
 

Schottky barriers on the layer compound gallium sulphide

Citation for published version (APA):
vd Dries, J. G. A. M. (1976). Schottky barriers on the layer compound gallium sulphide. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Hogeschool Eindhoven.
https://doi.org/10.6100/IR134997

DOI:
10.6100/IR134997

Document status and date:
Published: 01/01/1976

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.6100/IR134997
https://doi.org/10.6100/IR134997
https://research.tue.nl/en/publications/2203691b-1bb1-4e08-970e-f406d098d6e7


SCHOTTKY BARRIERS ON THE LAYER COMPOUND 

GALLIUM SULPHIDE 

J.G.A.M. VAN DEN DRIES 



SCHOTTKY BARRIERS ON THE LAYER COMPOUND 

GALLIUM SULPHIDE 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
TECHNISCHE WETENSCHAPPEN AAN DE TECHNISCHE 
HOGESCHOOL EINDHOVEN, OP GEZAG VAN DE RECTOR 
MAGNIFICUS, PROF. DR. IR. G. VOSSERS, VOOR EEN 
COMMISSIE AAN.GEWEZEN DOOR HET COLLEGE VAN 
DEKAN£N IN HET OPENBAAR TE VERDEDIGEN OP 

VRIJDAG 2 JULI 1976 TE 16.00 UUR. 

door 

JOANNES GERARDUS ALBE.RTUS MARIA VAN DEN DRIES 

geboren te Tilburg 

ORUK: WIBRO HELMONO 



Dit proefschrift is goedgekeurd door de promotoren 

prof.dr. F. van der Maesen en prof.dr. F.M. Klaassen. 

This investigation is part of the research program 

of the "Stichting Fundamenteel Onderzoek der Materie 

(FOM)", which is financially supported by the 

"Nederlandse Organisatie voor Zuiver-Wetenschappelijk 

Onderzoek (ZWO)". 



aan eUie 



CONTENTS 

INTRODUCTION 

CHAPTER I 

SOME PROPERTIES OF GaS AND RELATED LAYER STRUCTURES 

1.1 Introdua-tion. 

1. 2 Physical properties of GaS. 

1.3 Metal ju~tior.s on layered semiconductors. 

CHAPTER II 

METAL SEMlCONlDUCTOR JUNCTIONS 

Z. 1 Introduction. 

2. 2 Sa:rrier height. 

2.3 Depletion layer. 

2,4 CUrrent transport. 

CHAPTER Ill 

EXPERIMENTAL METHODS 

;~.1 Introductio'YI. 

3.2 Sample preparation. 

3 • . 1 Measuring teclmiques. 

3.4 MisceZianeD~As effects. 

CHAPTER IV 

INVESTIGATIONS ON THE BARRIER HEIGHT 

7 

9 

9 

9 

9 

13 

15 

15 

15 

15 

18 

22 

27 

27 

27 

27 

29 

33 

37 

)) 

4.1 Introduction. 37 

4.2 Photoresponse measurements. 37 

4, 3 .Jr:fluence 9f chemical N:action on the barPJ2er height. 42 

4, 4 IMage force lcrwer~1".g of the barrier height. 1~6 

CHAPTER V 

DEPLETION LAYER PROPERTIES 

5.1 Introduction, 

5.2 Depletion layer capacitance. 

5.3 Schottky b~~rier fietd effect. 

5 

49 

49 

49 

49 

52 



CHAPTER VI 

CURRENT-VOLTAGE CHARACTERISTICS 

6.1 Introduction. 

6. 2 Fo1'Ward aharaateristias. 

6.3 Reverse aharaateristias. 

6.4 Forward aharaateristias near flat band. 

6. 5 Sahottky barrier> guard ring experiment. 

CHAPTER VII 

CONCLUDING REMARKS 

SUMMARY 

SAMENVATTING 

REFERENCES 

DANKBETUIGING 

LEVENSBERICHT 

6 

57 
57 

57 

57 

66 

70 

73 

77 

77 

79 

81 

83 

87 

87 



INTRODUCTION 

The investigations on metal-semiconductor junctions on GaS, 

presented in this thesis, have been performed as a part of a 

larger research programme on the physical and chemical proper

ties of the layer compounds GaS and GaSe. The main results of 

these investigations have been described in several theses 

(Lieth, 1969; Kipperman, 1971; Van der Leeden, 1973). 

Studying the properties of metal-semiconductor junctions on 

this type of layered materials is of interest mainly for two 

reasons. 

- Owing to the small mobility of the charge carriers in the 

direction of the c-axis one should expect that the carrier 

transport in the barrier is governed by the diffusion 

theory. Although this theory was already formulated by 

Schottky (1939) and is generally accepted, it is until now 

not verified experimentally (Rhoderick, 1972). 

- Because of the highly saturated character of the binding, 

the basic plane of these layer structures is inert to 

chemisorption (Williams and ~!cEvoy, 1972). Therefore one 

may expect that interfacial layers can be avoided and that 

an intimate contact between metal and semiconductor can be 

relatively easily effected. 

We preferred to study GaS for the following .reasons. 

- On account of measurements of the anisotropy in the conduct

ivity performed by Kipperman et al. (1970), in GaSe a higher 

conduction band with a rather high mobility along the c-axis 

had been assumed to exist. Transport of electrons through 

this band might obscure the basic transport mechanism in the 

barrier. In GaS such a higher band had been proposed 

also, but at such a distance above the indirect band that 

transport of electrons should be negligible. 

- GaS was known to crystallize in only one crystal structure, 

whereas for GaSe at least two polytypes were known to exist. 
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- Measurements of the temperature dependence of the conduct

ivity had shown that irreproducable changes arise in GaSe 

crystals. GaS crystals seemed to be stable. 

This thesis deals with experimental investigations of the barrier 

height, the depletion layer properties and the current-voltage 

relation of metal-semiconductor junctions on GaS. Due to techno

logical difficulties with p-type crystals the major part of the 

measurements has been performed on n-type material. Most of the 

measurements have been carried out at room temperature, but the 

current-voltage characteristics have been measured as a function 

of temperature. The results have been interpreted according to 

the diffusion theory for Schottky barriers. 

The contents of this thesis will be arranged as follows. In 

chapter I we will deal with some of the relevant properties 

of layer structures reported in the literature. 

In chapter II we will give a short survey on metal-semi

conductor junctions. Chapter Ill describes the experimental 

methods used in the investigations while attention is also paid 

to the preparation of the samples. The experimental results on 

the barrier height, the depletion layer properties and the 

current voltage characteristics of the barriers are presented 

together with the interpretation respectively in chapter IV, V 

and VI. The final chapter summarizes the predominant features 

of the work presented in this thesis together with some conclud

ing remarks. 

Some of the investigations described here have already been 

published elsewhere (Van den Dries and Post, 1973; Van den 

Dries, 1974). 
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CHAPTER I 

SOME PROPERTIES OF GaS AND RELATED LAYER STRUCTURES 

1.1 Introduation. 

In this chapter a survey is given of the physical properties of 

GaS. As recently the existing literature on this subject has been 

extensively reviewed by Kipperman (1971), we confine ourselves to 

those properties which are of interest for the work described in 

this thesis. Experimental data on related compounds are mentioned 

as far as they may be of interest. 

1.2 Physiaal properties of GaS. 

The compounds GaS and GaSe crystallize in a highly anisotropic 

layer structure (Jellinek and Hahn, 1961). Each of the layers 

consists of four monoatomic sheets in the sequence S(e)-Ga-Ga-S(e). 

Within the layers there is a strong mainly covalent binding while 

the binding between the layers is very weak and is assumed to be 

of the Van der Waals type. On account of this structure a strong 

anisotropy in the properties of these compounds is to be expected. 

Most of the theoretical work on these compounds is therefore 

based on a two dimensional approximation in.which the interlayer 

interaction is neglected. Within this approximation Bassani et 

al. (1967} and Kamimura and Nakao (1968) have calculated two 

dimensional bandstructures using the tight binding method. 

Recently Schluter (1973) has, using the pseudo potential method, 

performed a three dimensional computation of the band structure 

for GaSe. On account of this calculation he concludes that indeed 

a great number of bands are to be considered as typically two 

dimensional, but that the valence and conduction band have a 

three dimensional character. 
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From investigations on the optical absorption (Fischer,l963; 

Brebner, 1964; Aulich et al., 1969) it appears that, the 

fundamental optical transition in GaS is indirect and occurs 

at approximately 2.6 eV. A direct transition is observed at 

3.0 eV. 

Brebner and Deverin (1965) investigated the behaviour of 

the ordinary and extra-ordinary index of refraction from 

reflection measurements in the visible and near infrared part 

of the spectrum. From their results the high frequency 

dielectric constants parallel with and perpendicular to the 

c-axis can be deduced to be s11 = 3.8 and E~ = 5.0 respectively. 

Sequin and Nicolet (1971) have determined a dielectric constant 

E// = 5.6 from low frequency dielectric investigations. 

Recently much attention has been paid to surface investigat

ions of layer structures. Ultraviolet induced photo-emission 

studies on the valence band of GaS, carried out by McEvoy and 

Williams (1972) and Williams and McEvoy (1972) yield an 

electron affinity X of approximately 4.0 eV. The occupation of 

deeper valence bands has been investigated by Thomas et al. (1972), 

using X-ray induced photo-electron spectroscopy and photo-emission 

studies. 

It appears that the basal surface of layer structures is 

extremely inert to chemisorption and that on GaS the sticking 

coefficient for contaminants is even undetectably small (Williams 

and McEvoy, 1972). From investigations on a series of layer 

chalcogenides (Williams and McEvoy, 1972; Williams et al., 1972) 

it can be concluded that the sticking coefficient for contamin

ants is many orders of magnitude greater for non-basal than for 

basal surfaces. It turns out that contaminants on a basal surface 

are only loosely bound and can easily be removed by heating in 

vacuum or exposure to an electron beam. (Williams and McEvoy, 

1971; Williams et al., 1972). 

N-type Gas crystals can be obtained by the iodine transport 
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technique, p-type by sublimation or the Bridgman method (Lieth 

et al., 1969). In both cases the dominating donor or acceptor 

level is strongly compensated by other impurities and the 

resistivity of the crystals is rather high (Lieth and Van der 

Maesen, 1972). Nevertheless the electrical transport properties 

in the direction perpendicular to the c-axis are reasonably well 

investigated. From Hall effect measurements Kipperman and.Vermij 

(1969) derived a room temperature·mobility of 16 respectively 

12. cm2 /Vs for electrons and holes. The.temperature dependence 

of the mobility, which can be expressed as T-2•4, is in accordance 

with a theory for electron scattering in layer structures, derived 

by Fivaz and Mooser (1967). Thermoelectric power measurements 

performed by Kipperman and Sliepenbeek (1969) on GaS could also 

be interpreted on the basis of this two-dimensional theory. This 

interpretation leads to an effective density of states N = 1021 
c 

cm- 3 at room temperature and an effective mass for electrons 

m = 5 m • e o 

In the direction parallel to the c-axis the situation is more 

intricate.In this direction the transport properties have been 

investigated by measuring the anisotropy ratio in the conduct

ivity by means of four point probe methods (Kipperman et al., 

19iO; Tredgold and Clark, 1970). Ottaviani et al. (1974) have 

determined the drift velocity parallel to c-axis by measuring 

the transit time needed by non equilibrium carriers to cross 

a thin sample. The values of the anisotropy ratios as well as 

its temperature dependence, as observed by various workers, 

differ considerably. The different values of the anisotropy ratio 

a11;a~ are given in table 1.1. In. samples which show plastic 

deformation Schmid and Mooser (1972) also observed much higher 

anisotropy ratios than those reported in the table. 

