and HCl with a ratio of 1:3 for 

about, 2' minu tes ta r'emove the oxide layer. A circular area 

of Bi pr In with a diameter of about 3 mm and a thickness of 

76 
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about 1 pm was evaporated onto the poli shed surface in a 

vacuum chamber with a base. pressure of "10-6 Torr. The samples 

were then he~ted ln an Inert atmosphere at about 200 Oc for 

about 20 minutes (samples 1n-5-1 and 1n-5-2) and a junction 

d~t 10 pm was achieved in the fabricated devices. 

77 

"Sample 1n-3 was heated at 200' Oc for 10 minute~ and B1-3 was ' 

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

the sample was pollshed using a fine sand paper. Contact to 

the back side Cp-type region) was obtained by applying a 

layer of silver pa-ste between the sample a'nd an aluminium 

holder and heat tr~ating the sample at a temperat~re of ~oooc 

for 10 minutes. The front contact was made ,directly by \ ( 

soldering a metal wire using Wood's alloy. 

4.2.2 I-V Measurement Technique 

Dark current-voltage characterlstics of the 'devices 

were obtained by usinq ,a Hewlett Packard mpdel 4145A, 

Semiconductor Parameter Analyzer. The time delay for each 

measurement (hold time) was chosen ta be 0.2 second. ~The 

fabricatecl Culnse2 dev1ces were mounted to an Ox'ford 

Instruments model CF 100 cryostat whlch' was connected 

directly to the analyzer. Durinq the measurements, liquid 

nltrogen was used to cool the samples to low temperatures. 

Sample temperature was controlled by a temperature control 1er 

" :--

• 
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, 
-. 



78 

and an a~curacy better than ± O.SoC in the range between ,200 

and 300 Kwas achieved. 

4.2.3 C-V Measurement Techniques 

DifferentiaI capaci bance measurements of the 

, homoj unctions were performed using an HP 4274A LRe meter 

2 5 (freguency range from 10 to, 10Hz ) controlled by an IBM pt 

as described in chapter 3: A parallel circuit mode was 

chosen during the measurementsjand the arnpli~~d~of the ac 

signal was abo~t 0.01 V throughout the ~sent experiment-s., 

The experiments were carri~d put under condition wi th 

different reverse bias voilages ~ frequ time interyal~ 
'~ 

(only for 'transient capacitance and 

tempe ratures (only for thermally., stimulated' ~ap::tcitance 

For differential capac1tance and thermally 
11 

·stimulated capaci tance experirne~ts, at lèast four sets of 
d' 

measurement were taken under the- sarne condition (bias 

voltage, frequency, tempetature) and the average results were 

recorded tising a printer or'rplotter unit (HP model 7475 A). 
~'\...--- .. ~' 

In order to reduce the stray 
~ 

capacitance introduced by 

éonnecting wlre, a cryostat wlth ~ery short lead wire was 

used. 

• 
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4,.3 EXPERIMENTAL RESULTS 

• 

4.3.1 I-V Characteristics and Transport Mechanisms 

79 

Shockley [4.7] has pointed out that the current flowing 

in an ideal p:'n junction i8 9iven by the following equation, \ 

l tIC Tlexp( -Eg/KT) [exp(eV/nKT)-1] (4.1) 

where the curve factor (n=1) i8 independent of temperature. 
J 

For non-Ideal j unctions, the current component resulting fram 

recombination processes i9 important. The recombina tion 

current in the depletion reglon as a functian of blaa voltage 

has been studied by Sah et al [4.8] and çan be described by 

the following equation, 

3/2 
1 Dt T exp (-Eg 'nKT)[eXp(eV/nKT)-11 (4.2) 

""'--

where n==2 and this value may change slightIy in actual 

devices, Which will be shawn Iater 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 

fijXlre 4.3. It is seen that in the present voltage range, 

/ 
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three regions exist, especia11y for the low-temperature case • 

• In the low-bias region the I-V curve factor, n, fs greater 

than two whi1e in the high-bias region the series resistance Jo 

effec~ becomes dominant. In the medium voltage region, the 

curve factor n i s abou t two for three sa~ples (less than 2 

for 1n-5-1, Bi-3 and greater than 2 for 1n-3). The transition 

point' f'or low-voltage region and medium-voltage region 

increases with the decrease of the temperature. This fact 

suggests that there are two current components in thia 

voltage range, one la 1ess sensitive to temperature while the 

other decreases wi th decreasing teinperAure. The first 

component might be due to the surface leakage. The second 

one, dominant in the medium voltage region, has an 

exponentia1 dependence on the_bias voltage and the slope of 

it Jlmost unchange'd when temperature changes from 295 to 200 

K. The room temperature saturation current, obtained by 

extrapolating the linear (medium) region of the forward room 

temperature I-V curve, ls about 2x10-8 
A for bath 1n- and Bi-

diffused devices. The measured saturation currents within"the 

~95-200 1< range cover more than three orders of'" magni tude. 

