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                      Introduction 
 As we reach the end of the silicon technology roadmap, alter-

native materials such as high mobility Ge  1,2   and III–Vcom-

pounds  3–5   have proven to be strong contenders for extending 

high performance logic beyond the 22 nm technology node. 

However, before these technologies can be implemented, a few 

of the existing problems must be solved. These include the gate 

dielectric to channel interface, integration on silicon, a smaller 

device footprint in line with the device density improvement 

expected of each successive technology node, and low-resistance 

source/drain contacts, where the latter is related to the formation 

of Schottky barriers. 

 In the case of Ge metal oxide semiconductor fi eld-effect 

transistors (MOSFETs), high-performing pMOSFETs have 

already been demonstrated, but Ge nMOSFETs still have much 

room for improvement. Ge nMOSFET performance is currently 

limited by high interface trap density at the gate dielectric, 

which causes inversion charge loss through trapping,  1   and large 

source/drain (S/D) parasitic resistance ( RSD ), which results in the 

measured extrinsic performance falling far behind the intrinsic 

performance. The high  RSD  is a combined result of low  n -type 

dopant solubility and Fermi-level pinning in the source/drain 

regions. Strong Fermi-level pinning at the metal/semiconductor 

interface is observed when metal work functions are varied 

from 2.8 eV (Ce) to 5.6 eV (Pt), but the Schottky barrier height 

was found to only vary from 0.49 to 0.64 eV.  6   The roughly 

0.5 eV barrier height is also far from the near zero barrier 

needed for good ohmic contacts. Recent work on sulfur-passivated 

Ni germanide contacts to  n -Ge has demonstrated barriers as 

low as 0.15 eV,  7   which is promising, but the current-voltage 

characteristics remain rectifying. 

 For III–V compound semiconductors, Fermi-level pinning 

also results in high Schottky barrier heights, and in materials with 

large bandgaps such as GaAs (1.42 eV), the pinned barrier can be 

fairly large, ranging from 0.7 to 1.0 eV.  8   Without the silicidation 

technology available to Si and the germanide technology for Ge, 

III–V materials rely on multilayered alloyed structures to form 

ohmic contacts (for example Au/Ge/Ni in the case of GaAs). 

These S/D contact materials can then diffuse up to hundreds 

of nanometers during alloying, so in order to prevent electrical 

shorting, most promising III–V FET/high-electron-mobility tran-

sistors (HEMTs) demonstrated have S/D spacings in the micron 

scale, despite nanometer scale gate lengths. 

 In recent work on non-alloyed contacts to HEMTs, 

Waldron et al.  9   had a 60 nm contact-to-gate separation using W 

to contact In 0.65 Ga 0.35 As with a doping density of 2 × 10 19  cm –3 . 
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observed. Schottky barrier heights tend to be pinned at a value 

roughly independent of the metal work function, as shown in 

  Figure 1  .     

 Currently, there are two popular Fermi-level pinning 

theories, where the origin of the pinning states varies with 

the model. Two of the more popular ones are the metal-

induced gap states (MIGS) and bond polarization theories. 

 Heine fi rst proposed the MIGS theory in 1965,  15   which 

was later supported by Tersoff.  16   The basis of this theory is 

that wave functions of electrons in the metal tail can decay 

into the semiconductor in the forbidden bandgap energy 

range, creating intrinsic states known as the metal-induced 

gap states. Near the valence band, these states are found to 

be mostly donor-like, and near the conduction band, they are 

mostly acceptor-like. The charge neutrality level ( E  CNL ) is 

then the energy level at which the interface states change from 

mostly donor-like to acceptor-like. In a metal/semiconductor 

junction, the charging of these states by the metal wave func-

tion creates a dipole charge that causes the Fermi level,  E  F , to 

align to minimize the dipole charge toward zero, effectively 

pulling the  E  F  at the interface toward  E  CNL . How close the 

interface  E  F  is to  E  CNL  is determined by the semiconduc-

tor’s dielectric screening or pinning factor  S ,  17   through the 

relationship 

 B M,eff S M CNL S = χ  =  (1 ) χ .S SΦ Φ − Φ + − Φ −
   

(1)

  S  is empirically found to be inversely related to the electronic 

component of the dielectric constant  18    ε  ∞ , and ranges from 0 to 

1. The effective metal work function is given by  Φ  M,eff , while 

the work function at the charge neutrality level is given by  Φ  CNL . 