With rather strong electric fields applied in a direction 

parallel to the c-axis Romeo observed a negative differential 

resistance accompanied with electroluminescence emission 

(Levialdi and Romeo, 1969). Romeo (1969) explained this result 

using Lamperts (1962) theory of double injection in semi-
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Compound Carrier Anisotropy ratio Ref. 

type a111aJ. at 

300 ~ 

'GaS n 1.0 X 
103 t) [l) 

n 2.5 X 103 t) [2] 

p 1.3x 103 t) [2] 

GaSe n 5 X 102 [1] 

n 4 [3] 

p 7 [4] 

p 15 [5] 

p 0.25 [3] 

GaSxse;2x n 30 - 103 [6] 

[1] Kipperman et al. ( 1970) ;-)data at 400 K 
[2] Patil and Tredgold (1971) 

[3] Ottaviani et al. (1974) *)mixed crystals 
n<x<l. 

[4] Schmid and J:.Iooser (1972) 

[5] Tatsuyama et al. {1971) 

[6] Peynenborgh (to be published). 

Table 1.1 Electrical anisotropy data on GaS, GaSe and the 

mixed crystals GaS S . 
x el-x 

conductors. At still higher current densities Romeo (1971) has 

also observed a memory switching effect. Several other invest

igators have made similar observations (Tredgold et al., 1970; 

Akhundov et al., 1973). As far as we know an appropriate 

switching mechanism has not yet been proposed. 

Recently muc:h attention has been paid to the anisotropy in 

the chemical binding, as deduced from Raman spectroscopy. 

Zallen and Slade (1974) conclude on account of several inde

pendent investigations that for the layer chalcogenides GaS, 

GaSe and Mos 2, the anisotropy ratio in the force constants is 

about 40. 
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For the mixed crystals GaSxSel-x approximately the same 

anisotropy ratios can be deduced {Rayek et al., 1973). 

Infrared experiments performed by Peynenborgh of our laboratory 

lead to the same conclusions. 

Van der Ziel et al. (1973) concluded on account of Raman 

experiments that for a small fraction of the layers the inter

layer binding is disturbed or locally absent. 

1. J Metal junctions on layered semiaonduators. 

In spite of the important influence contacts may have on 

electroluminescent properties and injection phenomena, relatively 

little attention has been paid to surface barriers on layer 

structures, 

Aducci et al. (1973) measured the photovoltaic effect of In 

junctions on GaSe. Souder and Brodie (1971) investigated low 

resistance contacts on !!oS2• Kurtin and Mead (1968) have 

described the construction of a Schottky-barrier-gate field

effect transistor on p-type GaSe. They used an aluminum gate 

and alloyed Zn-Au junctions as ohmic source and drain contacts. 

Using the photoresponse technique, a systematic study on the 

barrier height of metal contacts on layered semiconductors has 

been performed by Kurtin and Mead {1969) and Kipperman (1971). 

The first authors have investigated junctions formed on p-type 

GaS, GaSe and GaTe, the latter author those on n-type GaS 

and GaSe. 

On account of the dependence of barrier height on the 

electronegativity of contact metals Kurtin and Mead concluded 

that the compounds in the range GaS, GaSe, GaTe display a 

Fermi-level stabilisation ranging from non-existing in GaS to 

virtually complete in the case of GaTe. If, however, the 

barrier energy is plotted against the work function of the 

contact metals,this tendency is less pronounced, 
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Kipperman and Van Leiden (1970) observed that the relation 

between work function of the contact metal and barrier height 

of the Junction is dependent on whether the heat of formation 

of the metal sulphur compound considered is greater or smaller 

than that of GaS. They assumed that the observed behaviour is 

due to a chemical reaction between the contact metal and the 

sulphur of GaS, leaving behind a thin Ga layer. 

In section 4.3 we will present further investigations con

cerning the chemical interaction between semiconductor and 

contact metal. 
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CHAPTER II 

METAL SEMICONDUCTOR JUNCTIONS 

2.1 Introduction. 

The physical aspects of metal-semiconductor junctions have been 

extensively studied in the past and most of the experimental and 

theoretical results before 1956 have been summarized by Henisch 

(1957). In recent years there has been a renewed interest, 

particularly in barriers on the well known semiconductors Si and 

GaAs. The work on the first material has been summarized by 

Sze (1969), that on the latter material by Padovani (1971), Also 

of interest is a review given by Rhoderick (1970). 

For the sake of completeness we will give in this chapter a 

survey of the properties which are of interest for the present 

work. Paying relatively much attention to recent investigations, 

successively some properties concerning the barrier height, the 

depletion layer in the semiconductor and the transport of charge 

carriers across the barrier will be discussed. 

2.2 Barr-ier height. 

The rectifying properties of Schottky barriers arise from the 

presence of an electrostatic barrier which is formed by a 

surface charge on the contact metal and an opposing space 

charge layer of width w in the semiconductor. In the case of 

intimate contact and ideal interface, i.e. an interface free 

of contaminations and surface states, the electrostatic 

barrier height ~B for an n-type semiconductor is equal to 
0 

the difference of the metal work function ~ and the electron 
m 

affinity x of the semiconductor 

<liB 
0 

= ~ -X 
m 

(2 .I) 
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As has already been pointed out by Bardeen (1947) the dependence 

of barrier height on work function is often obscured by the 

influence of surface states. Cowley and Sze (1965) have shown 

that, in the case of a uniform density of surface states in the 

forbidden gap, the relation between the barrier height ~B and 

the work function ~m is approximately linear. They assume that 

the metal and semiconductor do not make perfect contact, but 

remain separated by a thin interfacial layer of thickness o. 
Using their model the number of surface states per electronvolt 

and per unit area of semiconductor surface Ds can be estimated 

from the slope of the line in a plot of ~B versus ~m" 

According to the model of Cowley and Sze, the sum of the barrier 

heights for individual metals on the n- and p-type semiconductors 

should equal the energy gap, provided only that the values of o 
and D are the same in both cases. For Si this relation has been s 
experimentally verified by Smith and Rhoderick (1971). We will 

compare the sum of the barrier heights on n- and p-type GaS with 

the bandgap in section 4.2. 

On account of the dependence of barrier height on work function 

for a large number of metal-semiconductor systems Kurtin et al. 

(1969) suggest a rather abrupt transition from covalent to ionic 

behaviour. According to these authors the barrier height of 

covalent semiconductors is controlled by surface states whereas the 

barrier height of ionic semiconductors is mainly controlled by 

the work function of the contact metal. Phillips (1973) has 

proposed a microscopic explanation for this transition, based on 

charge redistribution at the interface. According to this model 

the electric field associated with the difference in work 

functions of metal and semiconductor is screened if the surface 

energy of the metal exceeds the energy required for charge re

distribution. 

In actual junctions the potential energy of a charge carrier 

crossing the barriers is reduced owing to the image charge it 

induces in the contact metal. As a result the barrier is lower

ed by an amount ~~B and the barrier height ~B is given by 
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metal 

\ 
\ 

(2.2) 

- - - - - - -- -- - EF 

Sl!miconduclor 

Fig. 2.1 Image foPce towering of the barrier height~ 

represents the Fermi Zevet~ $8 the electrostatic 
0 

barrier height and ~~B the image forae towering, 

~B is the aatuaZ barrier height and VD the diffusion 
voltage. 

In fig. 2.1. the form of the barrier is represented. In the case 

of a uniform space charge density q(ND-NA) in the barrier the 

image force lowering 6~B can be approximated (Sze, 1969) by 

(2.3) 

where q is the elementary charge, e
0 

the permittivity of free 

space, eim the image force dielectric constant and N0 and NA 

the concentration of respectively donors and acceptors. v0 repre

sents the diffusion potential and V the applied voltage. 

Measurements of Sze et al. (1964) on the barrier height versus 

voltage showed that the barrier lowering of Si could be well ex

plained by the image force mechanism. The barrier lowering of 

metal-GaAs junctions, as measured by Parker et al. (1968) and 
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Padovani (1968) is greater than to be expected from this model. 

The first authors have attributed the extra lowering to the pene

tration of electronic ~barge in the surface states into the GaAs 

crystal. According to Crowell and Roberts (1969) and to Padovani 

(1971) however, these results may as well be explained by the 

presence of trapping centres which give rise to a higher space 

charge density near the interface than in the rest of the barrier. 

Investigations on the image fore~ lowering of metal-GaS barriers 

will be presented in section 4.4. 

The barrier height of metal-semiconductor systems can, under 

certain conditions, be determined from the current-voltage re

lation and the dependence of the depletion layer capacitance on 

voltage as will be discussed in the sections 3 and 4. The most 

direct and reliable way, however, to determine ~B is the photo

response method. In this method charge carriers are optically 

excited over the barrier and <I>B is determined from the spectr,al 

dependence of the photocurrent I (Williams, 1970; Fowler, 1931). 
p . 

In the case that the thermal energy of the electrons may be ne-

glected I can be expressed as 
p 

C(hv - <li ) 2 
B 

(2.4) 

where C is a coefficient and hv the energy of the exciting photons. 

<liB can be determined from a plot of I! versus hv. In the case that 

hv - <liB is of the order of kT, the barrier height can be deter

mined, as described by Fowler, by comparing the spectral depend

ence of the photoresponse with a standard curve in a plot of 

log I versus hv. 
p 

Photoresponse measurements on GaS will be presented in chapter IV. 

2. 3 Depl-etion ZayeP, 

The charge Q in the depletion region of a metal-semiconductor 

contact depends on the applied voltage across the barrier and the 

junction can be considered as a voltage.dependent capacitance 
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c dQ 
dV (2.5) 

If the charge density in the depletion layer is constant and only 

due to ionized donor atoms, i.e. in the case of a Schottky 

barrier, the capacitance per unit area is given by 

(2.6) c -= 
A 

where A is the contact area. If one plots the experimentally 

obtained values of c-2 versus voltage, ND and VD may be determr 

ined from the slope and the intercept with the abscissa respect

ively. 

In principle the method is quite simple, however, in practice 

several complications may arise (Goodman, 1963). Surface states 

and interfacial layers may give rise to a voltage dependent 

barrier height and in this way affect the capacitance voltage 

relation (Crowell and Roberts, 1969; Archer Yep, 1970). Further

more deep lying impurity levels may influence the barrier capa

citance. These impurity levels may cross the Fermi level in the 

depletion region and so give rise to an inhomogeneous space charge 

density. Moreover they may, at higher test frequencies, only partly 

respond to the test signal and so give rise to a frequency depend

ence of the barrier layer capacitance (Roberts and Crowell, 1970; 

Crowell and Nakano, 1972). 

In the present work we are particularly interested in the capa

citance of a semiconductor with one kind of donor atoms with a 

deep lying level which are partially compensated by acceptors. 

In fig. 2.2 the energy dependences in the barrier are illustrated 

for this case. In this figure EC' ~· ED and EA represent, respect

ively, the energy of the conduction and valence band edge and of 

the donor and acceptor level. ~ is the Fermi level and Eg the 

energy gap of the semiconductor. 

It is assumed that because of the large energy gap of GaS the 

number of holes is negligible and that the distance between EA 
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-------,r-----Ec 

------+---~ 

'/Ev 
metal semiconductor 

Fig. 2.2 Energy dependences in the junction of a compensated 

semiconductor. 

EC and EV represent respectively the conduction and 

valence band edge, ED and EA the donor and acceptor 

energy level. EF is the Fermi level and Eg the lfnergy 

gap of the semiconductor. 

and EF is such that the acceptor atoms remain totally occupied 

through the whole crystal. The occupation of the donor level 

gradually changes at the semiconductor side of the depletion 

region; in the bulk the donor level is partially ionized, near 

the interface the ionisation is complete. Assuming that the 

number of free electrons is much smaller than ND - NA and can be 

neglected, the space charge density in the depletion region is 

approximated by 

(2.7) 

where N; is the density of ionized donor atoms, NA the density of 

acceptors and x the distance to the interface, Using Fermi-Dirac 

statistics for the donor level and the charge neutrality condit

ion for the interior of the semiconductor, Poisson's equation 

becomes 

E E kT o r L + 

y 
(2.8) 

(y-J) exp (-u) 
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u is the potential measured in units !! from the bottom of the q 
conduction band and y = ND/ND-NA a measure for the compensation 

rate. Equation (2.8) may.be integrated from the bulk 

(u = O, du/dx = 0) to the surface (u • us) to obtain the value of 

the electric field E at the surface. s 

(2.9) 

From Gauss law the space charge with produces this field is 

Qsc = £
0

ErEs and the capacitance ~er unit area is 

(2 .10) 

It follows that 

(2 .I J) 

q2£ £ (N - N ) [1 -o r D A I 
y l2 

+ (y-l)exp (- us)J 

For the junctions we have investigated, as will be described in 

chapter V the band bending in the semiconductor is greater than 

kT and the energy of the donor atoms at the surface of the semi

conductor exceeds the Fermi level. This means that - u >I and s 
that exp u

8
<<y-l. Under these conditions expression (2.11) may be 

considerably simplified. Substituting 

and 

one finds 

(%/ 2 
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This expression, which also may be derived from formula 28 in the 

article by Roberts and Crowell (1970), can be considered as a 

generalisation of the reserve layer approximation by Goodman (1963). 

kT 
The correction term arises from a gradual 

q 

change of the occupation of the donor level at the semiconductor 

side of the depletion region. Ill; the case of strong compensation, 

N0 ~ NA' its value is approximately kT/q, in the case of weak 

compensation, when the donor level crosses the Fermi level in the 

depletion region, its value may be several times greater. 