These characteristiC8 in the medium voltage range (n:::o2" 

saturation current changes over 3 orders of magnitude- in the 

range of 100 1<) suggests that the junction current in the 

medium region 18 main1y controlled by the recombination 

mechanism in the depletion region, where the current is given 
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by ,equation . (4.2) and the cur~é.factor' is, about 2 in· 

practlcal devices. 

It is noted that the saturation current 10 ls 

proportional to T3/2exp[ -E9/nKT1. Therefore, a plot of 

log ( 101 ("T3/ 2 ) ] 
. 

against lIT' will yield a straight line.-

Figure 4.4 shows the current results for the three samples. 

Results caculated from the recombination current equati~n; 

assuming E =1 
9 

and n=2, ls 9i ven by the solid line for 

cornparison. It 10 seen that aIl the three samples show a 
\ 

linear variation with a slope close to the caculated one. The 

smaii slope value, Eg/n, for sample I~-3 in figure 4.4 i~ due 

to th~ large curve factor n. This results let one conclude 

that the dominant transport mechanism in the medium voltage 

range is carrier :recombination in the space charge region., 
'.' 

4.3.2 C-V Characteristics and Deep Leveis 

(1) Frequency-Oependent C-V Characteristics 

Using ,the depletion approximation, the ~differential 

capacitance of a + p n junction under the reverse 

condition wi thoue deep traps is given by, 

1/2 
C .. dQ/dV'" E /W :or [qe: No/2(VD -V) l 

" 

(4 •. 3 ) 

bias 

'. 
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Bere e i8 the dlelectrlc constant of the semiconductor, W is , 
the depletion layer wldth, ionh.ed impurlty 

-
conce~tration in the semiconductor, Vn ls the bul1t-in 

potential and V 18 the bias voltage. It is noted from the 
. 

équation'that the differential capacitance is independent of 

the measurement frequency. However, if traps are present ln 

_'. the depletion region, the fini te time constan~ for charging 
• ' r 

and discharging of the, traps will result in frequency.,. 

dependent capac~ance characteristics. This phenomenon has 
+ -

been investigated 0 gOld'-doped sil icon p n-j unctions by Sah 

and Reddl ~~ 1964 4.9]. Their model is based on the trapping 

time constant of the deep-gold· acceptor level in the 

dep~etion 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 jUnction~n+p for example) with simple 

traps, the capaëitance characteristics are relatively simple 

and can be devided into three regions. At low frequencies, 

82 

deep traps can follow the charging and discharging processes. 1 

TherAt9.Fe, the c~pacitance is determined both by shallow 
....... 

im~urity (acéeptor in this case) and deep traps and the 

,g/tferential capaci tance value ls large. At high frequenci~s, 
most of the traps can not respond to the charging/discharging 

voltage, therefore the capacitance'is determined on1y by the 

,-

, ' 
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effective dopant concentration in li.ghtly doped side of the 

junction (ac::ceptor) and essentially has a consta~,t value. In 

. the medium frequency range/ the- density of responding traps 

decreases as th~ frequency is increased, causing a decrease 
, r 

in the differential capacitance until a constant value is 

reached. Therefore, non-constant . capaci tance- frequency 

-characterlstics will serve as an initial indication for the 

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

sided homojunction devices. 