Semiconductors tend to have a smaller  S  than oxides and other 

dielectrics, which explains why generally Fermi-level pinning 

does not exist in metal/oxides junctions. 

 Tung’s bond polarization theory  19   is similar to the MIGS 

theory in the idea of gap states being the source of Fermi-level 

pinning. However, the difference in Tung’s theory is the idea 

that the gap states arise from the bond polarization of the 

chemical bonds at the metal semiconductor interface, while 

Singisetti et al.  10   achieved a low resistance of 

1.3  Ω   μ m 2  using  in situ  Mo on  n -In 0.53 Ga 0.47 As 

with doping of 8 × 10 19  cm –3 . However, in both 

studies, the contacts were made to very highly 

doped molecular beam epitaxy-grown sub-

strates with considerable tunneling current to 

facilitate the contact. A challenge remains in 

making a non-alloyed ohmic contact to lower 

doped materials, which is a long-standing 

problem for III–V MOSFETs due to poor S/D 

dopant activation in ion implanted self-aligned 

S/D. Higher temperature annealing is needed 

for greater dopant activation, but temperatures 

above 700°C also cause arsenic to desorb from 

the surface and induce negative charges and 

interface traps, which degrade the InGaAs sur-

face and therefore the mobility of III–V surface 

channel MOSFETs.  11   

 As complementary metal oxide semiconductor (CMOS) 

scaling continues, S/D junction depths are increasingly shal-

lower in order to control short channel effects. However, 

the shallow junction adversely results in a rapid increase in 

parasitic resistance, which could then degrade the overall 

device performance.  12   Metal S/D Schottky barrier transistors 

(SB-FETs) offer a solution, but they require low barriers 

(<0.1 eV) at the S/D for sufficient on-current.  13   Until recent 

work by Connelly et al.,  13   which showed a reduction of 

the metal/Si Fermi-level pinning through the use of an 

ultrathin Si 3 N 4 , the formation of large Schottky barriers 

had limited the implementation of Ge SB-FETs and III–V 

SB-FETs. 

 In this article, we discuss the use of thin dielectrics to alle-

viate metal/semiconductor Fermi-level pinning of high mobil-

ity materials. We then examine the contact design parameters 

involved to minimize the resulting effective barrier height 

and contact resistance for S/D contacts. The low achievable 

active  n -type doping along with the high diffusion coeffi cients 

of dopants in Ge make it diffi cult to fabricate shallow, highly 

activated  p - n  junctions with low off-state current. However, 

with low enough barrier heights, Ge SB-FETs are shown to 

offer a viable solution to circumvent the problem. Further-

more, the ability to reduce the III–V Schottky barrier also 

allows for the use of a non-alloyed S/D contact, which is crit-

ical in the scalability of III–V MOSFETs for the application 

of future generations.   

 Metal/semiconductor Fermi-level pinning  
 Pinning theories 
 According to the Schottky-Mott theory,  14   when a metal and 

semiconductor are brought into contact, the two Fermi levels 

align, so the semiconductor Fermi level at the interface is modi-

fi ed. The potential barrier  Φ  B  between the two should ideally be 

set by the metal work function  Φ  M  and semiconductor electron 

affi nity   χ   S , where  Φ  B  =  Φ  M  –   χ   S  for an  n -type semiconduc-

tor. However, in reality, this dependence is not experimentally 

  
 Figure 1.      (a) Band diagram of an ideal unpinned Schottky barrier, where  q  represents the 

electronic charge,  Φ  M  is the metal work function in vacuum, and   χ   S  is the semiconductor 

electron affi nity. (b) Band diagram of a pinned Schottky barrier where the effective metal 

work function  Φ  M,eff  is modeled as differing from the work function in vacuum  Φ  M . The 