It should be mentioned that in the derivation of all expressions 

of this section it is tacitly assumed that the (quasi-) Fermi 

level remains constant throughout the depletion layer. In the 

case of the diffusion theory this assumption does not hold, as 

will be discussed in the following section, and the results have 

to be regarded critically. 

2. 4 Cu:r>:Nmt t!'ansport. 

In metal-semiconductor junctions on lightly doped semicon

ductors as will be considered here, the current transport is 

governed by the flow of charge carriers over the barriers. In 

order to be concrete we will confine ourselves to Schottky 

barriers on n-type material. 

Two distinct theories have been proposed to describe the 

transport process, the thermionic emission theory and the 

diffusion theory. The difference between those two can be most 

clearly understood by considering the behaviour of the quasi

Fermi level for electrons (Rhoderick, 1972), According to the 

diffusion theory the quasi-Fermi level at the junction 

coincides with the Fermi level in the metal, as illustrated in 

fig. 2.3. This means that the electrons in the semiconductor 

immediately adjacent to the junction are in equilibrium with 

those in the metal and that the bottleneck for current flow 

is provided by the processes of drift and diffusion within the 
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------------------Ec 
----------------EF 

metal semiconductor 

Fig. 2.3 Behaviour of the quasi-Fe~i ZeveZ for electrons in a 

foPWard biased Sahottky barrier. The dashed Zine represents 

the behaviour in the aase of the the~ionia emission 

theory. the dot dashed line that in the aase of the 
diffusion theory. 

depletion region. On the other hand the assumption made in the 

thermionic emission theory is that the quasi-Fermi level remains 

flat through the junction. This is equivalent to assuming that 

the electrons at the semiconductor side of the boundary are in 

equilibrium with the bulk of the semiconductor and that the 

bottleneck for current flow is the process of emission of 

electrons into the metal. 

According to the thermionic emission theory, the current den

sity J for an applied voltage V is given (Henisch, 1957; 

Spenke, 1958) by 

-<P 

J • AT2exp ( k:o )( exp (*)~I} (2 .13) 

Here A is the Richardson constant modified for the effective 

mass of the electrons in the semiconductor. In anisotropic semi-

conductors the component of the effective mass tensor in the 

direction transverse to the current has to be taken, as has 

been pointed out by Crowell (1965 and 1969). on arguments based on 

momentum conservation. In the case of the diffusion theory the 

current voltage relation may be approximated by 

(2 .14) 
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provided that the barrier height is much greater than kT and that 

the mobility U is constant through the junction. In this expression 

Ne is the effective density of states. The maximum electric field 

in the barrier EB may be expressed as 

EB = [ 2q (:D :V)(ND - NA) } ! 

o r 

(2 .15) 

Crowell and Sze (1966) have proposed a synthesis of the two 

theories. In their thermionic-diffusion theory the diffusion and 

drift mechanism and the thermionic emission are treated as series 

processes. They also formulated the condition for the thermionic 

emission theory. For practical purposes this condition may be 

expressed (Rhoderick, 1972) as 

> (2.16) 

where v is the average velocity of the electrons in the barriers. 

According to this condition the transition from the diffusion to 

the thermionic emission process occurs for a mobility of the order 

of 100 cm2/vs at a donor density N0 = 10 16 cm-3 

Crowell and Beguwala (1971) have presented an exact formulation 

of the thermionic-diffusion theory using Dawson's function. 

The thermionic emission theory has been experimentally verified 

for a number of Schottky barriers on Si and GaAs (Rhoderick, 

1972; Crowell and Beguwala, 1971). Experimental data which 

conform to the diffusion theory are difficult to find. KOhler 

and Wauer (1971) describe their results on Au-CdS Schottky diodes, 

made from polycrystalline CdS films, on the basis of the 

diffusion theory. However, according to Rhoderick (1972) there 

must be some inconsistency in their data. 

As can be seen in chapter VI we have also interpreted the re

sults of our transport measurements in terms of the diffusion 

theory. 

Deviations from the thermionic emission of diffusion theory 

may be caused by a number of mechanisms such as, quantum 
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mechanical transmission and reflection or phonon scattering 

of electrons (Crowell and Sze, 1966), recombination and generat

ion currents and edge leakage (Yu and Snow, 1968), effects of 

interfacial layers (Card and Rhoderick, 1971), hole injection 

(Yu and Snow, 1969; Card and Rhoderick, 1973), voltage depend

ence of the barrier height owing to the influence of interface 

states (Levine, 1971), dipole lowering of the barrier height 

(Andrews and Lepselter, 1970; Andrews and Koch, 1971) and 

finally image forces (Sze, 1969). 

All these mechanisms lead to a lack of saturation in the reverse 

characteristics. In the forward direction their influence is 

often masked by the diode current and the characteristic is 

usually expressed as 

J J (exp ~- 1) 
o nkT 

(2.17) 

where J is the "saturation current density" as deduced from 
0 

extrapolation of the measured forward characteristic. The 

"ideality factor" n is a dimensionless constant which is given by 

n (~ ~)-) q 3V 
(2.18) 

For an ideal junction n is 1 in the case of the thermionic emission 

theory. In the case of the diffusion theory n is always somewhat 

greater than 1 owing to the voltage dependence of the pre

exponential factor, as can be seen in formula (2.14). 

As image force lowering of the barrier is the only intrinsic 

mechanism, of the above mentioned processes, we will consider its 

influence on the current voltage characteristics in more detail. 

In the case of the diffusion theory the current voltage relation 

corrected for the influence of the image force lowering of the 

barrier may be approximated (Landsberg, 1951) by 

J (2.19) 
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This expression has been derived assuming a fiel~ independent 

mobility and a band bending much greater than kT. In the case of 

the thermionic emission theory expression (2.13) remains valid 

but the factor ~B in the exponent has to be replaced by the 
0 

voltage dependent factor ~B' 

If the characteristics are expressed in the form of the practical 

diode formula (2.17), the image force lowering leads to an 

ideality factor n of approximately 1.02 in the case of the 

thermionic emission theory and depending on the band bending a 

somewhat greater value in the case of the diffusion theory. In 

the reverse direction the image force gives rise to a lack of 

saturation. For the thermionic emission theory the influence of 

image forces on the current voltage relation has been experiment

ally verified for Schottky barriers on Si (Yu and Head, 1970; 

Rhee et al., 1972). We will pay attention to the influence of 

the image force lowering ~£ metal-GaS barriers on the forward and 

reverse characteristics in respectively section 6.2 and 6.3. 
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CHAPTER III 

EXPERIMENTAL METHODS 

3.1 Introduation. 

In the first two sections of this chapter the preparation of the 

samples and the measuring techniques that have been used, will 

be described. In the last section we will pay attention to some 

miscellaneous effects. They give an indication of the techno

logical limitations imposed to the experiments which will be 

described in the following chapters. 

3.2 Sample preparation. 

The crystals used in our investigations were all kindly supplied 

by Dr. R,M,A. Lieth of our laboratory. N-type crystals were 

obtained by the iodine transport method (Lieth et al., 1969), 

p-type crystals by sublimation (Lieth et al., 1969) or by the 

Bridgman technique. Iodine transport and sublimation yielded thin 

platelets with dimensions of I to 10 mm in the ab plane and I 

to 10 ~m along the c-axis. We used these platelets as grown. The 

crystals obtained by the Bridgman technique were cleaved along 

the layers. 

Schottky barriers were manufactured by evaporation of contact 

metals. For that purpose the crystals were mounted in a metallic 

mask on a small furnace in a high vacuum apparatus. Before 

mounting, the crystals were microscopically examined to ensure 

that the contact area was as good as possible free from growing 

rings and other defects. The crystals were not etched in order 

to avoid the possibility of intercalation of the etchant. 

The crystals were given a heat treatment in vacuum of approxim

ately two hours at 300°C immediately before evaporation. We 

expected that owing to the inertness of the basal plane of GaS 
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this procedure would remove possibly adsorbed contaminations. 

Later investigations on the surface properties of layer struct

ures performed by Williams and McEvoy (197! and 1972) have con

firmed this idea. 
The evaporation of contact metals occurred from tungsten boats in a 

vacuum better than 10-5 Torr. During evaporation the temperature 

of the sampl~s was kept at approximately 200°C. A shutter was 

used during the first moments of evaporation to intercept 

volatile impurities from the metal. 

Preliminary experiments described in the last section of this 

chapter showed that it is of vital importance that the evaporat

ion compartment is clean. Therefore the vacuum system was heated 

during some hours before evaporation and several precautions 

were taken to prevent diffusion of pump oil into the evaporation 

compartment. In series with the diffusion pump a water baffle 

and a liquid nitrogen trap were placed. In series with the 

rotary pump ice traps and foreline traps filled with active 

alumina were mounted. 

1 3 
(\~~ ........ e::==-- -=-----) ------------

2 

c-axis 

a-b 
plane 

Fig. 3.1 Contact aonfigUPation with the Schottky barrier 1 and 

the aurrent contaat 2 at opposite surfaces of the 

sample. Contaat 5 serves as a voltage probe. 

Fig. 3.1. shows the contact configuration used. The Schottky 

barrier l and the current contact 2 have been manufactured at 

opposite surfaces to achieve a current flow in the direction of 

the c-axis. Both contacts have different dimensions to mak~ 
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photoresponse measurements of the Schottky barrier possible in a 

backwall technique, The small contact 3 was used as a voltage probe. 

The "ohmic" contacts 2 and 3 were produced by smearing a small 

droplet of Ga onto an evaporated contact. In this way the contact 

resistance was reduced and stable low resistance contacts were 

obtained. 

Since samples with the contact configuration of fig. 3.1. are 

difficult to handle, part of the measurements were performed on 

samples with the contact configuration of fig. 3.2. For most of 

the p-type samples it was, due to the small dimensions of the 

crystals available, necessary to use smaller contacts. 

Fig. 3.2 Contaat configuration with a~~ aontaats on the same 

surfaae of the crystal. 

3. 3 Measuring teahniques. 

An apparatus has been designed for measuring the current-voltage 

relation, the barrier capacitance and the photoresponse of the 

junctions at different temperatures. On account of the high im

pedance of the samples, special attention was given to the 

electrical arrangement. All electrical leads were carefully 

shielded and their capacitance was minimized. Only teflon and 
fused silica were used as insulation material. To prevent degrad-

ation of the insulation by adsorption of water vapour all vital 

parts of the apparatus were gently heated or kept in a dry Ar 

atmosphere, In this way an insulation resistance greater than 

10 16 Q has been reached. The zero bias current, caused by 

perturbations in the circuit was generally smaller than 5•!0-l 6A. 
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Fig. 3.3 SampZe hoZder, the funetion of the separate p~ts is 

described in the text. 

The apparatus, shown in fig. 3.3., consists of a sample holder 

mounted in a glass cryostat, The cryostat is placed in a light 

tight box. The sample holder is composed of a copper sample 

compartment (I) which by means of a thin-walled stainless steel 

tube (2) is attached to the connector head (3). The sample is 

mounted on a fused silica plate with a small hole in it. 

