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As part of a Special Issue in Honor of 30 Years of the American Vacuum Society’s Nellie 

Yeoh Whetten Award, this Invited Perspective discusses results and trends from the 

authors’ and other published research on metal contacts to -Ga2O3, (4H and 6H)-SiC, 

nanocrystalline diamond (NCD), and nanocrystalline thin films and single-crystalline 

nanoribbons of -SnS.  The paper is not a comprehensive review of research on contacts 

to each of these semiconductors; it is instead a perspective that focuses on Schottky 

barrier height (b) measurements and factors that affect b, such as the metal work 

function (m) and crystallographic surface plane.  Metals and the associated processing 

conditions that form ohmic or Schottky contacts to each of these semiconductors are also 

described. Estimates of the index of interface behavior, S, which measures the 

dependence of b on m, show large variations both among different semiconductors 

(e.g., S ~ 0.3 for NCD and S ~ 1.0 for SnS nanoribbons) and between different surface 

planes of the same semiconductor (e.g., (2̅01) vs. (100) Ga2O3). The results indicate that 

b is strongly affected by the nature of the semiconductor surface and near-surface region 
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 2 

and suggest that the sharp distinction between covalent and ionic semiconductors as 

described in seminal theories can be adjustable. 

I.  INTRODUCTION 

Metal-semiconductor contacts serve as active or passive components in all semiconductor 

electronic devices such as diodes and field-effect transistors (FETs).  Electrical, chemical, 

morphological, and other properties at metal-semiconductor interfaces often control or 

limit overall device performance.  Therefore it is vital to understand how to control the 

properties of metal-semiconductor contacts, especially at device operating conditions. 

The Schottky barrier height (b) represents the energy barrier to charge transport 

across a metal-semiconductor contact and is a key parameter that determines the 

electrical behavior of both ohmic and rectifying (a.k.a. Schottky) contacts.  For ohmic 

contacts b affects the contact resistance, whereas b for Schottky contacts affects the 

turn-on voltage, reverse leakage current and other performance metrics.   Because of the 

importance of b on the electrical properties of metal-semiconductor contacts, an 

inordinate amount of research has been devoted to measuring b for different metal-

semiconductor contacts and to determining the materials and processing methods that 

enable its optimization for specific device applications.  This Invited Perspective focuses 

on trends we’ve observed from our research on Schottky barrier heights of metal-

semiconductor contacts, using four different semiconductors as examples: -Ga2O3, (4H 

and 6H)-SiC, nanocrystalline diamond, and -SnS.  Although not a comprehensive 

review, in this paper we attempt to put research results on b for the above 

semiconductors in context. 
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 3 

 

FIG. 1 . Electron energy band diagrams of a metal and n-type semiconductor (a) before 

and (b) after contact. 

 

The formation of a Schottky barrier can be understood by referring to the electron 

energy diagrams of a typical metal and an n-type semiconductor (Fig. 1a).  When the 

metal and semiconductor contact each other, the Fermi levels in each material align as a 

result of electron transport from the semiconductor to the metal, resulting in an upward 

band bending at the semiconductor surface (Fig. 1b).  The Schottky-Mott relationship 1 

follows from this described charge transport: 

b = m – s, (Eqn. 1) 

where m is the metal work function and s is the electron affinity of the semiconductor.  

This ideal relationship therefore predicts that one can control b by choosing a metal 

with a proper m.  

 However, because of surface states 2, metal-induced gap states 3, 4, or other factors, 

it is often found that b is either independent of or weakly dependent on m. The 

measure of correlation between b and m is called the index of interface behavior: 
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 4 

S = db/dm.   (Eqn. 2) 

Kurtin, McGill and Mead 5 reported a theoretical prediction, supported by (published and 

unpublished) experimental evidence, that highly covalently-bonded, inorganic 

semiconductors tend toward high densities of surface states, which leads to b’s that are 

independent of m (a.k.a. Fermi level pinning).  In contrast, highly ionically-bonded 

semiconductors are expected to have low densities of surface states and therefore close 

correspondence with the Schottky-Mott relationship (Eqn. 1). In the sections that follow, 

we provide examples from published results of b’s on four different semiconductors 

with different degrees of covalent/ionic bonding.  We discuss observed trends and our 

interpretations of how the results coincide with the seminal theories.  