Schottky barrier height is indicated by  Φ  B.   E  C  is the conducting band energy,  E  V  the valence 

band energy, and  E  F  the Fermi energy level.    
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in MIGS, it is assumed that the distribution of gap states is 

only a function of the semiconductor, with no dependence 

on the metal. In actuality, there must be a rearrangement of 

charge in forming the chemical bonds between the metal and 

semiconductor in order to satisfy thermodynamics and the 

minimization of interface energy. This interaction of metal 

and semiconductor wave functions at a Schottky junction are 

accounted for in the formation of an interface specifi c region, 

where the electronic states are not fully metal or semiconduc-

tor-like, but rather a mixture of the two. Minimization of the 

total interface energy causes the metal and semiconductor 

charge density to relax, creating an interface dipole that pins 

the Fermi level.   

 Fermi-level pinning in high mobility semiconductors 
 In general, for the application of MOSFET S/D ohmic con-

tacts, Fermi-level pinning is undesirable since it takes away 

the ability to use metal work functions to tune 

to the barrier height. However, in the case of 

Ge, the Fermi level pins close to the valence 

band, which causes most metals to form a 

negative barrier to  p -Ge, making ohmic contact 

formation extremely simple since there is no 

barrier for the majority carriers (  Figure 2  ).  20   

Similarly, the InAs Fermi level pins within the 

conduction band, which simplifi es the forma-

tion of ohmic contacts to  n -InAs. However, 

simplifying ohmic contacts for  p -type typi-

cally means complicating ohmic contacts for 

 n -type, and vice versa, since the barrier height 

may now be even larger than the entire band-

gap.   Figure 3   summarizes the  E  CNL  and typical 

 n -type and  p -type Schottky barrier heights for 

a range of semiconductors.            

  
 Figure 2.      Measured current-voltage characteristics of 

NiGe/Ge Schottky diodes on  n -type and  p -type Ge.  20   

Rectifying characteristics are observed on  n -type, and ohmic 

characteristics are observed on lightly doped  p -type, confi rming 

Fermi-level pinning within the valence band edge.    

  
 Figure 3.      Band diagram information ( E  C  [conduction band energy],  E  V  [valence band 

energy], and  E  CNL  [charge neutrality level]) for high mobility semiconductor materials, with 

 E  CNL  indicated by the purple line. Numbers near  E  C  represent typical pinned  n -type Schottky 

barrier height  Φ  BN , and numbers near  E  V  represent typical pinned  p -type Schottky  Φ  BP  .    

 Eff ective Barrier height tuning of metal/Ge 
and metal/III–V junctions  
 Depinning the Fermi levels 
 For the application of high mobility MOSFET S/D contacts, 

we need a near zero barrier height for minimal contact resis-

tance, so the strong metal/semiconductor Fermi-level pinning 

needs to be reduced. Connelly et al.  13   fi rst depinned the metal/Si 

Fermi level by inserting an ultrathin silicon nitride (Si 3 N 4 ) in 

between the metal and Si. In accordance with the MIGS theory, 

the ultrathin insulator physically separates the two materials, 

allowing the metal electron wave function to be attenuated in 

the insulator prior to penetrating the semiconductor. The attenu-

ated metal states result in fewer charges available to drive  E  F  

toward  E  CNL , as shown in   Figure 4  . After depinning the Fermi 

level, the metal work function  Φ  M  can then be used to tune 

the effective barrier height. For  n -type ohmic contacts, metals 

with a low  Φ  M  near the semiconductor conduction band should 

result in a near zero barrier height. For  p -type ohmic contacts, 

metals with a high  Φ  M  near the semiconductor valence band 

would be desirable.     

 More recently, Coss et al.  21   used AlO  x   and LaO  x   to reduce the 

metal/Si barrier height to  Φ  BN    ≤   0.1 eV and  Φ  BP    ≤   0.2 eV, but 

the authors cited electronic dipole formation as the underlying 

mechanism, where in accordance with the bond polarization 

theory, an electronic dielectric dipole ( Φ  Dipole ) is created between 

the insulator and the semiconductor native oxide, inducing a 

barrier shift so  Φ  BN  =  Φ  M  +  Φ  Dipole  –   χ   S . This dipole can be visu-

alized as modifying the effective metal work function ( Φ  M,eff ) 

and the interface specifi c region ( Figure 4c ), where for a given 

semiconductor, the magnitude of the dipole effect depends 

mainly on the insulator material. In this case, the metal work 

function  Φ  M  needed for an ohmic contact would depend on the 

dipole magnitude. 