Electrical contact to both sides of the sample is made by gentle 

pressure with fine platinum wires. These wires are coupled to 

the connectors by means of copper wires led through the steel 

tube. Within the shielding no other electrical leads are 

contained. On the flange (4) a small copper tube (5) has been 

soldered which is connected to a water thermostat. In this way 
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the flange can be kept at a constant temperature of 30°C to 

prevent degradation of the insulation of the connectors and to 

achieve a good temperature stability. Oxidation of the contact 

metals is prevented by a continuous flow of dried and purified 

argon through the sample holder. 

Heating of the sample is possible by means of thermocoax 

resistance wire (6) soldered on top of the sample compartment, 

cooling by means of cold N2 gas fed into the cryostat. The 

temperature can be measured with a thermocouple (7). The crystal 

can be illuminated via a shutter in the light tight box and a 

small hole in the wall of the sample compartment. 

Fig. $,4 Circuit for the reaording of fo~ard aharaateristias. 

V voZtmeter~ A ammeter~ A1 isoZation amplifier~ 

A2 Zogarithmia ampZifier. 

Current-voltage characteristics were measured by a three point 
method (see fig. 3.4), using a vibrating reed electrometer Keithly 

640 as ammeter and a Keithly 610 electrometer as voltmeter. 

The reverse characteristics were always measured point for 

point. On account of the long RC times arising at the high 

impedance levels involved, these characteristics were always 

measured in two directions, with increasing and with decreasing 

bias voltage. 

The forward characteristics could also be measured by recording 

the response of the junction to a slowly varying ac voltage 

superimposed on a de bias voltage. The voltmeter was directly 

coupled to the recorder, the smmeter via an isolation amplifier 

and a logarithmic amplifier as shown in fig. 3.4. In this way 
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log lf could be recorded versus Vf over three decades of current. 

To avoid phase shifts due to capacitive effects the frequency 
-4 of the ac supply was generally chosen as low as 10 Hz. 

On account of the high resistance of the samples the barrier 

layer capacity could not be measured by conventional bridge 

methods. Therefore we have determined the capacity from a 

direct measurement of the impedance, as is shown in 

fig. 3.5 Cirauit for aapaaitanae measurements. 

A~ pico-ammeter. 

fig. 3.5. The response of the sample on a small ac voltage super

imposed on a bias voltage is measured with a fast pico-ammeter 

Keithley 417 used as current amplifier. Amplitude and phase of 

the ac impedance can be determined from the Lissajous figure on 

the X-Y recorder. The amplitude of the ac voltage was chosen 

25 mV, the frequency ranged from 5•10-4 Hz to 0.1 Hz. 

Neglecting the impedance of the ohmic current contact the sample 

may according to Goodman (1963), be represented by a fixed bulk 

resistance r in series with the parallel combination of a voltage 

dependent barrier capacitance C and barrier resistance R, as 

shown in fig, 3.6. The impedance of this circuit is given by 

R 

c 

Fig. 3.6 Equivalent circuit of a sample ~ith a Sahottky 

barrier. 
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(3.1) 

In the case that wRC>>I i.e. at reverse de bias or at high 

frequencies the capacitance can be directLy determined from ImZ 

according to 

ImZ l 
-w-e (3. 2) 

In other cases (3.1) has to be used and C can only be deduced 

from at least two measurements at different frequencies. 

The accuracy of the measurements is expected to be generally 5%. 

At low frequencies in the reverse direction and at high forward 

bias voltages the accuracy is smaller, At low frequencies the 

impedance of the samples is rather high and the accuracy is 

limited by the occurrence of noise. In the forward direction the 

bulk resistance dominates and the resulting phase difference is 

small. Therefore the measurements were always performed at 

several test frequencies. 

The photoresponse of the barrier was measured by means of a 

backwall technique (Mead, 1966) using a Zeiss prism monochrom

ator with a tungsten filament as light source. The bandwidth of 

the radiation so obtained was approximately 10 meV. The influence 

of stray light, especially that with a short wavelength, was 

diminished by placing edge filters between sample and monochrom

ator. In order to avoid saturation of the photocurrent by self 

biassing, the samples were given a small reverse bias. In this 

way the barrier height could be determined with an absolute 

accuracy of approximately 30 meV. 

On account of the required high intensity, the measurements on 

the p-type crystals were performed using small band interference 

filters instead of a monochromator. 

5.4 MisceZZaneous effects. 

In this section we will consider some technological aspects that 

are relevant to the results described in the following chapters. 
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P-type crystals could be obtained from the melt or by sublim

ation as mentioned before. The resistance of the vapour grown 
14 crystals, however, was of the order of 10 Q or more and hence 

electrical measurements at room temperature were impossible. The 

melt grown samples on the other hand were full of cracks and 

defects, and it appeared that the barrier height was strongly 

voltage dependent. In cooperation with Dr. Lieth of our labor

atory we were able to grow crack-free crystals from the melt by 

slowly cooling down the GaS in conical instead of cylindrical 

containers. The resistance of the so obtained samples was, 

however, of the same order of magnitude as that of the sublim

ated crystals. 

It appeared that electrical measurements were only possible on 

very small and thin sublimated crystals that were unintentionally 

doped with sodium*), The resistance of these crystals was of the 
12 order of 10 Q at room temperature and therefore only photo-

response measurements are reported on !.:~-type crystals. 

The quality of the n-type crystals was much better than that 

of the p-type ones, but on the surfaces of all these crystals 

hexagonal growth rings were present. Therefore it was unevit

able that on most of the samples some growth spirals were present 

at the contact area. 

Since these spirals, in the case of a strong anisotropy in the 

conductivity, might influence the current transport in the 

barrier, we tried to find out experimentally their effect on 

the current-voltage characteristics. In order to achieve this 

on one crystal two identical contacts were simultaneously 

evaporated, one on a part of the surface with a large and one 

on a part with a small number of growth steps. We have also 

sought for systematic effects, correlated with the number of 

growth spirals, on the current-voltage characteristics of all 

*) Details about the differences between the fwo groups of 

sublimated crystals are reported by Lieth (1969) in 

section 4. 9 of his thesis. 
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junctions that have been measured. In neither approach 

indications could be found that growth spirals give rise to 

important deviations. 

The ideality factor~ (form. 2.18) of the current-voltage character

istics can be considered as a measure for the quality of the junct

ions. In our investigations this ideality factor appeared to 

be dependent on contamination of the vacuum system by hydro-

carbon molecules from the diffusion and the rotary pump. This 

can be illustrated from the fact that after a careful cleaning 

of the vacuum apparatus the ideality factor dropped from a 

value of approximately 1.4 to 1.1 which is nearly the theoret-

ical value as will be discussed in chapter VI. Although 

several precautions were taken to prevent diffusion of oil 

products into the evaporation clock as described in section 2, 

we feel that in some cases these precautions were not suffic;ent 

and that deviations from the theoretical value are at least 

partially due to the contaminations mentioned. 

As described in section 3, we have used two different contact 

configurations. Since the influence of edge effects might be 

different in both cases we compared the current voltage 

relations in these cases several times. No differences could 

be detected however. 
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CHAPTER IV 

INVESTIGATIONS ON THE BARRIER HEIGHT 

4.1 Introduation. 

In this chapter the main results concerning the barrier energy of 

metal junctions on GaS are presented and discussed. In section 2 

the results of photoresponse measurements are described. In the 

next section investigations on a chemical reaction between semi

conductor and contact metal are presented. In the last section 

the voltage dependence of the barrier height is discussed. The 

results in section 2 and 4 are of interest in relation to the 

interpretation of the current voltage characteristics, presented 

in chapter 6. 

4.2 Photoresponse measurements. 

The results of photoresponse measurements for some typical barriers 

on n-and p-type GaS are shown in respectively fig. 4.1. and 4.2. 

o sample FlS 
o sample F\6 
o sample F19 

2 

1.0 1.6 1.8 2.0 
-h~eVI 

Fig. 4.1 Photoresponse of some typical junctions on p-GaS. 
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A sampll! A38 
o sample A40m 
o sample MS 
• samplll ASS 

Ag 

Fig. 4.2 Photoresponse of some t,ypiaal junations on n-GaS. 

For junctions on p-type crystals the curves of the square root 

of the photocurrent I versus photon energy hv are straight lines 
p 

and the barrier heights for the different contact metals can be 

obtained from the intercepts with the abscissa. For junctions on 

n-type crystals there is a kink in these curves owing to an in

crease of the photocurrent. The photon energy at this kink ~K is 

approximately 0.3 eV above the intercept. 

At energies near the intercepts the measuring points also deviate 

from the curves. These deviations are mainly due to the thermal 

energy of the electrons in the contact metal, as has been verified 

for several junctions by constructing a Fowler plot of the 

measurements. 

In table 4.1 the results of the photoresponse measurements are 

summarized. For several contact metals the barrier heights ~Bp 

and ~Bn on respectively p- and n-type samples, the energy ~K and 

the energy difference AE = ~Bn - ~K are given. The results 

presented in the last column represent the energy gap of GaS 

according to formula 4.2 as will be discussed further in this 

section. 

Most of the data presented in this table, are the mean results 

of several series of measurements. The values of the barrier 
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w 
\C) 

I 

contact-

metal 

Ag 

Au 

Cu 

Ga 

Pb 

Pd 

Sn 

p-type n-type GaS 

GaS 

barrier height barrier height ·energy at the kink energy difference 

<f>Bp (eV) <PBn (eV) in the photo- between <PB and <PK 
current <j>K (eV) ilE (eV) 

1.35 I. 17 1.46 0.29 

1.05 1.47 I. 75 0.28 

1.20 1.35 1.66 0.31 

1.44 0.96 1.32 0.36 

1.43 0.98 1.40 0.42 

1.57 1.81 0.24 

1.45 1.07 1.35 0.28 

TabZe 4.1 Results of photoresponse studies of surface barriers 

on p- and n-type GaS. 

energy gap of GaS 

as deduced from 

<PBn.and <PBp 

Eg (eV) 

2.65 

2.65 

2.67 

2.53 

2.54 

2.54 g. 
~ 
Ill>. 

N 



heights of the individual contact metals on different crystals. 

are reproducible within approximately 40 meV. 

The value of 8E • ~Bn - $K is independent of the barrier height 

and corresponds to 0.3 ± 0.1 eV. This value may be compared with 

the energy difference of 0.4 ± 0.05 eV between the two conduct

ion bands in GaS, as reported by Brebner (1964) and Aulich et.al. 

(1969). 

On account of the agreement between these values and of the form 

of the curves in fig. 4.2, we conclude that the rise in the 

photoresponse at $K is likely to be due to excitation of the 

electrons from the metal band to the direct conduction band in 

the n-type GaS. 

1 
1. 

1.0 

0.5 

3.5 

PbSb 

p-GaS 

o • our results 

o resttts of Kipperman 

a results of Kurtin 

t..O 

n-GaS 

(J. 

4.5 s.o 
- fm(eVl 

Fig. 4.3 Relation between ·Workfunation of aontaat metals and 

barrier height of su:t>faae ba:t':t'iers on GaS. 

In fig. 4.3 we have plotted the barrier energies on n- and 

p-type GaS versus the work functions of contact metals ~m 

(Michaelson 1950) together with the barrier heights measured 

by Kipperman and Van Leiden (1970) and by Kurtin and tiead (1969). 
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From this figure it follows that in general the barrier height 

depends strongly on the work function of contact metal. The 

anomalous behaviour of the points on the dotted line at the 

left hand part of fig. 4.3 is assumed to be due to a chemical 

interaction between contact metal and GaS as will be discussed 

in the next section. 

The slope B of the right hand part of the curves in fig. 4.3 is 

0.7 for both n-and p-type GaS. According to Cowley and Sze 

{1965) and assuming an uniform density of surface states within 

the energy gap of GaS, the numbe.r of surface states per cm2 and 

per eV, Ds' can be estimated from the expression 

D 
s 

-8 Assuming an interfacial layer with a thickness o ~ 3•10 cm and 

(4.1) 

and an interface dielectric constant £int ~ I, we find Ds 6•10 12 

eV-I cm-2• Compared with other semiconductors this value is rather 

low as is to be expected for a layer structure. 