I~ the present experiments, capacitance-voltage 'resulta 

.+ 
of three n p CUlnSe2 homoj unctions have been obtained, a t 

1 , 2 
temperature of 298 K over a frequency range from 10 to 

, 
Hz. Figure 4.5 shows the measured results for samp1e Bi-3. It 

ia clear that the capacitance decreases with the increase of 

frequency. The measured differential capacitanpe for three 

samples at a reverse voltage of -0.3 volt ls also plotted 

versus frequency in figur& 4.6. It is seen that the 

dlfferenti'al ' capac1té!-nce decreases by a factor of 2 to 3· as 

the frequency 1s increased from, 102 to 105 Hz. Constant 
" / 

capaci tance region does not appear to exist in the frequency 

range studied, suggesting that the charging/discharging time 

constant of the traps covera a re1ati vely large range. The 
1 

results a1so sU9gest that the total effective traps density 

ls comparable to the net acceptor ·cc;>ncentration, which ls 

about 1014 cm-3 in the depletlon edge region of the p-type 

CUlnSe;z • 

'. 
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variation in the density of tr!lps OCCUpièd by holes, R;r' 

which can be de$cribed by, 
" ' 

". 
dPr'/dt = -~ P.r (4.5) 

here t 1~ time and,;' i8 emission ... rate of the trapped 'holes. 
1 

The time-dependent trapped hole density then results in. a 

85 

transien~ capacitance effect. Curve 1 in figure 4.8 sho~s the , 
{ / 

results of transient capacltance taken for sample 1'n-5-1 at: 

room temperature. Similar been obtaineâ' for 

sample In-5-2 and Bi-3. The 6C('t) values, which are neg~tive; 

confirm that hole trapq are responsible fox: the major , 

part· of the transient process. From th/is curve, the hol~ 

emission rate ~d ~he density of participating~trappéd holes r • (1 

can be, estimated. Ass~1n9 pio«NA, a simple relation as shown 

below can be obtained from the differential eap,ac1.tançe 

équation, \ 

2 /C2 AC(t) 
. 0 

:" 

her~ C ~nd AC(t) 

C2 .JNO\' 
~ A' so • 0 

(4.6) 
~.. l' 

" 
have th~ ~ame definit10n as above. Sinee 

The mim,ls s19n is chosen because the holei tr~ps domina-te the 
'\ 

" 
1 

1\' 

. 
" , 

.,. --. 
" .; . 

1 

! • 

.- , 
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transient effect and 

curve 1 in figure 4.8, 

j \ \ 

a negatlve l1C('t) is expected": FJ;om 'the 
\ ,"/)', -

the hole emission rate is estima.ted, to 
1 

.J 

be about O. 3S 1/ second and the emisslon tlme constant ls 2.8 

seconds. , Assuming the traps are aIl occupled by holes 
", 

and 
, 

neglecting the Ume delay (0.2 sec.) befo~ taking the 

measurement, . dens1ty of - trapped holes having the above 

emission time constflnt can be estimated from the equation 

AC( t)2 IC~ = PT/NA.' The valJJe obtained is in· the order of 

1010 cm-3 • 

In order to see the effect of minor~y carrie'r 

(electron) traps, a positive filling puls'e (0.3 volt) with a 

duration '. of 10 seeonds was applied. After that, a zero 

to 

86 " 

biasing condition was maintained for about 0.2 second . \, 

sweep the free electrons, which will affect the transient 

capaci tence results, out of the regions A and B. The induced 

capaci tance sequence ia shown in ~~gure 4.9. Under the 

application of the forward bias pulse, both electron and hale 
, 

traps élre filled in the neutral ,Fegion (region A, figure 

.4.9) • 
+ a 

For the n p CuInSe2 homoj unctlons 'under cons idera t ion 
~ 

with Pnlpp>10 [3.11], the number of inj ected hales under the 

forward biasing condition is much smaller than that for 

electron~. Hole· traps in,region B are 'essential1y empty. The 

capaçitance transient, under such conditions, ls therefore 

governed both by the electron and hole emission events • . 
Results obta~ned from sample In-S-1 are shown in figure 4.8, 

,. 
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curve 2. In the initial ~tage of the capacitance transient 

process wit:h the 0.3 volt filling pulse, magnitude of l1Ç(t) 
t 

first incx-eases with the increase of Ume malnly due ta the 

emiss10n of the trapped electrons and then decre'ases with a 

decay time constant similar ,to that fbr curve 1. (Tt should 

"' 

be pointed out that the data points at t",O in figure 4.8 were 

ta ken at about 0.1 second after the reverse bias voltage had 

been applied.) The results indicate that in the i"'itial 

decay period (the first two seconds), ~he emission process is 

dominated by electrons. However, the hole emission is 

important in the Most part of the decay process. Therefore, 

_ the results given in curve 2 suggest that either the density . .... 

'" 

of the trapped e lectrons 'is small or .the electro~. emission 

time constant .is short as compared to that for holes. 