 Nevertheless, regardless of the underlying mechanism, the 

use of a thin insulator inserted in between the metal and semi-

conductor has been shown to be generally applicable to Ge and 

III–V semiconductors in reducing the effective electrical barrier 

height ( Φ  B,eff ). Due to the absence of a model that accurately 
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models the metal-thin insulator-semiconductor (MIS) structure, 

the term  Φ  B,eff  is used to represent the overall electrical behavior 

of the MIS structure, modeled as a simple metal-semiconductor.   

 MIS contact to Ge 
 The MIS contact structure on both  n -type and  p -type Ge has 

been studied by several groups  22   –   24   using a variety of dielectrics 

ranging from Ge 3 N 4  to AlO  x  . The application of the MIS con-

tact appears to be generally applicable to various dielectrics, 

where the minimum achievable  Φ  B,eff  can depend on both the 

metal and dielectric materials. It should be noted that these MIS 

contacts have been made on low doped substrates to minimize 

the tunneling current through the barrier and to emphasize the 

thermionic emission current over the barrier. This allows for a 

more accurate extraction of the barrier height and highlights the 

effect of changes in  Φ  B,eff . However, as a result, these contacts 

do not demonstrate extremely low contact resistances, and, in 

some cases, contact resistance is not even measured. 

 Lieten et al.  22   demonstrated the fi rst MIS contact using a thin 

Ge 3 N 4  layer to form an ohmic  n -Ge contact and a rectifying  p -Ge 

contact. Following the nitridation technique used by Connelly et 

al.  13   on Si, the authors exposed Ge(001) and Ge(111) to nitrogen 

plasma in UHV at temperatures between 550–600°C to form both 

amorphous and (poly)crystalline Ge 3 N 4  with a thickness of 0.7 

nm. Metal was deposited immediately following the nitridation 

to suppress oxide formation, and no post deposition annealing 

was performed. Schottky barrier control samples were fabricated 

together. 

 In contrast to the rectifying behavior of the control samples 

without Ge 3 N 4 , the current conduction through  n -Ge samples with 

Ge 3 N 4  was found to be ohmic for low work function metals Al (4.1 

eV), Cr (4.5 eV), and Co (5.0 eV). For higher work function met-

als Au (5.4 eV) and Pt (5.6 eV), the current remained rectifying. 

This difference is promising for MIS contacts, because it indicates 

a suffi cient reduction in the Fermi-level pinning to allow barrier 

height tuning through the metal work function. However, it should 

be noted that that the surface is not completely unpinned because 

 Φ  B,eff  ≠  Φ  M  –   χ   S .   Table I   summarizes the changes in the  Φ  B,eff  with 

metal work function. Through this, Ge 3 N 4  is shown to have a 

twofold benefi t: (1) it passivates the dangling bonds of Ge for a 

low trap density at the Ge 3 N 4 /Ge interface, and (2) it has fewer 

surface states than Ge or effectively a larger pinning factor  S .     

 Next, Nishimura et al.  23   explored the use of thin oxides 

rather than nitrides for the 

MIS contact on  n -type and 

 p -type Ge(100) substrates, 

studied the effect of oxide 

thickness on barrier height, 

and successfully fabricated a 

Ge SB-FET. For contact fab-

rication, after native oxide 

removal, GeO  x   and AlO  x   were 

radio frequency sputtered at 

room temperature and then 

annealed at 400°C in N 2 . 