According to the model of Cowley and Sze, the sum of the barrier 

heights for individual metals on n- and p-type crystals should 

- after correction for the image force lowering - equal the 

bandgap of GaS. 

"' + "' + !J."' + A.;, = E o/Bn o/Bp o/Bn Wo/Bp g (4.2) 

The values of the bandgap obtained from this eltJ>ression are given 

in the last column of table 4.1, as already mentioned. The correction 

term A<f>Bn' needed in the calculation, could be directly deduced from 

the image force measurements described in section 4. Since l:llj>Bp 

could not be measured directly, it has been estimated from the 

p-type analogue of expression 2.3, assuming NA-ND= 10 17 cm-3 

and EF- Ev = 0.7 eV (Lieth, 1969). 

The mean value of the bandgap in table 4.1 is 2.60 eV. This value 

is in good agreement with the values of the bandgap of respectively 

2.52 eV at 300 K (Brebner 1964) and 2.59 eV at 70 K (Aulich et al. 

1969), deduced from optical measurements. 
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4. J Influence of chemical :eeaction on the ba:tTier height. 

As already mentioned in chapter I, Kipperman and Van Leiden (1970) 

observed that the barrier height of contact metals which form 

sulphur compounds with a heat of formation greater that that of 

GaS, is almost independent of the work function of the contact 

metal. They assumed that this behaviour is due to a chemical 

interaction between the contact metal and the sulphur of GaS, 

leaving behind a thin Ga layer. In this section we will prove 

that at relatively low temperatures, normally reached during 

evaporation of contact metals, such a reaction does occur. 

From barrier height studies reported in the literature 

an indication is obtained that also in other metal semiconductor 

systems such a reaction occurs and influences the barrier height. 

In the present work contact metals which can form compounds with 

a greater heat of formation than that of the semiconducting 

compound considered are called reactive. Other metals are called 

non-reactive. The distinction is made using heats of formation 

as given by Kubashewski et al. (1967). 

In the experiments described in this section Al and Au being 

representatives of the reactive respectively non reactive metals 

were used as contact metals. To assure that the amount of Ga formed 

by a reaction between GaS and contact metal should be large 

enough to make detection possible by other techniques than barrier 

height measurements, the samples were given a heat treatment. 

They were placed in a small ampoule of vitreous silica, which 

in turn was put in a bigger tube as is shown in fig. 4.4. This 

/GaS crystal 

GaS powder 

Fig. 4.4 Tube system in which the heat treatment of the samples 

was perfol'lTied. 
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tube was partially filled with GaS powder to prevent sublimation 

of the sample. After evacuation the system was heated in an electric 

furnace. 

After a heat treatment of 5 days at 300°C samples with Al 

contacts showed at microscopic examination some very small metal 

like droplets on the surface of the metal, giving an indication 

that a reaction had taken place. However too few reaction products 

had been formed to give evidence of the presence of Ga. 

In order to investigate whether free Ga had been formed, the heat 

treatment was repeated at 500°C for the same period of time. 

Microscopic examination revealed the same picture as seen before. 

However we were now able to show that the reaction products 

were liquid at room temperature by smearing together some of 

the droplets with a very thin needle. The photograph in fig. 4.5 

Fig. 4.5 Part of anAl aontaat on Gas after a heat treatment 

at 500°C. The droplet in the middle alearly shows 

that liquid reaation produats have been formed. 
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represents a part of the contact surface on which are seen some 

small droplets and a big one which shows a clear metallic lustre. 

It was observed in stirring a droplet with a needle that it 

solidified if the sample was cooled a few degrees centigrade. 
As Ga is the only metal having its melting point near room temper-

ature, it follows that during the heat treatment free Ga is formed 

at the interface. 

To confirm this conclusion, some part of the liquid was collected 

with fine copper wire to which it adhered. A spectographic analysis 

of copper wires thus treated clearly showed Ga, while in the case 

of untreated wires no Ga could be detected. 

To investigate the behaviour of Au with GaS, a sample with an Au 

contact was also given a heat treatment at 500°C for 5 days. No 

liquid Ga could be detected. Moreover the barrier height 4B of 

the contact as deduced from photoresponse measurements was exactly 

the same before and after the heat treatment. From both measurements 

we deduced 4s = 1.45 eV. 

From the various experiments described it can be deduced that 

at the temperatures mentioned a chemical reaction occurs between 

Al contacts and GaS and that free Ga is formed in that case, .where

as Au contacts do not react with GaS. 

The observed reaction between AI and GaS supports the hypothesis 

of Kipperman and Van Leiden that the anomelous behaviour of the 

relation between barrier height and work function ~m for the 

reactive metals is due to a chemical reaction between GaS and 

contact metal. During evaporation of contact metals the sample 

is heated for a short period of time and therefore only a very 

small amount of free Ga is formed. This metal obviously influences 

the barrier height of contacts between GaS and reactive metals. 

The strong dependence of the barrier height on a thin .int.erfacial 

layer reflects the great sensitivity of the work function of 

metals on surface contaminations. 

On account of the supposed influence of a chemical interaction 

on the barrier height of reactive metals on GaS it is interesting 
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to investigate whether in other metal semiconductor systems a 

similar anomalous behaviour occurs, Unfortunately the barrier 

heights of most of the metal semiconductor systems that have been 

studied (Sze, 1969 and Mead, 1966) are mainly determined by 

surface states. Only for a few semiconductors the barrier height 

seems to be mainly governed by the work function of contact metal, 

As may be seen from fig. 4.6, the relation between work function 

1.5 

VY 

I 

1.0 

05 

2.0 

n-GaS, Kipperman 

~/n-GaS 
'"' "" """" --- ' 

'--· 
--~ . ---- • 

o • p-GaSe, Kurtin and Mead 

t. ' n-GaSe, Kipperman 

o • n -ZnSe, Swank Aven and Devine 

3.0 4.0 

a 

---o 
0 

5.0 
----+m!eVl 

b 

Fig. 4.6 Barrier height vs work function of aontact metals for 

several metal-semiconductor systems. Open symbols refer 

to non reactive metals. black symbols to reactive ones. 
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and barrier height of surface barriers on GaSe (Kurtin and Mead 

1969, Kipperman 1971) and ZnSe (Swank et al. 1969) is very similar 

to that observed in GaS. The dependence of the barrier height on 

the work function of the contact metal is much stronger for non

reactive than for reactive metals. From barrier height studies 

on ZnS (Aven and Mead 1965), CdS (Bujatti 1968), CdSe (Suzuki 1966) 

and ZnO (Suzuki 1966) only an indication of anomalous behaviour 

of reactive metals can be obtained due to the for our purpose 

insufficient accuracy of the measured barrier heights, 

It may be concluded that a chemical interaction of semiconductor 

with reactive contact metals influences the relation between work 

functions of contact metal and barrier height of metal semi

conductor systems. 

4.4 Image forae Zowering of the barrier height. 

The voltage dependence of the barrier height was determined from 

photoresponse measurements on an n-type crystal. Owing to the 

for our purpose insufficient accuracy it was impossible to determine 

this dependence from a direct measurement of ~B at different 

voltages. However, as is to be expected on account of the article 

of Fowler (1931) the photocurrent I versus photon energy hv could 
p 

be expressed as 

log I 
p C(V) + f(hv - ~B(V)). 

C determines the magnitude and f the spectral dependence of I . 
p 

In order to determine the barrier lowering the photoresponse of 

(4. 3) 

the junction was measured at different voltages. For each voltage 

log I was plotted versus hv. The curve observed at a voltage V p 
can be-brought into coincidence with that observed at zero voltage 

by adjustment of the origin. In doing so the shift of the hv axis 

corresponds to the change in the barrier height ~B(O) - ~B(V). 

In this way we were able to determine the barrier lowering with 

an accuracy of ± 5 meV. 
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Fig. 4.7 Image foroe ZOhlering of the barrier height as determined 

from photoresponse measurements. 

In fig. 4.7 the barrier lowering has been plotted versus (VD-V)!, 

For v0 a value of 0,5 V has been used, as determined from capacit

ance measurements on the same sample. Within the experimental 

accuracy the measuring points follow a straight line as is to be 

expected according to expression 2.3 in the case the lowering is 

dominated by the image force mechanism. From the slope of the line, 

which has been determined by the method of least squares, the 

image force dielectric constant £. has been calculated to be 
~m 15 -3 

5.0. For the required number ND-NA a value of 2.10 cm has 

been used as determined from the capacitance measurements to be 

described in the next chapter. 

As is to be expected the calculated value of sim lies between 

the static and high frequency dielectric constant which are 

reported to be respectively 5.6 (Sequin and Nicolet, 1971) and 
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3.8 (Brebner and Deverin, 1965). It can therefore be concluded 

that the lowering of the barrier height is due to image forces. 

The measurements described in this section will also be used 

in chapter 6 for the interpretation of current-voltage character

istics. 
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CHAPTER V 

DEPLETION LAYER PROPERTIES 

5.1 Introduction. 

In this chapter the results of measurements on the space charge 

layer in the junction are presented and discussed. In section 2 

measurements of the differential depletion layer capacitance 

are presented. These investigations are of interest as they lead 

to an independent determination of the barrier height which may 

be compared with the values obtained from the photoresponse 

measurements described in chapter 4. Moreover they give a value of 

the space charge density in the junction which will be used in 

the interpretation of I-V characteristics as will be discussed 

in the next chapter. In section 3 investigations on the Schottky 

barrier field effect are described. As they lead to a direct 

determination of the depletion layer width, their results may 

be compared with those of the capacitance measurements. 

b.2 DepZetion Zayer aapaaitanae. 

The capacitance measurements were performed on two crystals 

obtained from different batches. In fig. S.l the frequency 

dependence of the capacitance is shown for different bias voltages 

across the Au junction. 

The variation of (A/C) 2 with bias voltage is shown in fig. 5.2. 

From these figures it can be seen that (A/C) 2 varies linearly 

with bias voltage and that C is almost independent of frequency. 

Therefore it may be concluded that the junctions can be considered 

as Schottky barriers with an essentially constant space charge 

density and that trapping levels do not give an important con

tribution to the capacitance. 

On account of the electrical transport measurements (Kipperman 
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and Sliepenbeek 1969 and Lieth !969) one may assume that the 

donor level in our n-type GaS crystals is situated at approxim

ately 0.6 eV below the conduction band edge and is partially 

compensated by a deep acceptor level. The distance of the acceptor 

level to the conduction band edge is 1.8 eV and it may be well 

assumed that the acceptor atoms remain totally occupied through

out the whole sample. Under this conditions the barrier capacitance 

should be governed by expression 2.12. 

Using this expression one can calculate from the slopes of the 

lines in fig. 5.2, an effective number of donors N0 - NA of 

2.1015 cm-3 for both samples. This number has been obtained 

using a value of 5.6 for er (Sequin and Nicolet, 1971). 

From expression 2.12 it follows that the barrier height can 

be obtained according to 

where V. t represents the intercept voltage in a plot of (A/C) 2 
J.n . 

versus V and EC-EF represents the Fermi level depth. 

(S.l) 

Taking EC-EF = 0.6 eV, N0/NA • 2 (Lieth 1969) for both junctions 

and measuring Vint = 0.68 V for the Au and 0.42 eV for the Ag 

junction, we find a barrier height of 1.3 eV and 1.1 eV for 

respectively the Au and the Ag barrier. Photoresponse measurements 

on the same junctions yielded a barrier height of respectively 1.47 

and 1.14 eV. Taking into account that the Fermi level depth and 

the compensation rate have been determined from other samples 

than thoae reported here and that the differences between differ

ent samples may be considerable (Lieth 1969), the agreement between 

the photoresponse and the capacitance values is satisfactory. 