II. Ga2O3  

Gallium oxide is an ultra-wide bandgap semiconductor that exists in a number of 

different polymorphs. 6 -Ga2O3 (Eg ~ 4.8 eV) is the stable polymorph at atmospheric 

pressure at all temperatures up to its melting point; 7 this monoclinic polymorph is also 

the phase that grows from the melt and is the one most studied.  The availability of 

commercially-grown, single-crystal -Ga2O3 substrates, along with the high figure-of-

merit for power devices 8 and wide range of n-type doping (no p-type doping), have made 

Ga2O3 a highly promising semiconductor technology for ultra-high efficiency electronics.  

Although various Ga2O3 polymorphs have been grown heteroepitaxially on sapphire and 

other substrates, 9 less research has been conducted on the metastable Ga2O3 phases.  The 

perspective given in this section focuses exclusively on Schottky and ohmic contacts to 

-Ga2O3.  For Schottky contacts, we focus here on studies that included multiple metals 

within the same study.  To see a more comprehensive review of studies on individual 
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 5 

Schottky metal contacts to (100), (010), , and (001) Ga2O3 surfaces, the reader is 

referred to Lyle et al.10 

Ga2O3 has been reported to have an upward band bending at the surface, 11-13 unlike 

some other n-type transparent conducting oxides such as In2O3. 14  Because of this 

upward band bending, Schottky contacts tend to form naturally on Ga2O3. However, 

research to date indicates that properties of the contacts, such as the Schottky barrier 

heights, are dependent upon the particular Ga2O3 surface on which the contacts are 

deposited. 

Schottky contacts also tend to be dependent on the surface preparation.  Prior to 

contact deposition, Ga2O3 substrates have typically been cleaned with organic solvents 

and one or more of the following wet chemicals: buffered oxide etch (BOE), HF, H2SO4, 

H2O2, HCl. 15-17 

 

FIG. 2. Calculated Schottky barrier heights vs. metal work function for Schottky diodes 

on (2̅01) bulk and epitaxial -Ga2O3.  Schottky barrier height values on (2̅01) Ga2O3 as 
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 6 

reported in the literature are also included for comparison. Reprinted with permission 

from Y. Yao, et al., J. Vac. Sci. Technol. B 35, 03D113 (2017). Copyright 2017, 

American Vacuum Society. 

 

We found that Schottky barrier heights of W, Cu, Ni, Ir, and Pt contacts on the 

 surface of -Ga2O3 showed little dependence on the metal work function 17 (Fig. 

2).  The results indicate significant Fermi level pinning for Schottky contacts to  

Ga2O3. This result was attributed to near-surface defects and/or unpassivated surface 

states. 

In a different study by Hou et al.,11 Schottky contacts of metal-oxides were reported 

to have higher b’s and better thermal stability on  -Ga2O3 than their unoxidized 

metal counterparts (Fig. 3).   These results also show a narrow range (1.3-1.4 eV) of b’s 

for the pure unoxidized metals, suggesting significant Fermi level pinning, which concurs 

with the results of Yao et al.17 for contacts on  -Ga2O3. 

 

FIG. 3. Image-force-corrected laterally homogeneous barrier height (B
hom) versus metal 

work function (m) for (a) plain metal and (b) oxidized metal Schottky contacts on           

-Ga2O3. Reprinted from C. Hou, et al., Appl. Phys. Lett. 114, 033502 (2019), with the 

permission of AIP Publishing.  

 

(201)

(201)

(201)

(201)
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 7 

In contrast, Farzana et al. reported a correlation between the Schottky barrier height 

and metal work function for three out of four metals (Pd, Ni, Pt) on (010) -Ga2O3 (Fig. 

4). 18  Interestingly, Au was an outlier that displayed anomalous behavior associated with 

possible Fermi level pinning.  Recent work in our group on (100) -Ga2O3 19 also 

suggests that metal work function has a significant effect on the Schottky barrier heights 

on this Ga2O3 surface.  

