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Abstract 

In this general paper, a sliorl description of the generation of inhomogeneities at 
S i c  Schottky interfaces due to technology and crystal growth is given. The 
problem of the local and the effective barrier heights is described. Finally, 
simulation results of the current crowding plienomenon and specific conlact 
resistivity are presented. 

1 Introduction 

Metallic films are required to provide interconnection between semiconductor 
devices and the outside world, which, in the majority of cases, forms with the 
semiconductor substrate a certain type of junction. Depending mostly on barrier 
height between the metal and semiconductor, two extreme types of contacts from 
the point of view of current flow will be created: nearly linear (Ohmic contact), 
and strongly non-linear (Schottky contact). For the Schottky contacts the most 
important characteristics are the low leakage currents, good adherence with low 
stress, surface smoothness (for large area contacts), no reaction with other metals 
and low electromigration. 

In electronics, A1 is the most used metallic film of choice for the formation of 
Schottky interfaces, but unfortunately A1 suffers from a low melting point 
limitation. Taking into account, for example, the high working temperature of 
S i c  devices, A1 should not to be a prospective material for the manufacture of 
Schottky interfaces in such devices. A1 also exhibits undesirable electro- 
migration behaviour. Therefore, other metals, such as W, MO, Ti or their alloys 
could be used. However, it is interesting to state that the alloys of these metals 
with AI or even with Au may be used (see e.g. [l]). Cu metallization has recently 

                                                             Transactions on Engineering Sciences vol 31, © 2001 WIT Press, www.witpress.com, ISSN 1743-3533 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



been seen as a promising mctallizatiou ~iiaterial (see e.g. 121) aud often 
i~~ternietallics (mostly Cu-A1 alloys) are also used for ~netallizatiori purposes. 
Unfortunately, in such systems the development of quasi-crystalline layers is 
often observed, as is shown, for example, in [3j. Here the danger exists that those 
interrnetallics generally, but especially Cu-A1 alloys, Iransfcr tl~e~nselves to the 
quasi-crystal state and thereby strongly i~ffluence the quality and reliability of the 
interface. 

The quality (defect free) of the contact area is a very important phenomenon 
Today the bonding teclulology seerns to give the liigliest defect-free interfxes 
for Schottky contacts. The bonding method is pliysically different from the 
traditional metallization technologies. Tlie bonding teclu~ique is based on the 
idea that tlie atoms of 11ietals and semiconductors (or some other niaterials, e.g. 
ceranucs) can penetrate into each other (not very deeply) and fonn niuch better 
quality contacts with less inhomogeneities at the surface. Tlie procedure takes 
place at the room- to medium-temperature level (not exceeding 600°C) and 
under pressure (not exceeding SO MPa). Tlie most well known bonding 
teclmologies are diffi~sion welding (bonding) and laser-induced welding 
(bonding). Tlie first is used mostly in power electronics and the latter iri 
~~iicrosyste~iis (see also e.g. [4-61). 

In llus paper we first give an overview of Schottky interface inhomogeneities 
created by technology arid crystal growth and we discuss tlic modelling and 
siniulation possibilities for such interfaces. The new data for current crowding 
dynamic behaviour and specific contact resistance for S i c  Scliottky structures 
will be presented. 

2 Technology-caused inhomogeneities at the Schottky interfaces 

Tliere are basically two different major teclmologies for ~nanufacturing Scliottky 
interfaces to S i c  surfaces - deposition and bonding (diffusion) methods. 

Using deposition, the teclmology-created irlllo~uogencitics are cracks in the 
deposits as the result of poor adhesion, tlie presence of particulates or 
unevenness, andlor the relief of the stress in the film. grniiz size varia~iori.~ in the 
deposits, slep coverrrgge, which results because of the directioriality of tlie 
deposition from the evaporating or sputtering sources of low mobility of the 
deposited atoms, molecules, or ions, and the enhanced topography (deeper steps), 
rrreczlrgical arid cliernicul irzferaclion caused ililiorriogerici~ies, and 
electroniigrcrliori causes considerable material transport in metals because of the 
e~lhanced and directional mobility of atoms. 