As has already been mentioned in chapter II the expressions for 

the barrier layer capacitance have been derived assuming that 

the quasi-Fermi level remains constant throughout the depletion 

layer. For GaS this condition will not be satisfied, since the 

current transport is governed by the diffusion theory as will 

be discussed in the next chapter. However owing to the strong 

compensation of the d~nor level EF and E0 nearly coincide in 

the bulk of the crystal. Therefore the only changes in space 
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charge take place at the semiconductor edge of the depletion 

region. Since at this edge of the depletion region the variation 

of the Fermi level is only very small, expression 2.12 is expected 

to give a good·approximation of the barrier layer capacitance., 

5.3 Schottky barr-ier field effect. 

With the aid of the Schottky barrier field effect the width of the 

current channel can be controlled by varying the thickness of the 

depletion region under a gate contact. Fig. 5.3 shows the configur-

Fig. 5.3 Contact configuration of the field effect sample. 

g represents the gate. s the source and p the probe 

contact. 

ation used in our experiments. The source (s) and drain (d) are 

ohmic contacts, the gate contact is an Au barrier with a saturation 
-16 

current 10 = 2•10 A. The thickness of the depletion layer 

under the gate is inhomogeneous owing to the voltage drop over 

the current channel. 
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The width of the gate was 500 um, the width of the source and 

drain as well as the distance between two successive contacts was 

200 J.!m. The length of source and drain was 2 mm, whereas the gate 

extended over the whole length of the crystal. The probe contacts 

were manufactured in order to be able to measure the current-voltage 

characteristics of the three main contacts. 

The thickness of the sample has been determined optically 

from interference in the transmittance as well as mechanically 

using a micrometer MIKROKATOR Y 510-7. Both methods have led to a 
thickness of 3.3 j.lm. 

Our investigations have been carried out using a constant drain 

voltage Vds• whereas the gate voltage Vg was varied. The voltage 

of the source has been taken as zero. In order to detect possible 

leakage currents, the currents through the source, the drain and 

the gate contact were measured separately. 
- 109,---,.--,--.--T'"T'TTn---.---,-.-.-r-rrT1 
<( 

sample W4 

o Vds •5.4 V 
o Vds •2.7V 

0 
0 

0 

0 

0 

0 

0 

- Vo-Vg!Vl 

Fig. 5.4 Drain aurrent as a funation of the internal gate 

voltage VD - Vg. The solid lines represent the 

aalaulated field effeat. 
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In fig. 5.4 the drain current is shown as a function of the 

internal voltage Wg ~VD - Vg for two different drain voltages. 

v0 represents the diffusion voltage of the Au-barrier. It can 

be seen that at a voltage of approximately 15 V the current 

sharply decreases and pinch-off occurs. 

In order to find a more precise value for the pinch-off voltage 

W , the results will be compared with the theoretically expected 
p 

dependences. 

In the ideal case that series resistances are negligibly small, 

the drain current Id can according to S~e (1969) be expressed as 

Id = 2 [V - ~ W -! {(v + W ) 3/ 2 
"l!!ax ds 3 p ds g (5.2) 

where gmax represents the maximum conductance of the channel. In 

our case the distance between the gate and the source and drain 

contacts is of the same order as the width of the gate and series 

resistances cannot be neglected. Owing to the symmetry of the 

samples used, both series resistances may be taken together and 

the drain current can be expressed as 

R + R s eh . 
nnn 

Smax ·--
(5.3) 

g 

Here Rs represents the total series resistance, Rch the resistance 

of the channel and Rch . the resistance of the channel at ~ero de
ml.n 

pletion layer width of the gate. The ratio between Rs and Rch . is 
ml.n 

determined by the geometry of the sample. g/Smax represents the norm-

ali~ed conductance of the channel and can, using formula 5.2, be 

approximated by 

(5.4) 

In this expression the influence of R on the shape of the depletion 
s 

layer of the gate is neglected. 
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Using the expressions 5.3 and 5.4 the dependence of Id on Wg 

was computed for different values of the pinch-of£ voltage W • 
p 

The best fit to the experiments has been obtained for W = 17 V. . p 
The solid lines in fig. 5.4 represent the computed field effect. 

From the pinch-off voltage and the thickness of the sample, the 

number of uncompensated donors ND-NA ~an be calculated using 

the expression for the width w of the_depletion layer of a 

Schottky barrier 

(5.5) 

Taking w = 1.65 um, VD- Vg = 17 V and = 5.6 (Sequin and Nicolet, 
15 -3 1971) we find ND- NA = 4•10 cm , a value in good agreement with 

the value 2•10 15 cm-3 obtained from the barrier layer capacitance. 
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CHAPTER VI 

CURRENT-VOLTAGE CHARACTERISTICS 

6,1 Int~oduction. 

In this chapter the measurements of the current-voltage character

isti~s are described and discussed. In section 2 the forward 

characteristics are presented, in section 3 the reverse character

istics. It will be shown that the results can be well described 

with the diffusion theory for Schottky barriers. The measurements 

of the forward characteristics under near flat band conditions 

are separately discussed in section 4. In the last section in

vestigations on the influence of edge effects on the current

voltage characteristics are presented. These investigations were 

performed using a Schottky barrier guard ring technique. 

6.2 Forwa~d characteristics. 

The forward characteristic of a great number of barriers has 

been measured at room temperature in order to investigate the 

dependence of the saturation current density J
0 

on the barrier 

height ~B. In figure 6.1 some of the characteristics are shown. 

It can be seen that the current depends exponentially on the 

applied voltage in accordance with the generally used diode 

formula (2.17). The value of the ideality factor nisin general 

close to one. The saturation current I can be found by extra-
o 

polating the current to zero forward voltage. 

In table 6.1 the values of J
0 

and n at 22°C are presented to

gether with the photo-electrically determined barrier heights 

for a number of selected diodes. The samples have been selected 

on two criteria; a value of n close to one and a normal photo

response. As already has been discussed in chapter 3 greater 

values of n are due to an imperfect contact technology. 

For sample A 32 two values of J
0 

are reported in the table. The 
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Fig. 6.1 Forward aharaateristias for several metal-GaS junations 

at room temperature. 

lower value arised after the sample had been heated to 120°G. 

The other properties of the junction remained unchanged. 

As already discussed in chapter 5, our junctions can be 

considered as Schottky barriers with an. essentially constant 

space charge density of 2•J01 5 cm-3. Therefore it is to be 
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Sample Contact !jiB J n 0 
metal (eV) (A/cm2) 

A 46 ~a 0.94 1.0 10-9 1.15 
A 21 Sn 1.07 1.8 10-11 1.35 
A 20 Ag 1.13 4.5 J0-14 1.15 
A 32 Ag l. 15 1.3 10-13 1.13 

2.6 Io-14 1. 13 
A 59 Ag 1.20 4.0 10-15 1.07 
A 67 Ag 1.25 9.0 10-17 1.07 
A 70 Ag 1.19 6.5 1o-1s 1.07 
A 37 Cu 1. 26 6.0 10-16 1.08 
A 57 Cu 1. 35 5.0 lo-16 1.14 
A40m Au I. 47 5.6 10-1e 1.03 
A40w Au 1.47 2.0 10-17 I. 13 
A 55 Pd I .57 2.0 10-2o 1.03 

Table 6.1 BarrieP height> satUPation OUPPent density and 

ideality faatoP of aevePal samples. 

expected that the current transport is governed by the thermi

onic emission or the diffusion theory. In both cases the 

saturation current density J
0 

depends essentially linearly on 

exp (~B/kT). In figure 6.2 J
0 

is shown as a function of $B' 

the dotted line expresses the exponential dependence. It can 

be seen that the experimental points follow the theoretical 

dependence satisfactorily. 

In principle it should be possible to distinguish between the 

diffusion and thermionic emission theory on account of the value 

of J
0

• Using formula 2.13 and the expression for the Richardson 

constant J
0 

can, in the case of the thermionic emission theory, 

be expressed as 

(6. I) 
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Fig. 8.2 The dependenae of the satUPation aurrent density on 

the barrier height for a number of junations. The dotted 

Zine represents the theoretioaZ dependenae. 

where m* is the component of the effective mass tensor in the 

direction transverse to the current, Taking m* = 5 m
0 

(Kipperman 

and Sliepenbeek 1969) we find a saturation current density 

which is approximately a factor 20 greater than the experimental 

value. 

In the case of the diffusion theory J
0

, according to the ex

pressions 2.14 and 2.15, is given by 
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= N {2 q VD (ND-NA)} . (-$B) 
J o q l.l c · t.: t.: exp kT 

o r 
(6.2) 

Due to experimental difficulties the mobility along the c-axis 

l.l//' has not been determined directly. Its value may be computed 

from ~ 1• which has been determined to be 16 cm2/Vs (Kipperman and 

Vermij 1969), and the anisotropy in the conductivity crJ../cr//' 

which according to Kipperman et al. (1970) is approximately 1000. 

Taking Ne= 1021 cm- 3 (Kipperman and Sliepenbeek 1969), t.:r = 5.6 

(Sequin and Nicolet 1971) and v0 and (N0 - Na) as determined from 

the capacitance measurements presented in chapter 5, we find a 

saturation current density which is approximately a factor 50 

lower than the experimental value. 

It follows that for both the diffusion and the thermionic emission 

theory the computed values of J
0 

do not agree with the experi

mental ones. In the next section we will discuss this question. 

As discussed already in chapter 2 the ideality factor n is for 

a perfect junction determined by image force lowering of the 

barrier and, in the case of the diffusion theory, by the voltage 

dependence of the processes of drift and diffusion in the junction. 

In figure 6.3 the ideal values of n for our crystals are shown 

for the case of the thermionic emission and the diffusion 

theory, respectively curve a and curve b. They were calculated 

using expression 2.18 and respectively 2.13 and 2.19. On account 

of the approximation underlying expression 2.19 it is expected 

that in the case of the diffusion theory the computed values of 

n are somewhat too low for v0 -V< 0.2 V. In figure 6.3 also 

the experimental values of n are shown. It can be seen that for 

our best junctions n closely agrees with the expected values 

for the case of the diffusion theory. Of course this agreement 

may, owing to the great sensitivity of n on technological imperfect-

ions, not be used to decide for the diffusion theory. It can be 

concluded, however, that the quality of our junctions is quite 

satisfactory, particularly if one considers that our values of 

n are approximately the same as those reported for Schottky 

barriers on GaAs {Padovani 1971), a semiconductor for which the 

technology is far moYe advanced. 
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Fig. 6.3 IdeaLity factor n versus VD- V. 

Together with the experimentaL vaZueo the theoretical 

dependenees for the ease of the thermionia emission 

theory (aurve a) and the diffusion theory (aurve b) 

are shown. 

Investigations on the temperature dependence of the forward 

characteristics are of interest as their results can be directly 

compared with the photo-electrically determined value of the 

barrier height $B. As can be seen from the expressions 6.1 and 

6.2 the temperature dependence of I can be approximated by 
0 . 

(6. 3) 

for both the thermionic emission and the diffusion theory. 

The investigations of the temperature dependence were performed 

by measuring a number of forward characteristics at temperatures 

between 300 K and 400 K. Figure 6.4 shows such a set of character

istics. Figure 6.5 shows the dependence of log I on 103 /T over 
0 
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Fig. 6.4 A eet of foPWard characteristics at different 

temperatures. 

eleven decades of current for three different contact metals. 

Since for several of our samples 1
0 

can only be found by extra

polation over several decades of current, we also computed the 
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Fig. 6.5 Temperat~e dependence of I
0 

for three different 

aontaat metaZ.s. 

temperature dependence of the current at a forward bias V. From 

the expressions 2.17 and 6.3 and neglecting the temperature 

dependence of n. it follows that this dependence can be related 

to ~B according to 

- ~ + ~ 
B n (6.4) 

The results on the temperature dependence are summarized in 

table 6.2. In the first three columns respectively the contact 

metal, the sample number and the photo-electrically determined 
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Contact Sample ~B -lllni _<llni(V) + qV Forward 
0 metal 

ll(l/kT) ll(l/kT) n bias 

(eV) (eV) (eV) (V) 

Ag A 20 l. 13 1.13 - -
A 32 I. 15 1.13 I. 12 0.10 

A 67 1.25 I. 29 1.36 0.20 

Au A 40 1.47 1.50 1.48 0.25 m 

A 40 l.¥.i 1.47 1.50 0.25 w 
I Pd A 55 1.58 1.66 1.59 0.40 

TabZe 6.2 Comparison of the photo-eZectricaZZy determined vaZues 

of the barrier height with values determined from the 

temperature dependence of the forward currents. 

value of the barrier height are presented. The next two columns 

in fact give the electrically determined value of the barrier 

height. In the last column the forward bias voltage at which the 

temperature dependence of I{V) has been determined, is presented. 