(3) Thermally Stimulated Capacitance -(TSCAP1 

Thermally stirn~lated capacitance [4.5] was also 

investigated for the sample In-5-1 to determine the energy 

post tian of the traps. Two sets of measurement were taken on '" 

this sarnple and the results were .then compareè. In the first 

measurements, a reverse bias' voltage of -0.7 volt was first 

applied to the ~unction (to empty the traps 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 oc/min. During the warming process, 



differential capacttance data were taken at 100 kHz at a SOC 

interval. The' resul ts are shown in figure 4.10, curve 1. To 

observe the deep traps, a small forward bias was app1ied to 
. 

the device during the co01ing period and the same reverse 

. voltage was used in the warming process. At low temperature 

rang!!, the differentia1 capacitance of the device will be 

sma11er than that measured when the traps are empty. During 

the 'warming procesB, thermal1y stimulated emission bf t:rapped 

holes causes an increase in the capaci tance. 

The characteristic temperature in the TSCAP curve where 

the capacitance value increases drastica11y can be used to 

estimate the energy position of t,he tfaps. Curve 2 in figure 

4.10 shows the TSCAP characteristics of the sample In-5-1. 

The curve.shows a rapid inçrease in the c~pacitance at about 
. 

200 K indica ting a rapid ernission of the trapped holes at 

this temperature. However, the results given in figure 4.10 

88 

must be regarded as tentative, because it has been observed 

from about 20 experimental runs that the TSCAP resu1ts for J 

the CUlnSe2 j unction were affected by the heating/cooltng 

cycle and the biasing history of the dev:ice. 

.. 
4. .. pONCLUSIONS AND DISCUSSION 

Dark I-V characteristi~B "&:lf three crysta11ine cutn$e2 

" r.~ 
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n+p homojunctions (two 1n-diffused and one Bi-diffused) havé 

Î been studied over a temperature range from 100 to 300 K by 

semic"ondu' ctor using an HP model 4145 A Parameter Analyzer.~~t 
./ '~ 

the folr6wing ~ was found that aIl dev:f,ces possess 

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

medium voltage range. (2) The room temperature saturation 

current is about 2x10-8 A and decr~ases by about 3 orders of 

magnitude as the temperature is decreas~d to 200 K. These 

facts indicate that the current in the medium v~ltage range 

• of the CulnSe2 homojunctions is dominated by a recombination 

mechanism in the depletion region. 

Initial results of deep levels obtained in the present 

" work have been described in this· chapter. DifferentiaI 

capacitance at a "reverse voltage of about -0.3 vort decreased 

) by a factor of 2 to 3 as the frequency wa~ increasea', from 102, 

ta 105 Hz for aIl samples, suggesting that the total 'density 

of deep traps with trapping time constant less than 0.01 

second is .compa~able ta the net acceptor concentration. 

Transient technique was àdop,ted to st~,dy the characteristics 

of traps at a frequency of 100 kHz. ~ffects for both hole 

and electron traps have peen observed on samples 1n-5-1, 

, trapping 

, seconds 

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

centers with an e~ssion time constant of about 2.8 

is of the order of 1010 cm-3 (traps with a 'shorter 

emission time constant can not be observed using the present 

, ' 
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... teehniqùe sinee the time delay of ins\rum~~t). Transièht 

effects have not ~etn observed for sample i In-3 becuase a 
"~ 

large N value at the d~pletion ,regian edge (due ta the shbrt 7 

. A 
~ , 

/ , , .. . 
d'iffusion time of 10 minutes). The large NA ,value reduces the 

eftect of traps (àq2 /C~ =-Prr/NA
5 

). Results of thermally 
",' 

stimulated capa,çi tance provided an idea 
1 

about the energy,--

position of th~ trapping levels but these can .only be 

regarded as tentative at the present. D' 