 

FIG. 4. Internal photoemission results for UID (010) -Ga2O3 Schottky diodes at 300 K.  

Dashed lines are linear fits to determine the extracted Schottky barrier height values 

Reprinted from E. Farzana, et al., Appl. Phys. Lett. 110, 202102 (2017), with the 

permission of AIP Publishing.  

 

Hou et al. 11 propose that stronger Fermi level pinning on the  surface may be 

associated with its higher oxygen dangling bond density and to the presence of oxygen 

vacancies – specifically the VO(III) defect, which is believed to have a transition level 1.3 

eV below the conduction band.  Although the oxidized metals had higher barrier heights 

(201)
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 8 

than their unoxidized counterparts, the b’s of the oxidized metals also did not show 

much correlation with metal work function. 

While many metals form Schottky contacts to Ga2O3, only a few metals have 

proven the ability to form ohmic contacts.  Although one might predict that low work 

function metals should form ohmic contacts to Ga2O3, we investigated nine different low-

to-moderate work function metals and found that most did not form ohmic contacts even 

after annealing at temperatures up to 600–800 °C. 20  The results of the study showed that 

morphology can be a substantial problem: a number of metals dewet the surface either 

before or after annealing, especially those that have low chemical affinity with Ga2O3.  

Interfacial reactions appear to play an important role in ohmic contact formation; a 

limited amount of reaction at the interface between the metal and Ga2O3 can promote 

ohmic behavior, whereas too much results in degradation of the contacts. The problem 

with forming ohmic contacts to Ga2O3 may also be associated with reaction-driven 

defects states that are too deep within the wide band gap to be effective donor sites, 

which is in contrast with defect-assisted ohmic contact formation in other semiconductors 

such as ZnO.21, 22 
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 9 

 

FIG. 5. I-V plots of Ti/Au on Sn-doped (2̅01) -Ga2O3 after annealing at the indicated 

temperatures in argon for 1 min. Reprinted by permission from Springer Nature: Journal 

of Electronic Materials (https://www.springer.com/journal/11664), Y. Yao, et al., 

Electron. Mater. 46, 2053 (2016), Copyright 2016.  

 

Titanium, which is widely used as an ohmic contact to Ga2O3, exemplifies the role 

that interfacial reaction plays in ohmic contact formation.  Our annealing study of Ti/Au 

(20 nm / 100 nm) contacts on Sn-doped  Ga2O3 (Fig. 5) showed that the resistivity 

is minimized after annealing at 400–500 °C for 1 min.  Because Ti has a stronger 

thermodynamic driving force for oxidation than Ga, annealing causes Ti to reduce Ga2O3 

to form Ti-oxide. Titanium oxide formation and significant interdiffusion of the Ti and 

Au layers were evidenced in cross-section TEM and EDX profiles after annealing at 400 

°C for 1 min.20  A high-resolution TEM study 23 confirmed that an ~5 nm TiOx layer 

forms at the interface of Ti/Au contacts on Ga2O3 after annealing at 470 °C for 1 min. in 

N2 (Fig. 6a).  It was hypothesized that the ohmic behavior is due in part to the formation 

of a thin TiOx layer with a relatively small bandgap and the indiffusion of Au to form a 

(201)
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low resistivity layer (Fig. 6b).  A specific contact resistivity value of 4.6 x 10-6  cm2 

was achieved for Ti/Au contacts in Ga2O3 depletion-mode MOSFETs by Si+ implantation 

at room temperature, followed by a 950 °C post-implant anneal.24 

 

FIG. 6. (a) HRTEM image of Ti/-Ga2O3 after annealing at 470 °C for 1 min. in N2, and 

(b) schematic diagrams of the evolution of Ti/Au contacts during the anneal process. M.-

H. Lee and R. L. Peterson, APL Mater. 7, 022524 (2019); licensed under a Creative 

Commons Attribution (CC BY) license. Copyright 2019, M.-H. Lee and R. L. Peterson. 