Tlie depositiou methods allow manufacturing of SiC substrates with either 
Olutiic or Schottky contacts from very different metals (AI, Au, W, Ti, Pt, and 
Re) or tlieir alloys. After all, with the help of deposition methods, the ohmic 
contacts to Si-face of S i c  are more traditional than to C',fuce of S ic .  This can be 
explained in a relatively simple way - the adhesion between Si-Jirce and metal 
(normally Al, Ti, Ni, and Pt) is more similar to this one, wliat takes place by 
forming of Me-Si contacts. Another reasoli is lliat subsequent annealing 
decreases significantly tlie number of dissociations in tlic case of the Me-Si-face 
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of S i c  than in case of the Me-C-face of S ic .  Tile possible influence of 
inl~omogeneities on the electrical characteristics for deposited S i c  Scliottky 
structures is described in 171. 

Bonding is the youngest technology compared to the previously discussed one 
for manufacturing of high quality Schottky and Oll~nic contacts: especially on 
large areas. This technology creates n1uc11 less inhomogeneities at the interface. 
because cracks in the traditional meaning of tlie understanding for bonded 
interfaces are not probable, due to the extra high adhesion rate in bonded 
junctions. Groin size variations are also less interesting pheno~nena for bonded 
interfaces due to the plastic deformation of tnetal film, but electroririgro/ior~ can 
also cause considerable material transport in metals in this case. because it is 
based, as in the previous case, on a current-induced atomic diffhsion caused by a 
momentum transfer from the electron wind to the alonls in a conductor, which is 
dimension dependent. Taking into account the possible extra high teniperatures 
at contacts during the work of S i c  devices, thermally induced extm currents 
(current crowding at thc interface) could introduce the selective electromigration 
of the contact material. for example in Schottky contacts under high fonvard 
current densities. This last phenomenon has been very poorly investigated, but 
considering the very good tliennal conductivity of S i c  the selective migration 
will be strongly decreased. This, in turn, could lead to the situation that the 
selective electrornigration processes in contacts with inhornogeneities at high 
current densities might have no significant ~ncaning. However, fktlier 
investigations are needed in this specific area. In Ref. [8] it is slated that an 
additional amorphous interfacial phase will be formed between A1 and S i c  
whether the sample is bonded in vacuum or in air. Today it is not clear. if such 
an introduced phase should be considered as an inhomogeneity or not. 

The bonding method also allows the manufacture of S i c  substrate Schottky 
and Olmuc contacts from very different metals (Al. Au, Pd. Pt. and MO) or their 
alloys. After all, with the help of the bonding method. AI Scl~ottky contacts to 
S i c  might have problems in their later operating lire due to relatively low 
melting point of Al. Due to the extrelnely good atomic level binding, in the case 
of the Gfoce this results in the developtnent of a relalively high potential barrier 
at the interface. In general, it is assumed that the strong carbide-formers (also 
known as reactive metals) such as Ti. Ta. MO can form Olunic contacts whereas 
the non-carbide formers (known also as non-reactive ~nelals) such as AI and Au 
generally give rectifying behaviour. However. the situation is more complex. 
because for both the surface treatment and orientation can directly afrect tlie 
behaviour of the interface. 

A very special case for every metallization method is the crystal growth 
defects. It should be mentioned that the epitaxial layer tl~ickness grown on the 
C - - c e  of 4H-Sic had a rather irregular topology on the periphery of wafer 
surface compared with the layer in the centre region of Ihe wafer. In addition, 
over the whole surface big rough asperities (50 pm height) of disoriented 4H-Sic 
crystals and comparatively deep craters have been observed. As an illuslration. 
Fig. 1 shotvs the comparison of surface profiles in the periphery and in the 
central region of epitaxial layer areas measured by us. 

                                                             Transactions on Engineering Sciences vol 31, © 2001 WIT Press, www.witpress.com, ISSN 1743-3533 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



6 Software for Electrical Engineering Analysis and Design V 

Figure 1: Roughness of the epitaxial layer surface: (a) periphery and (b) centre 
region. 

Figure 2: Distribution of micropipes (dots on the picture) at 4H-Sic episurface. 
O area nearly free of micropipes; Q area, where micropipes clusters 
are located; and O area where the non-regular distribution of 
micropipes is present. 

Another problem, connected to the previous one, is the high density of 
micropipes at the surface of the S ic  epilayer. Fig. 2 shows a typical picture of 
our investigations of the distribution of micropipes on the surface of a 4H-Sic 
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epilayer. Such irregularities of the epitaxial layer inay h i t  the hbrication of 
large-area metal-semiconductor contacts: consequently, only those parts of the 
wafers cut from the central regions can be used in the tnanufacture of properly 
functioning devices and for determination of their electrical characteristics. 