It is alsQ intèresting to point out that, Robert~ and 

Crowell [3.12] have developed a model for a Schottky diode 

.with several deep levels. Each deep tr~p state ia assumed to 

hâve" a short tim~ constant (less than the reciprocal of the 

frquency} and 'w~ll cantribute a dip to the c-2 
versus VR PlO~ 

when the levei ls pullèd ~bove the Fermi level (for electron 

traps) at a particular voltage. Following this model, 

,trapping states in thin film CdS/CuxS heterojunctions have 

been observed recently by L. Hmurcik et a'1" [4.11] using the 

capacitance measurement technique. Their results appear to be , , 

the first ones ta suppor~ the Roberts and Crowell model. In 

the present work, C-V characteristies of two -CuInSe2 

·homojunction samp1es a1s0 have been investigated in the , 
2 

frequency range from 100 Hz ta 10d kHz. ,A single dip of lie 

vs. was çbserved on samples In-~~1 and In-5-2 , . 
certain frequ~ncies. For In-S-1, a dip at ~ reverse 

of' about 0.51 volt was obtained at the frequeney of 

" 

at 

',-

" 
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. 
(see figu're f.11). The'dip (at O.6<volt$. for In-S-2 was 

bbserved at 'a' lower fre'quency 'c 4kHz). NO special feature was 

• found when other freguneies were adopted .. Sinee all trapping 
~ 

,levels are alwa~s joined up with the Fermi level, the 

obse~ved dips might 'he due to other unknown'rneehanis~a whieh 

, have not been studied further at the present time. 
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CHAPTER 5 CONCLUSIONS 

Final conclusions- of the thesis are given in this 

chapter. Both CulnSe2 and, ZnO, which have been ,studied in the 

'present work, are promising for terrestrial photovoltaic 

application. As mentioned before, CulnSe2 has the highest 

absorption coefficient (for photons with an energy above the 

band ~ap value) among any known semiconductors. Because of 

this, the material has been considered as ao potential 

candidate for terrestrial photovoltaic applications. However, 

in order to develope CUlnSe2 to be?ome a useful maiefial for 

the future opto-electronic device aJtlications, it is 

necessary to characterize further the electrical and optical 

properties., Apart from this, ft is also i~pbrtant to study 

alternative _ window' 
. , 
materials fol:" the . CùInse2-based 

photovoltaic devices (other than those b~ing us~d, like CdS 
), 

and CdZnS). In this work, an important wi~dow,material, ZnO, 

has been A investigated and used to form zno/curnse2 

heterojunctions. Homojunctions were "also fabricated • by 

indium- and 
4> 

bismuth7diffusion. Characteristics of 

,monocrystalline CulnSe2 have bèen studied by investigating , 

these heterojunctions and homojunctions, and the 
" 

following \" 

main conclusions were ob'tained. 
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(1) Good quality, low resistivity ZnO films can be deposited 

(using rf magnetron sputtering method) on glass substrates by 

doping uslng indiu~ or tin. AIl deposited films- show a single 
" phase feature ~ith a prefèrred (002) orientation. The Sn 

-content: in the films was roughly equal to .tha.t in t~e ta:,:-ge,t 

while the In-content in the film was less than that in the 

target .• 

",. 

. 
(2) Resistivity of the films decreased by 4 orders of 

magnitude as the indium oxide content in the target was 

increased from 0 to 10 wt.%. For tin-doped films, thè 

res.istivity decreased l'y 3 orders of magnitude as the-··tin 

oxide content was increàsed from 0 to 2 wt.,. 

, 
(3) Deposition rate and dark electrical resistivity of ZnO 

films vas affected by argon press~re and incident rf power. A 

relatively .. 
low àrgon 

high deposition rate (high' incident~rf power . / 

pressure) will r~sult in a rèlatively 

and 

low 

'resistivity. 

o 

(4) Opticà~ transmission of indium-doped ZnO films at -a 

wavelength of 0.7 pm was e~sentially constant, however, it 

~as .affected at O.~pm wavelength. For tin-doped films, the 
• 

optical transmission first decreased as the tin content 

was increasèd, reached minima. at about 5% Sn02 then increaséd . 
o'al;l the tin coqtent was furtheJ:' increased. 
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(5) The fabricated zno(n)/culnse2(~) heterojunctions showed 

a rectification effect and the ideality'factor was about ,2.8 

in the intermediate voltage range. Temperature-dep~ndent dark 

current-voltage characteristics measured for these devices-
\ 

suggested that the room temperature current .transport in the' 
" 

junctions was dominated by an electron emission ,and 
f 

recombination process. In the low voltage ~~gion, a second 

current component was dominant especially for lower 

temperatures. 'This current component was believed to be ,due 
o 

to a tunneling/recombination mechanism or a shunting ef~ect. 
, 1 ~ .... 

The variation of the open'circuit voltage covers a ~avelength 

range from 0.4 to 1.4 pm. 