This voltage was always chosen as low as possible in order to 

reduce the effect of the inaccuracy of n on the calculations. 

The values of the temperature dependence of A 20 and A 40w' two 

samples with a relatively high value of n. are only found at 

the higher temperatures, for lower temperatures a decrease in 

the temperature dependence accompanied with an increase of n 
have been observed. 

It can be seen from table 6.2 that the values of the barrier 

height as determined from the temperature dependence of the 

forward characteristics agree quite satisfactory with the photo

electrically determined ones. 

From the dependence of the saturation current density on the 

barrier height, the temperature dependence of the forward current 

and the low values of n it can be concluded that the current 

transport is governed by the flow of electrons over the barrier 

and that our junctions behave as nearly ideal Schottky barriers. 
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It is, however, on account of the data presented so far impossible 

to distinguish between the thermionic emission and the diffusion 

theory. 

In the reverse direction of the'current-voltage characteristic there 

is, contrary to the forward direction, a distinct difference between 

the dependence of current on bias voltage in the case of the therm

ionic emission respectively the diffusion theory. In the thermionic 

emission theory the only reason that the current not saturates is 

the voltage dependence of the barrier height, whereas in the diffus

ion theory also the voltage dependence of the drift and diffusion 

processes contributes to the lack of saturation. 

Using the expressions 2.3, 2.15 and 2.J9, the reverse character

istic can in the case of the diffusion theory be expressed as 

(6.5) 

provided that the reverse voltage is greater than 3 kT/q. In the 

case of the thermionic emission theory only the exponential depend

ence appears. On account of this exponential behaviour and the 

voltage dependence of 8~B as given in expression 2.3, a plot of 

log I versus (VD-V)! should give a straight line. 

If the diffusion theory applies this linear dependence is disturbed 

by the pre-exponential factor in formula 6.5. 

Because of the important influence of the voltage dependence of the 

barrier height on the characteristic the measurements in the reverse 

direction were performed on the same sample of which the barrier 

lowering had been investigated, As has been described in section 4.4 

the barrier lowering can be well described by the image-force 

mechanism assuming an image-force dielectric constant E. = 5,0. 
lm 

In figure 6.6 (curve a) the logarithm of the reverse current is shown 

versus (VD-v)!. The measurements were carried out at a slightly 
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Fig. 6.6 Reverse characteristic of an Ag-GaS barrier. 

Curve a shohls the experimenta~ re~tion, curves b and 

a the theoretica~ dependenaes of the diffusion 

and diode theory respectiveLy. 

elevated temperature of 320 K because of the very high impedance 

of the barrier at room temperature. The value of the saturation 

current as determined by extrapolation of the forward character

istic was I = 5.5•10-15 A at this temperature. Curves band c 
0 

of figure 6.6 show the reverse characteristics for respectively 

the diffusion and thermionic emission theory as they have been 

calculated using the values of ND - NA, VD, I
0 

and Eim as 

determined on the same sample. It can be seen that the measured 

currents fit much better to the diffusion characteristic than 

to the thermionic emission relation. In fact a close agreement 

between the diffusion characteristic and the measured character

istic can be obtained, for voltages up to 40 V, assuming an 

image-force dielectric constant Eim = 4.7. The difference between 

this value and the photo-electrically determined one corresponds 

to a change of only 6 per cent, which is well within the accuracy 

of the photoresponse measurements. 
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The increase in current fo~voltages above 40 V is probably due 

to a breakdown mechanism and has not been further investigated. 

Investigations on the temperature dependence of the reverse 

characteristic have, owing to the extremely time consuming 

character of this type of measurements, been only performed on 

two junctions, a Au barrier A 40m and a Ag barrier A 67. As the 

results obtained with the two samples are completely analogous 

only the Au junction will be described. In figure 6.7 the reverse 

~ 
sampleAI.Ow 

.. -
f 

~~s~· ------~~----~~----~~----~~-" 2.0 2.5 

----- !v0 - v>\ <V'"> 

Fig. 6.? Set of reverse characteristics at diffe~nt temperatures. 

The black symbols denote the value of I
0

, the drawn 
curves represent the theoretical dependenaes of the 

diffusion theory. 

1 
current is shown versus (VD- V) 4 for several temperatures. The 

drawn curves represent the computed curves for the diffusion 

theory. They were calculated using the values VD = 0.9 V, 
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N N = 2•1015 cm-3 
D A ' 

I
0 

which in figure 6.7 

~. = 4.7 and the measured values of 
liD 

are indicated by the black symbols. 

It can be seen that the reverse characteristics show the same 

temperature dependence as the forward characteristics and that, 

over the whole temperature range measured, the voltage dependence 

of the reverse current can be described well with the diffusion 

theory. 

It should be mentioned that only samples with a value of n 
close to one showed the voltage and temperature dependence 

described. A greater n leads to a softer reverse characteristic 

and a weaker temperature dependence. 

On account of the results presented it can be concluded that 

the current transport in our be.st junctions is governed by the 

processes of drift and diffusion in the barrier. Since as far 

as we know, the diffusion theory has until now not been verified 

experimentally, the arguments which lead to this conclusion will 

be shortly reviewed. 

The most important argument is, of course, the close agreement 

between the calculated and measured reverse characteristics. 

The possibility that this agreement is accidental and is due 

to leakage currents can be ruled out on account of a number of 

reasons. 

All the constants needed for the calculation of the voltage depend

ence of the reverse current were independently determined. The com

puted and measured characteristics agree over a range of tempera

tures. Leakage currents in the measuring system are negligible since, 

as described in section 3.2, an insulation resistance greater 

than IQ16Q had been reached. The occurrence of leakage currents 

in the junctions itself is improbable on account of the low 

values of n and the good temperature dependence of the character

istics. Moreover it will be shown in section 6.5 that edge 

leakage, which often influences the current-voltage character-

istics of barriers on Si and GaAs, is of no importance for our 

junctions. 
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As already observed in the preceding section, the calculated 

values of J do not ag~ee with the experimental values. He~e we 
0 

will discuss this cocplication and try to find a possible explan-

ation. 

On account of the good value of the ideality facto~, the co~~ect 

temperature dependence of the current-voltage characteristics as 

well as the correct voltage depe.ndenc.e of the reverse character

istics, it is unrealistic to consider an alternative transport 

mechanism. 

A systematic error of about lOO meV in our determination of ~B' 

which would eKplain the difference, is also improbable because 

of the good agreement between the photo-electrically determined 

values of 9B and those derived from the temperature dependence 

of the forward characteristics. 

The assumption of a mobility ~If of the order of J cm2/Vs also 

would remove the difference. As already has been discussed in 

section 6.2 this assumption leads to an anisotropy ratio in the 

conductivity of approximately 20, whereas the value reported in 

the literature is approximately JOOO, as can be seen from table l. 1. 

On account of the few measurements of the anisotropy in the 

conductivity reported for GaS and because of the large differences 

between the measured values of the anisotropy ratio in the related 

compound GaSe~ a lower value than 1000 seems well possible. Also 

the calculations of the band structure performed by Schltlter (1973) 

do not point towards such a high anisotropy ratio. 

6. 4 For.M:rd character·z:s tics near flat band. 

In figure 6.8 the current-voltage characteriscics in the forward 

direction are shown for a number of samples up to rather high 

bias voltages. The most remarkable feature in this figure is 

the steep increase o£ the characteristics beyond a certain 

voltage~ further denoted by VK' where the differential resist

ance of the junctions becomes very small. 
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Fig. 6.8 Forward aharaateristias at room temperature up to 

vottagea near flat band condition. 

Note the kink in the c.haraoteristios. 

This behaviour was found for all samples with th~ current 

contacts on opposite surfaces of the crystal, i.e. with the 

current along the c-axis. In the sample geometry with the 

current perpendicular to the c-axis the described behaviour 

was masked by the series resistance between the junction and 

the voltage probe. This could be verified using a sample with 

a contact geometry analogous to that described in section 5.3, 

with distances of only 0.2 mm between the different contacts. 

From measurements on this sample it could also be observed that 

the resistance of the bulk under the Schottky barrier is constant 

over the whole current range. Therefore it can be concluded that 

the steep increase at VK is due to a process in the junction. 

This conclusion is confirmed by tbe linear relation between ~B 

and VK, shown in figure 6.9. 
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Fig. 6.9 The kink voltage VK versus the barrief height ~8• 

The described sharp increase of the forward characteristic has, 

as far as we know, not been observed before. Although several 

mechanisms, such as tunneling, avalanche and generation and re

combination of charge carriers, are known to give rise to an 

enhancement of the current, none of them can offer an explanation 

for the phenomenon described here. All these mechanisms predomin

antly influence the reverse characteristic, not the f.orward current. 

The onset to a possible explanation may be found if one notes that 

the slope of the line in figure 6.9 is approximately I. This 

means that for all barriers the band bending at VK is approximately 

the same. Its value can be easily calculated to be approximately 

0.25 eV. It is interesting to note that at this band bending the 

depletion layer width is only 3 times the mean distance d between 

the charged impurities, as can be calculated using d ·= (N - N )- 1~ 
D A 

and expression 5.5 assuming = 5.6 and (ND - NA) = 2•1015 cm-3. 

Also the Debye-Huckel-length is of the same order of magnitude 

as the distance between the charged impurities. 
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Therefore the charge in the depletion layer may not longer be 

considered as a homogeneous space charge. It is well possible 

that, due to the statistical distribution of the charged impurities, 

the junction becomes transparant for electrons at the voltage VK, 

so explaining the steep rise in the characteristics. 

6.5 Sahottky barrier guard ring experiment. 

As already mentioned in section 6.2 the current-voltage character

istics of Schottky barriers on Si and GaAs are often influenced 

by edge leakage currents. They manifest themselves most clearly 

at high barrier heights and give rise to soft reverse character

istics and a somewhat enhanced value of n in the forward direction. 

Although there are no indications that edge leakage is of import

ance in our junctions, we feel that an investigation of these 

leakage currents is of interest because the diffusion theory also 

gives rise to somewhat softer reverse characteristics than the 

thermionic emission theory. 

In order to suppress the contribution of eventual surface leakage 

currents in junctions on Si and GaAs, one usually employs guard 

ring structures (Padovani 1971). These structures consist of 

either a diffused guard ring er an extension of the metal film 

over the passivating semiconductor oxide adjacent to the metal. 

At the present state of technology these types of structures 

cannot be applied to GaS. However, owing to the strong dependence 

of barrier height on work function of the contact metal, a much 

simpler structure, further called Schottky barrier guard ring, 

can be employed. 

Figure 6.10 schematically shows the Schottky barrier guard 

structure used in our experiments. On top of the Ag junction 

a Au layer has been evaporated which extends 0.2 mm over the 

edge of the junction. Since the work function of Au is greater 

than that of Ag the depletion layer of the structure is widened 

at the edges of the actual contact region and eventual leakage 
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Pig. 6.10 Sch~~atic representation of the Schottky barrier 

guard ring structure with its depletion layer. 

currents are suppressed. On account of the large difference 

bet~een the saturation current densities of Ag and Au barriers, 

the contribution of the guard ring current to the current 

through the device can be neglected. During the evaporation of 

the gold the crystal was, contrary to the norm8l procedure 

described in section 3.2, not heated in order not to disturb 

the Ag barrier already present. 

The barrier height of the guarded Ag barrier was photo-electrically 

determined to be !.18 eV. The forward characteristic at room 

temperature could be described with a saturation current density 

J .. 4·10-1 5 A/cm'Z and an ideality factor n = J.07. From the 
0 

temperature dependence of the forward characteristic a barrier 

height 41
8 

= l. 19 eV was deduced. Figure 6.11 shows the reverse 

characteristic of the guard ring structure at three different 

temperatures. The drawn lines in this figure are the theoretical 

dependences for the case of the diffusion theory. They were 

calculated in the same way as described in section 6. 3. 