3 Modelling and simulation of contact properties 

Being familiar with the nature of creation of inhomogeneities at the S i c  surface, 
we have to mention the modelling of such interfaces. We believe that the defects 
at the S i c  metal interface result in lowering of the barrier height in localized 
regions, and thus significantly affect the U-I characteristics of the Schottky 
contacts. These inhomogeneities lead to the local characteristics at the interface. 
It means that the interaction of several metals or other materials at the 
semiconductor interhce will lead to the formation of different local barriers at 
the different subregions with different interface properties, and the current flows 
through different subregions which have different resistance. This, in turn, leads 
again to potential barrier variations at the interface along the contact area. 
Therefore, the height of the metal-semiconductor (MS) conlact barrier will be a 
combination of several local barrier heights (see Fig. 3). 

Figure 3: Schematic picture of S i c  Schottky interface at different barrier 
heights. 

The general model of Schottky interface with inhomogeneities will be formed by 
N different barrier heights on the same sernicondrictor substrate. The model of 
such a structure looks like so that each diode formed by the same inhornogeneity 
has almost identical characteristics, which is described with a local potential 
barrier. Therefore, the electrical properties of the contact could be characterized 
by the macroscopic parameters. Many models have been developed to describe 
the inhomogeneities at the MS Schottky junctions (see e.g. [9-121). 

We describe the set of primary diodes, and it will be assumed that they will 
not influence each other at the interface. Therefore the electricai properties of 
contact will be characterized by the macroscopic parameters such as the effective 
barrier height, the ideality factor, the U-I and C-l/ characteristics. This 
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assumption could cause some difficulties by modelling of micropipe-induced 
inhomogeneities. 

Let the total area of the contact be S. With Si will be described the part of 

interfacial area occupied by all primary diodes of tlie i-th inhomogeneity. (Nii is 

the subarea of the j-th primary diode formed by i-th inhornogeneity; Sii is t h e  

subarea of the j-th primary diode formed by the i-th inhomogeneity). 
Then 

where N is the number of metals (inhomogeneities) at preparing the contact. A.ii 
is the number of elementary diodes of i-th inhomogeneity. 

In practice we have 
N 

s = C s ,  , 
i-l 

and we could define the ratio Ri 

Generally, almost every electrical parameter of the MS contact depends on this 
ratio. 

The total current across the inlcrrilcial area will be dcscribed by: 
l = I E , j + I T ,  (4) 

where IED is the total current over the barrier expressed with emission-diffnsion 
theory and lT is the total tunnelling current through the barrier. 

Using current density terms, eqn (4) will take a form as follows: 
N 

I = J . s = c ( J ; D + J : ) s ,  . ( 5 )  
1 - 1  

This equation means that lhe total current through the total interfacial area of 
the contact is equal to the sum of currents through thc areas Si and the electrical 
parameters of the contact can be dcscribed by the individual parameters of the 
elementary contacts 

Often << .FD (because of deterniining tlie barrier height by U - 0 V). and 
therefore it is assumed that there does not exist any tunnelling through the barrier 
at all, and tlicrefore thc expression (5) could be written as follows: 

N 

I  = . J . S = C . / ,  .S ,  , ( 6 )  
i = l  

where .Ji is the thennionic emission-diffusion currcnt density of the i-111 
inhomogeneity (diode). Further, we assume that there is no lateral fluctuatiot~ of 
the potential at the contact arid therefore we may write IT, U. 

The barrier height 4,, will be 
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J SI 

and the ideality factor qi is given as 

The current transport in metal-serniconductor contacts is mainly due to 
majority carriers. Four basic transport processes under forward bias (the inverse 
processes occur under reverse bias) are shown on Fig. 4 (see e.g. [13]). In 
addition, the edge leakage current due to a high electric field at the contact 
periphery, or interface current due to traps at the metal-semiconductor interface 
may occur, but are directly not included in this particular model. 

Figure 4: Four basic transport processes under forward bias. 
1. Transport of electrons from the semiconductor over potential 

barrier into the nietal (dominant ~neclianism in moderately doped 
semiconductors operated at moderate temperatures); 

2. Quantum-mechanical tunnelling of electrons through the barrier 
(important for heavily doped semiconductors and for most Ohmic 
contacts); 

3 .  Recombination in the space-charge region; 
4. Hole injection from metal to the semiconductor (equivalent to 

recombination in the neutral region). 