 Table I.      Summary of effective barrier heights calculated from current-voltage ( I - V)  measurements 
for several metal work functions with and without an ultrathin 0.7 nm Ge 3 N 4  dielectric.  22              

   Metal  Metal Work Function (eV)  Barrier Height without Ge 3 N 4  (eV)  Barrier Height with Ge 3 N 4  (eV)     

 Al  4.17  0.61  <0.3   

 Cr  4.50  0.52  <0.3   

 Co  5.00  0.55  <0.3   

 Au  5.38  0.59  0.51   

 Pt  5.64  0.64  0.54   

   In cases where no barrier was observed, the barrier height is estimated to be less than 0.3 eV.   

  
 Figure 4.      (a) Schematic band diagram of a pinned Fermi level. 

The metal and semiconductor are in direct contact, allowing 

the tail of the metal electron wave function to decay into the 

semiconductor bandgap, creating metal-induced gap states 

that pin the Fermi level. (b) Metal/semiconductor Fermi-level 

depinning, where with an insulator, the metal wave function is 

attenuated in the gap states. (c) Schematic band diagram of 

a shift in the metal/semiconductor Fermi-level pinning by the 

formation of an electronic dielectric dipole.    
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 Kobayashi et al.  24   further explored the 

MIS structure though the use of a thin radio 

frequency sputtered silicon nitride (SiN) layer 

and reported the lowest barrier height of 0.05 

eV on Er/SiN/Ge, reduced from the Er/Ge 

Schottky barrier of 0.45 eV. In addition to  Φ  B,eff  

measurements, the contact resistance ( R  CO ) as 

a function of the insulator thickness ( t  INS ) was 

studied, where for Al/SiN/Ge, the minimum 

 R  CO  was found for a dielectric thickness of 

2 nm.   Figure 6   depicts the modeling of  R  CO  

as two resistances in series: (1)  R  T , a tunnel-

ing resistance through the insulator, and (2) 

 R  SB , a resistance associated with the barrier. 

At  t  INS  = 0 with no insulator present, the 

highly pinned Schottky barrier causes  R  CO  to 

be dominated by  R  SB . Once a thin insulator is 

inserted and  Φ  B,eff  begins to reduce, then  R  SB  

and thus  R  CO  also begin to decrease. How-

ever, as  t  INS  is further increased, the current 

through the MIS eventually becomes tunnel-

ing limited, whereby the increasing  R  T  starts 

to dominate  R  CO . The overall  R  CO  versus  t  INS  curve (  Figure 7  ) 

is a tradeoff between reduced  Φ  B,eff  and increased  R  T , where 

there exists an optimal  t  INS  for minimal  R  CO .         

 Through these various examples of Ge contacts, it is dem-

onstrated that the MIS contact structure has great fl exibility, 

where there are many more possible metal and dielectric com-

binations. As Kobayashi et al.  24   showed, the optimal dielectric 

thickness changes with both materials. The chosen dielectric 

affects both how much the  Φ  B,eff  is reduced, which changes the 

shape of the  R  SB  branch, and determines the band offset that 

will shift the  R  T  branch left or right.   

 MIS contact to III–V semiconductors 
 Hu et al.  25   ,   26   have investigated the MIS contact structure on 

III–V semiconductors by using sputtered SiN and atomic layer 

deposition (ALD) Al 2 O 3  on both GaAs and In 0.53 Ga 0.47 As. 

GaAs was primarily studied due to its large bandgap of 

1.42 eV, which facilitates  Φ  B,eff  extraction, and also as a base-

line III–V material to develop a contact structure that can 

be extended to other more technologically relevant III–V 

 From the current-voltage electrical characterization shown in 

  Figure 5  , as the oxide thicknesses is increased from 0 to 2.2 nm, 

 n -Ge diode behavior was transformed from rectifying to ohmic, 

while  p -Ge diode behavior was transformed from ohmic to rec-

tifying. As expected, the majority of the change is seen through 

the reverse-biased current, since carriers moving from metal to 

semiconductor are typically more affected by the barrier height 

than carriers moving from semiconductor to metal. It is important 

to note that without a reduction in  Φ  B,eff , the reverse current of 

the  n -Ge MIS contact would not increase with oxide thickness. 