The measurements described in this section clearly show that the 

behaviour of the guarded Schottky barrier is exactly the same as 

that of unguarded barriers and that edge leakage currents have 

not been of any importance in our investigations. Since the ab

sence of edge leakage currents is quite remarkable compared 

with the results obtained on Si and GaAs, a further discussion 

of this result is appropriate. 
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Fig. 6.11 Reverse characteristics of the guard ring structure. 

The drawn curves represent the theoretical behaviour. 

According to Yu and Snow (1969) these currents are mainly due 

to a narrowing of the depletion layer at the edge of the contact. 

This narrowing arises from electron accumulation of the semi

conductor surface owing to chemisorption. In our investigations 

the contact metals were evaporated onto the basal plane of the 

crystals. As we have already mentioned in chapter one, the basal 

plane of GaS crystals is, owing to the saturated character of the 

bonding extremely inert to chemisorption. It may therefore be 

concluded that the absence of edge leakage currents is related 

to the layered structure of our crystals. 
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CHAPTER VII 

CONCLUDING REMARKS 

The major part of the investigations presented in this thesis, 

concerns the current transport in Schottky barriers on GaS and 

the determination of essential quantities of the barrier, such as 

the barrier height and space charge density in the depletion layer. 

In order to enhance the reliability of the results, these quantities 

have been determined in at least two independent ways, 

Although the diffusion theory has already been formulated by 

Schottky and Spenke (1939) and although it is generally accepted 

that it should dominate the current transport across metal junctions 

on low mobility semiconductors, until now this theory has not been 

verified experimentally, Therefore the most important conclusion, 

reached in our investigations, is that the current transport in 

the investigated Schottky barriers can be fairly well described 

with the diffusion theory. This can be justified because of a 

number of reasons, as will be explained below. 

There is a good agreement between the measured and computed reverse 

characteristics over a range of temperatures. With regard to this 

agreement it is worth mentioning that all the constants needed for 

the computation of the voltage dependence of these characteristics 

have been determined independently. 

The possibility that the observed agreement is accidental and is 

caused for instance by leakage currents can be excluded on account 

of the appropriate value of the ideality factor and the good 

agreement between the experimental and theoretical temperature 

dependence of the characteristics. Moreover it could, as far as 

edge leakage is concerned, be experimentally verified from the 

Schottky barrier guard ring experiment that leakage currents can 

be neglected. 
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The value of the ideality factor close to one, the correct temper

ature dependence of the forward characteristics as well as the 

correct voltage dependence of the reverse characteristics of our 

best junctions point out that they can be considered as perfect 

junctions. It should be mentioned however that there exists a 

discrepancy between the measured and calculated values of the 

saturation current density. To remove this discrepancy it seems 

well possible that the mobility along the c-axis is larger than 

the value used in the calculations. Therefore extensive investigat

ions of the transport properties in this direction would be of 

interest. 

As already discussed in section 6.4 the absence of edge leakage is 

probably due to the saturated character of the binding at the 

surface of GaS crystals. The absence of interfacial layers, which 

form another common cause of departures of the current voltage 

characteristics from the theoretical dependences, can in our opinion 

be explained for the same reason. Due to the low sticking coefficient 

for impurities of the basal plane of GaS, chemisorption can be 

avoided and an intimate contact between metal and semiconductor 

can be relatively easily achieved. It can therefore be concluded 

that the layered structure of our crystals is at least partially 

responsible for the good quality of the junctions. 
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SUMMARY 

This thesis deals with the results of an investigation on the 

electrical properties of metal-semiconductor junctions on GaS. 

Moreover we describe the preparation of the samples and the 

experimental techniques used. To a large extent the choice of 

the experimental methods has been determined by the high resistance 

within the crystals as well as the junctions. 

The barrier height of the junctions and its voltage dependence 

were determined from photoresponse measurements. From the results 

we conclude that in general the barrier height is mainly in

fluenced by the work function of contact metal and that the in

fluence of the surface states is rather small. For some metals 

the barrier height is to a large extent determined by a chemical 

interaction between contact metal and GaS. 

The voltage dependence of the barrier can be explained by 

image force lowering. assuming an image force dielectric constant 

E. = 5,0, 
~m 

The measurements of the barrier capacitance were. on account of 

the high resistance of the crystals, performed at extremely low 

frequencies. These measurements yield a constant density of ionized 
• • . N N 2 10 15 - 3 • h d 1 . . M ~mpur~t~es D- A = • cm ~n t e ep et~on reg~on. easure-

ments of conductivity modulation due to the Schottky barrier field 

effect confirm this result, 

The current transport of charge carriers over the barrier has been 

investigated by measuring current-voltage characteristics at 

different temperatures. 

The voltage dependence as well as the temperature dependence of 

the forward current conform to that of nearly ideal Schottky 

barriers. Measurements on a Schottky barrier guard ring structure 

confirm this conclusion. 

The dependence of reverse current on voltage can, for reverse 

voltages up to 40 V, be interpreted according to the diffusion 

theory, provided that a correction is made for the image force 

79 



lowering of the barrier. Because of these data it can be con

cluded that the transport of charge carriers in the barrier is 

determined by a process of drift and diffusion. 

Although all the functional dependences mentioned above can be 

understood from the diffusion theory, there exists a discrepancy 

between the measured and calculated values of the current density. 

It should be mentioned however, that in the computation of the 

current density a value of the mobility in tne direction along 

the c-axis had to be used, which is only poorly known. Since to 

our knowledge the diffusion theory has not been verified before, 

extensive investigation of the transport properties in this direct

ion would be of interest. At high values of the forward current 

density the differential resistance of the barrier strongly de

creases and the current becomes nearly independent of bias voltage. 

In this region of the characteristics, which has not been observed 

before, the depletion layer width is of the same order as the mean 

distance between the charged donor atoms and as the Debye-Huckel

length, Therefore it seems likely that the barrier becomes trans

parent for electrons. 
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SAMENVATTING 

In dit proefschrift worden de belangrijkste resultaten van een 

onderzoek naar de eigenschappen van metaal-halfgeleider over

gangen op GaS weergegeven, 

Tevens worden de maakwijze van de preparaten en de toege

paste experimentele technieken beschreven. De keuze van de experi

mentele methoden werd voornamelijk bepaald door de hoge weerstand 

van zowel de kristallen als de overgangen, 

De barriere-hoogte van de overgangen en ook de spanningsafhankelijk

heid van de barriere-hoogte werden foto-elektrisch bepaald. Het 

blijkt dat in het algemeen de barriere-hoogte in belangrijke mate 

beinvloed wordt door de uittree-arbeid van het kontaktmetaal en 

dat de invloed van oppervlakte toestanden betrekkelijk gering is. 

Voor sommige metalen wordt de barriere-hoogte voornamelijk bepaald 

door een chemische interaktie tussen kontaktmetaal en GaS. 

De spanningsafhankelijkheid van de barriere kan geheel verklaard 

worden met beeldkrachten-verlaging. 

Uit metingen van de barriere-capaciteit, die vanwege de hoge weer

stand van de preparaten bij zeer lage frequenties uitgevoerd werden 

volgt een constante ruimteladingsdichtheid ND-NA = 2•10 15 cm-3 in 

de barriere, Dit resultaat wordt bevestigd door metingen van het 

Schottky-barrier-veldeffect. 

Het transport van ladingsdragers over de.barriere is onderzocht 

door meting van stroom-spannings-karakteristieken in de doorlaat

en in de sperrichting in een temperatuurgebied van 0 tot 100°C. 

Uit de spanningsafhankelijkheid zowel als de temperatuurafhankelijk

heid van de voorwaartsstroom volgt dat de overgangen zich gedragen 

als vrijwel ideale "Schottky barrieres". Metingen aan een diode die 

van een "guard ring" voorzien was, bevestigen deze conclusie. 

Het verband tussen stroom en spanning in de sperrichting kan, 

voor spanningen to 40 V, geheel verklaard worden met behulp van 

de diffusie theorie, mits een correctie voor de experimenteel 

bepaalde beeldkrachten-verlaging van de barriere wordt aangebracht, 
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Op grond van deze metingen kan men concluderen dat het transport 

van ladingsdragers in de barriere beheerst wordt door het verschijn

sel van drift en diffusie, Hoewel alle functionele afhankelijkheden, 

zoals boven vermeld, in overeenstemming zijn met de diffusie 

theorie, bestaat er een discrepantie tussen de gemeten en de 

berekende waarden van de stroomdichtheid. In dit verband dient 

echter opgemerkt te worden dat bij de berekening van de stroom

dichtheid een waarde van de beweeglijkheid in de richting even

wijdig aan de c-as gebruikt moest worden, die discutabel is. 

Aangezien de diffusie theorie, voor zover ons bekend, nog niet 

eerder experimenteel geverifieerd werd, zouden uitgebreide onder

zoekingen naar de transporteigenschappen van GaS in deze richting 

van belang zijn. 

Voor hoge waarden van de stroomdichtheid in de voorwaarts

richting neemt de differentiele weerstand van de barriere sterk 

af en wordt de stroom vrijwel onafhankelijk van de spanning over 

de barriere. In dit gebied van de karakteristieken, dat nog niet 

eerder waargenomen werd, is de breedte van het uitputtingsgebied 

van dezelfde orde van grootte als de gemiddelde afstand tussen de 

geladen donoren en als de Debye-Huckel-lengte. Het lijkt daarom 

waarschijnlijk dat de barriere transparant wordt voor electronen. 
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stroom van Schottky barrieres is aan ernstige bedenkingen onder

hevig. 

R,C. Neville en C.A. Head, J. Appl. Phys. ~. 4657 (1972). 

II 

Wanneer de basis-collectorovergang van een npn-transistor in de 

doorlaatrichting komt, is het onjuist de injectie in de 

epitaxiale laag als gaten-diffusiestroom te beschouwen. 

A.B. Bhattacharyya, A. Srivastava en R. Kumar, 

Solid-St. Electron. ~. 277 (1975). 

Ill 

De op vele scholengemeenschappen ondervonden problemen in de 

lagere leerjaren van het HAVO, hangen in belangrijke mate samen 

met het feit dat de gebruikelijke determinatie op grond van 

rapportcijfers gedeeltelijk ook een selectie naar studiegedrag 

impliceert, 

IV 

Analytische diepte-analyse van preparaten met behulp van gas

ontlading spectroscopie kan waardevolle informatie over opper

vlakteverontreinigingen geven mits de aanloopcurve op meerdere 

elementen geanalyseerd wordt en niet als storing wordt beschouwd. 

J.E. Greene, F. Sequada-Osorio en B.R. Natarajan 

J, Vac. Sci. Techn. ~. 366 (1975). 



V 

De door Gaur opgegeven waarden van de effectieve massa van 

ladingsdragers in een aantal halfgeleiders suggereren ten on

rechte een grote nauwkeurigheid. 

N.K.S. Gaur, Physica ~. 112 (1970) 

VI 

Het verdient aanbeveling bepaalde gedeelten van de slikken van 

de Westerschelde geheel vrij te houden van recreanten ten 

behoeve van fouragerende vogels. 

VII 

Bij het onderzoek naar de electrische eigenschappen van traps 

door middel van thermisch gestimuleerde stromen, biedt de 

mogelijkheid om in een Schottky barriere de afstand tussen trap

en Fermi-niveau te be!nvloeden interessante perspectieven, 

B.L. Smith, Appl. Phys. Lett, ~. 350 (1972) 

VIII 

Het is merkwaardig dat auteurs van leerboeken van een experimentele 

wetenschap als de natuurkunde van mening verschillen over de 

mogelijkheid een bal die op het water drijft door het gooien van 

steentjes naar de kant te brengen. 

J, Schweers en P, van Vianen, Natuurkunde op corpusculaire 

grondslag 3V (Malmberg, 's Hertogenbosch, J973). 

R.L. Krans, Kern van de natuurkunde 2H 

(Wolters-Noordhof, Groningen 1973). 

Eindhoven, 2 juli 1976. 