3.1 Thermionic emission-diffusion transport 

Pure thermionic emission is based on Bethe's theory [14], where two super- 
imposed current fluxes (one from metal to senuconductor, the other from 
semiconductor to metal) are treated separately. The pure diffusion theory is 
based on Schottky's assumption [ l  51, where the processes in the depletion region 
near the interface define the current. A synthesis of thennionic and diffusion 
approaches to current flow is described in tenns of tile effective recombination 
velocity at the potential energy maximum: 
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ELI 
J i  = qclm -no)vR , (9) 

where 17, is the electron concentration at energy maximum and no is a quasi- 
equilibrium electron density at the same point. The last term defines tlie density 
that would occur if it were possible to reach equilibrium without altering the 
magnitude or position of the potential energy maxiniutn. Assuming that &W) = - 
V, where IV is the width of depletion layer, the 17, and no could be defined taking 
into account the effective density of states in the conduction band Nc, and the 
irnref function &X,) at X,. 

After some ~natliematical operations the effective diffusion velocity can be 
defined as: 

'D = [X., ( ' l / p k ~ )  e x ~ ( - ( q / q ( h ,  + Y )] dx]. (10) 

which describes the transport of electrons from the edge of the depletion layer at 
W to the potential energy maximum. If the electron distribution is Maxwellian 
for X 2 X,, and if no electrons return from metal other than those associated with 
the current density p&'R, the semiconductor acts as a thermionic emitter. Then vn 
is the thermal velocity given by 

V, = A'T , (1 1) 
where A * is the effective Richardson coefficient, and A * = A(tn * h o ) ,  where A = 

120 .4/'K2/cm2. For 6H-Sic ( n r * / n ~ ~ ) ~  = 0.25 and (nt* /b, ) , ,  = 1.7 [16], thus for 6H- 
S i c  A*I = 30 AK2/cm2 and A*II = 204 A/K2/cm2. But, then in [l71 for 6H-Sic 
the value of 194.4 A/JS2/cm2 for the effective Richardson coefficient A*,, is 
reported. For the 4H-Sic in [l81 the effective Richardson constant A* is 
calculated as 146 A/K~/C~II* by using the effective mass ol' (nr*hno) = 0.2 from 
1191. 

The effective Richardson coefficient depends additionally on the diffusion 
velocity of charge carriers. Therefore, often an improved effective Richardson 
coefficient A** is used to describe the processes at tlie interface. The improved 
effective Ricliardson coefficient is calculated as A ** =A */(l + vR/vD). 

The values for vR at room temperature are shown in 1201 for 6H-Sic. 
Unfortunately, using data available for 6H-Sic, the value of VR at room 
temperature calculated from formula (1 1) would be different from measured 
values. For example, for vm we get 5 . 0 ~  105 ~1111s and for vRll Ihe value of 3 . 4 ~  106 
cmls was obtained. The difference bctween measured and calculated values of 
thennal velocities in 6H-Sic seetns to be caused by an inadequate definition of 
the effective density of states in the conduction band for different crystal 
polarities of 6H- Sic .  

For anisotropic materials, as Sic, the anisotropy must be taken into account 
and for VD it could be made using crystal polarity dependent mobilities of charge 
camers. 

3.2 T~~nnelling transport 

The electron and hole diffusion equations depend on the underlying Boltzmam 
equation so that, initially, a way of putting tunnelling into tlie Boltzmann 
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Sofm3ar.e for Electrical E~lgirzeering At~alysis a d  Design V 1 1 

equation must be found. The normal Boltz~nann equation is, in effect, the 
mathematical expression of an intuitive and basically classical picture of particle 
diffusion. Tunnelling, on the other hand, is essentially quantum mechanical in 
nature and does not agree well with the localized electronic picture underlying 
the Boltzmann equation. To overcome this problem, the WKB (Wentzel- 
Kramers-Brillouin) method must be used. To obtain a modified continuity 
equation, including tunnelling, the so-called "supply function" must be defined 
and the tunnelling probability determined. The supply function for electrons has 
the following form (see e.g. [21]): 

where k is the Boltzmann constant, 7' is the absolute temperature, yF and pc are 
the Fermi and conduction band edges, respectively, yF = k T l  q. 