For the  p -Ge MIS contact, the reverse current is interestingly 

asymmetrically suppressed by the oxide, which differs from the 

typical tunneling-limited current behavior that would reduce 

the current in both forward and reverse biases. This is due to the 

Fermi-level pinning of Ge close to the valence band, whereby 

most metals form ohmic contacts and a low Schottky barrier to 

 p -Ge. However, after use of the oxide to depin the Fermi level, 

rectifying behavior can be achieved.     

 The change of barrier height with oxide thickness summa-

rized in   Table II   supports the MIGS model, where the presence 

of the oxide suppresses the penetration 

of the metal electron wave function tail 

into the Ge. However, the roughly same 

 Φ  B,eff  of 0.45 eV extracted for Al ( Φ  M  = 

4.1 eV) and Au ( Φ  M  = 5.1 eV) despite a 

1.0 eV difference in metal work function 

again suggests that Fermi-level pinning 

is just reduced, not removed. Further-

more, a  Φ  B,eff  of 0.44–0.46 eV was found 

for both  n -type and  p -type Ge, where if 

there was true Fermi-level depinnining, 

the barrier heights should add up to be 

the bandgap ( Φ  BN  +  Φ  BP  =  E  g ).     

  
 Figure 5.      Current-voltage characteristics for Al/GeO  x  /Ge diodes.  23   The effect of varying the 

GeO  x   thickness is shown in different curves, with the thickness indicated in nm. (a) For  n -Ge, 

the reverse bias current increases with GeO  x   thickness, indicating a reduction of the barrier 

height. The inset shows the current-voltage curve for a GeO  x   thickness of 2.2 nm on a linear 

scale, emphasizing the achieved ohmic behavior. (b) For  p -Ge, the current is asymmetrically 

suppressed by the oxide, indicating a depinned Fermi level. The inset shows the current-

voltage on a linear scale for a GeO x  thickness of 1.6 nm, demonstrating rectifying behavior. 

Reprinted with permission from Reference 23. ©2008, The Japan Society of Applied Physics.    

 Table II.      Summary of effective barrier heights (ϕ�B,�eff�) for Al ( Φ  M  = 4.1 eV) and Au ( Φ  M  = 5.1 eV) 
metal-insulator-semiconductor contacts for varying thicknesses of GeO  x  .  

23                

   GeO  x   Thickness (nm)  Al ϕ�B, eff  on 
 n -Ge (eV) 

 Au ϕ�B, eff  on  n -Ge (eV)  Al ϕ�B, eff  on 
 p -Ge (eV) 

 Au ϕ�B, eff  on  p -Ge (eV)     

 0  0.57  0.59  Ohmic  Ohmic   

 0.6  0.53  0.56  Ohmic  Ohmic   

 1.1  0.45  0.55  Ohmic  Ohmic   

 1.6  Ohmic  0.44  0.50  Ohmic   

 2.2  Ohmic  Ohmic  0.46  0.46   

   Ohmic denotes cases where the on/off current ratio at ± 1V is less than 10.   
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dependence of the tunneling current on the potential barrier 

amplifi es this difference. The effect of the dielectric on  R  SB  

depends on the amount of reduction in  Φ  B,eff , so the ideal dielec-

tric would be one that has a larger ∆ Φ  B,eff  and zero or even 

negative band offset (∆ E  C  for  n -type and ∆ E  V  for  p -type) to 

reduce the tunneling penalty on  R  C .     

 Through varying  Φ  M  from Y ( Φ  M  = 3.1eV) to W ( Φ  M  = 4.5eV) 

on the MIS contact using SiN, the authors fi nd that the optimal 

thickness is inversely dependent upon the metal work function. 

The lowest achievable contact resistance also has a dependence 

on  Φ  M  that arises mainly from the band alignment of the metal 

materials. For the MIS contact study, as in the Ge case, a 

lightly doped GaAs substrate with a doping density of 2 × 10 16  

cm –3  was used to emphasize the thermionic emission current 

and changes in  Φ  B,eff  . 