(6) An energy band diagram has been constructed for the 

ZnO~n)lCulnSe2 Cp) junc,tions based on the material parameters. 
" , 

In this het~rostructure, the_Q~d~btion band disco~tinuity is 
~ .. / . 

,r • J 
negligible, however, 1he,~e _is a large energy discont~nuit~ 

(2.3 eV) for the vàlencl band. 

(7) From differential capacitance measurements, the 

apparent diffusion, potential was found ta be greater than 

that predicted by the energy band diagram. This is due to a 

strong dipole effect in the interface re~ion. The polarity of 

the dîpole 
. \. 

was found to be the same as .that of the space 

charge and therefor~ enlarged th~ diffusion potential. , , 

, .', 
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(8) Isotype ZnO(n)/CulnSe2(~) heterojunctions were also 

studied. From ,_ ~he dark/illuminated current-voltage 

characteristics and variation of open circqit voltage with 

incident optical wavelength (variation of V was similar to 
oc 

that for a CUlnSe2 homojunc~ion in the wavelength range from 

0.55 to 1~35 pm, and the V was found to have an opposite oc 
polarity in the wavelength rangès from 0.4,to 0.55 and from 

1.35 to 1.7 pm), an energy band diagram has been 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-voltage 

'characteristics of both indium anQ bismuth diffused CulnSe2 

homojunctions have been studied in the present work. It was 

found that the ideality factor was about two for these 

junctions in the intermediate voltage range and ~t was almost 

unchanged when temperature changed from 295 to 200 K. Th~ 

measured saturation current 
'" 

with,in 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 charge ragion. ' 

(10) DifferentiaI 

. ~ - , 

\ 

capacitance measurements . over the 

' . 

,,' 

,. 
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2 5 
frequency· .range~'of 10 -10Hz have been performed on several 

*' 
\, homojunctions. Frequency-dependent differential capacltance 

characteristics (va'lué decreased by a factor of 2 to J";as the 
2 5 

frequency was increased from 10 to,10 Hz) suggested that 

'the density of the total effective traps was comparable to 
. , 

the ne~ acceptor concentration~ ~onstant capacitance region 
, ... 

did not exist in the frequency range studied, suggesting that 

'the charging/discharging ~ime constant of the traps covered a 

relatively large range. Tentative information about the 

energy' position of the traps have been the obtained , from 

thermally stimulated capacitance measurement results. 

( 11) 

both 

that 

11 

c. Transient capacitance effects·have been. obs~rved 'in 
\ 

In-.and Bi-diffused junctions. The results s/ggested 

the majority carrier traps with a charging/discharging 

time constant of about .2.8 seconds are dominant in these 

transient effects. The effect of minority carrier tràps also 

has been observed. 
" 

" 

, 
The present investigation'on th in film ZnO and bulk 

mon~crystalline CulnSe2 has re,sults in the above described 

. 'main conclusions: The information will be useful for future 

resÉ!arch development of CulnSe2-based photovoltaic 
, . cells. 

'However, t,here are', still many 

-to'bè answered.' For example, 

questions,for culnSe2 remained 
.. ~ ..,' 

work is needed'to prepare good\! 

quality,' C~In~é2 crys~als and to fab~icate both ,', homoj unction / 
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and heterojunetion using sueh' stals. DifferentiaI 
>, • 

, ,\\ .> 

capacitance measurements·should b~ carri~~out over a 
1 

larger, 

frequency range., Furthermore" transi~nt' differen'tial 
. . 

capacitanèe effects should be studied using 'high speed 
" ,. 

instrument t~ obtain a complete $et of data'for the d~ep 

, levels. 

Both the open ~ireuit voltag~ a~d short circuit current 
J. 

density of t~e ZnO'(n)/CulnSe2 (p) ,junctions under sfmulated' 

AM1 conditions are small. This is due to the large lattice 

mismatch betwe~n the two materials'. ,.!i0weve'r; ZnO still will 
~ 

be a useful'mate~ial if a thin. layer of m~teria~ like CdS i~ 
. 

\ introduced between CulnS~2 and . ZnQ~' This, stru~ture has . ,,',. ... 

a-lready been tep~téd rec~ntly ~otter and coworker~' [5.1 '] • 
, , 

Their dev~ces, having a layer of, und~p'ed CdS .with al thickness 

of,' '500 'l, 

~ 11 ; 2'. ' 

{, 

f '. 

demon~trated an AMl conversion eff~c~e~cy up to 
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