Tunnelling probability can be expressed as: 
ZJ: = exp(- l i q )  (13) 

with 

where m* is the electron effective mass, l7 is Planck's constant (h = h / * ) ,  

X E [0,d] , X' E [o,x] , X" E [X, d ]  , and d is the depletion layer tluckness 

determined by the doping concentration and applied voltage. To determine the 
value of X' corresponding to a given value X, we need to know the dependence of 
pc on X. This will be determined by the variation of doping concentration with X 

through the solution of Poisson's equation. 
Therefore, Boltzmann statistics is valid for our model, and the Einstein- 

Nernst relationship is found to hold for describing the diffusion constants. The 
permittivity is anisotropic and the values for 6H-Sic are q, = 1 0 . 0 3  and 81 = 9.66 
and for 4H-Sic E =  9.66 in both directions. 

For a metal-n-Sic structure the transport equation for tunnel current takes the 
following form: 

X 

J: - q ~ ~ ( x ) s , . ~ ~ d x  , (14) 
d 

A two-level description (local model) of charge carrier tnobilities and the 
barrier lowering due to mirror forces (Schottky efrect) has to be included. 

On the basis of the model described the PSPICE environment of the slightly 
simplified simulator package SCHOTSIC has been developed at the Department 
of Electronics TTU. 

Simulations at different ambient temperatures (300-900 K) show the strong 
dependence of current suppressing effect on temperature. The self-heating effect 
is higher at lower temperatures. Higher scmiconductor intrinsic resistance in the 
case of lower temperatures explains this fact. Although the self-heating effect is 
low at high temperatures, the effect becomes imporlant at low temperatures 
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because of therm1 expansion. The dynamic behaviour of the current crowding is 
shown in Fig. 5 for 4H-Sic Schottky structures without and with a heat sink, 
when the structure has bcen influenced with a current pulse. Unfortunately, the 
PSPICE environtnent does not allow one to build up the thermal feedback loop 
directly into simulation and therefore the results presented here mnst be taken as 
characteristic ones. So, the next generation models should should be more exact. 
For example. the physical model. wlich is based on the nutnerical solution of 
Van Roosbroeck 1221 equations, could be used. 

Finally, we briefly discuss the specific contact resistance of the interface 
environment. The specific contact resistance is the reciprocal of the derivative of 
current density with respect to the applied voltage. At zero bias the specific 
resistance will be defined as: 

R, = ( a~pv ) ; : ,  . (15) 

Tlie model described in eqn (15) has one large disadvantage: it does not take 
into acconnt the influence of the substrate or epitasial layer. Therefore, a more 
general model should bc used. Using ideas suggested in [23] the resistivity of thc 
Me-Sic interface could be calculated. In the following formulas all letters have 
their traditional meaning, except for h, which is the ratio p,,/p,,. 

Specific resistivity RC for 17' suhst* 

In simulations we usc p, = 120 cm2/vs, /I,, = 20 c r n 2 / ~ s  and r, = 89 ns 

Specific resislivily RC for p' .  emilter. 

In simulations we use p, = 20 c m " / ~ s ,  p, = 2 c m 2 / ~ s  and r,, = 2.2 ns. 
Fig 6 shows clcarly that by the determination of the contact resistivity the 

thickness of substrate or epitaxial layer becomes very important in analysing thin 
layers under the metallic layer. From the other hand. it is also clearly seen that 
the increase of recombination velocity strongly decreases the value of R, or R,. 

Two important aspects of metal-semicondnctor interfxes have been discussed: 
manufacturing teclmologies, and modelling and simulation of interface areas. 
Special attention has been focused on interfaces to S i c  Schottky interfaces. 

ManuTacturing technologies introduce different types of inhomogeneity as we 
have seen, whicli influence directly the electrical characteristics of the devices 
and have to be taken into account by modelling and sitnulation activities. 
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Figure 5: Up-heating of the 4H-Sic Schottky structure (a) without heat sink, (b) 
with heat sink (the heat capacity was taken 1 0 Ws/K and density 3.12 
g/cm3. 

Contact resistivity versus layer thickness 

Figure 6: Contact specific resistivity [in 0cm2] dependence on substrate 
thickness and on recombination velocity at the contact interface for nt 
and p+ layers. 
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14 Soft~lare for Electrical Erigirieerirlg Aua!),~is arid De~igri V 

To analyse the inhomogeneities at Uie Me-Sic Schottky interfaces, the 
PSPICE-based global model (from the SCHOTSIC package) has been 
developed. Unfortunately, for heat dynamic analysis the higher level models 
have to be used. 

The heat propagation has been analysed and the conclusion has been reached 
that due to relatively high heat conductance the heat shock is not very sharp The 
specific contact resistance calculations show that the epllayer resistivity plays an 
important role by the definition of tlus resistivity and must always be included in 
calculations. 
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