 For GaAs, the native oxide forms a low density, high surface 

states interface that causes strong Fermi-level pinning, and so 

great care needs to be taken in minimizing the formation of 

native oxide during contact fabrication. Native oxide removal 

using dilute HCl followed by sulfur passivation in ammonia 

sulfi de (NH 4 ) 2 S has been shown to terminate with Ga–S and 

As–S bonding, which helps prevent further oxidation.  27   For 

the MIS contact, immediately following sulfur passivation, 

amorphous SiN was deposited at 200°C through wafer biased 

radio frequency sputtering from a stochiometric Si 3 N 4  target. 

The wafer bias and heat are critical, since without the two, the 

resulting SiN fi lm is less dense and uniform and does not reduce 

the Fermi-level pinning. For the aluminum oxide samples, the 

ALD Al 2 O 3  was deposited using trimethylaluminum (TMA) 

and H 2 O precursors at 300°C. It is also crucial to start the ALD 

process with the TMA pulse, which is necessary for the “self-

cleaning” effect on the III–V native oxide, where As 2 O 3  and 

GaO are removed through a ligand exchange process.  28   

   Figure 8   illustrates the same contact resistance and dielectric 

thickness tradeoff also found in the Ge MIS contacts. The exis-

tence of a minimum contact resistance for a non-zero dielectric 

thickness confi rms the reduction in barrier height. In compar-

ing the dielectrics, it is clear that SiN is the better option of 

the two, and suggests that it may be possible to achieve even 

lower contact resistance with the use of alternative dielectrics. 

It also highlights the large effect the conduction band (∆ E  C ) 

and valence band (∆ E  V ) offsets have on the tunneling resistance 

 R  T  in the MIS structure for  n -type and  p -type semiconductors. 

The band offsets of Al 2 O 3  (∆ E  C  = 2.75 eV) and SiN (∆ E  C  = 1.5 

eV) to GaAs differ by 1.25 eV, but the intrinsic exponential 

  
 Figure 7.      Measured contact resistance  R  CO  versus SiN thickness 

 t  INS  for the Al/SiN/Ge metal-insulator-semiconductor diode.  24   The 

minimum  R  CO  occurs at 2 nm. Reprinted with permission from 

Reference 24. ©2008, American Institute of Physics.    

  
 Figure 8.      Comparison of the contact resistance,  R  CO , versus 

insulator thickness,  t  INS , tradeoff for SiN and Al 2 O 3 , where the 

contact resistance ratios are taken relative to the Schottky 

diode case. SiN appears to be the better candidate for contact 

applications due to its lower Δ E  C  of 1.5 eV, which is refl ected in 

the reduced tunneling resistance at a given insulator thickness. 

Reprinted with permission from Reference 26. ©2010, American 

Institute of Physics.    

  
 Figure 6.      Schematic of contact resistance,  R  CO,  versus insulator 

thickness,  t  INS . There exists an optimal insulator thickness for 

minimal contact resistance, which arises from the tradeoff 

between a reduced barrier ( R  SB  branch) and an increased 

tunneling resistance ( R  T  branch).    
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 Summary 
 The metal-insulator-semiconductor (MIS) contact structure 

has demonstrated great promise on Si, Ge, and III–V materi-

als through the use of a thin dielectric to reduce the effec-

tive electrical barrier height and contact resistance of a pure 

metal-semiconductor contact. For Ge, this provides a possible 

solution to the low  n -type Ge dopant solubility and allows 

for the fabrication of Schottky barrier source/drain transistors 

with barriers as low as 0.05 eV. For III–V semiconductors, 

the MIS contact allows for the use of a non-alloyed contact 

that is crucial for the scalability of III–V MOSFETs. Current 

demonstrations of the MIS contact have barriers as low as 0.18 eV, 

but this can most likely be further reduced with the use of 

different combinations of materials. As discussed, the overall 

minimum achievable contact resistance and barrier height has 

a strong dependence on the metal, dielectric material, dielectric 

thickness, and substrate doping. For a low contact resistance, 

both heavy doping and low barrier heights are required. The 

dielectric remains the most critical factor in tuning the result-

ing effective barrier height, where the pinning factor  S , oxygen 

density, and band offsets are all key parameters. This offers 

great fl exibility in the design of the MIS contact, where there 

is still much more that can be studied.     
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