 

Although the reactivity between Ti and Ga2O3 appears to be beneficial to forming 

an ohmic contact, the reaction is not self-limiting.  Annealing for longer times at the same 

temperature or at higher temperatures should increase the thickness of Ti-oxide.  The 

degradation in the electrical behavior of Ti/Au contacts annealed at T > 500 °C is 

attributed to the formation of a thicker TiOx non-conductive/low-conductivity layer.  For 

stable operation of Ga2O3 devices at elevated temperatures over extended time periods, it 

will be important to develop contact metallization schemes that are both electrically and 

thermally stable. 

A recent study reports that Mg/Au (820 nm / 600 nm) contacts on Sn-doped  

-Ga2O3 were ohmic after annealing for 2 min. in Ar at temperatures between 300 and 

500 °C. 25  A minimum contact resistance of 2.1 x 10-5  cm2 on the 4 x 1017 cm-3 

(201)

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/1.

51
44

50
2



 11 

substrate was calculated after a 500 °C anneal.  It is perhaps encouraging that this 

additional metallization scheme has demonstrated ohmic behavior on Ga2O3.  However, a 

caveat is that Mg has an even higher driving force for oxidation than Ti and therefore is 

also unstable on Ga2O3.  The authors of the study found that the electrical characteristics 

degraded when annealed at 600 °C.   

In summary, metal contacts to Ga2O3 tend to form Schottky contacts in the as-

deposited condition, a result attributed in part to the reported upward band bending at the 

Ga2O3 surface.  Reports in the literature indicate that the properties and behavior of 

Schottky contacts depend on the particular Ga2O3 surface on which the contacts are 

deposited.  A few studies, discussed in this section, have each reported electrical 

measurements of four or more metals on , (010), and (100) Ga2O3 surfaces, 

respectively.  The results suggest that Schottky barrier heights on the  surface are 

dominated by Fermi level pinning, which has been attributed to the presence of specific 

defects and a high dangling bond density.  Schottky barrier heights for a limited number 

of metals on the (010) and (100) surfaces have generally shown a correlation with the 

metal work functions, although typically less than that predicted by the Schottky-Mott 

theory.  The data also suggest that Schottky barrier heights tend to be higher on (010) 

than on  or (100) surfaces.  The reasons for these differences are still under 

investigation.  Notably, fewer metals have been demonstrated as ohmic contacts to 

Ga2O3.  Ti/Au contacts annealed at 400–500 °C are widely used, and techniques such as 

Si+ implantation have been employed successfully to achieve specific contact resistances 

in the 10-6  cm2 range. 24  However, the instability of the Ti/Ga2O3 interface indicates 

(201)

(201)

(201)
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 12 

that contact metal schemes with enhanced stability will be needed for long-term device 

operation at elevated temperatures. 

III. SiC 

Silicon carbide (4H-SiC) is being increasingly used as a semiconductor platform in 

commercial high power devices and is expected to continue to replace silicon in a broad 

range of high power applications, for which reliability testing of the SiC devices is an 

ongoing concern of paramount importance.26  Commercial devices include 1-kV Schottky 

barrier diodes and vertical power MOSFETs.27 3C-SiC is of interest because of its higher 

electron mobility, and 3C-SiC MOSFETs with significantly higher channel mobility than 

4H-SiC MOSFETs have been demonstrated. However, 3C-SiC is plagued by much 

higher defect densities, and there are currently no large area seed crystals of this 

polytype, although people are working on fabricating them via a growth and transfer 

process.28 

Our early metal contact studies on SiC were conducted mostly on (0001) 6H-SiC.  

The nature of the semiconductor surface prior to metal contact deposition is critically 

important for determining the behavior of metal-semiconductor contacts, especially for 

covalently bonded semiconductors like SiC.  We developed a chemical and thermal 

cleaning process,29 which consisted of oxidizing the surface to remove excess C (present 

on as-received epitaxial films), etching in a 10% HF aqueous solution to remove the 

oxide layer, and heating in ultra-high vacuum at 700 °C to remove hydrcarbons from the 

surface.  This temperature was chosen to prevent graphitization of the SiC surface, which 

can begin to occur at 800 °C in vacuum. 30  It’s important to note that characterization 

using XPS showed residual O and a trace amount of F were still present on the SiC 
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 13 

surface after this chemical and heat treatment.  (Note that it has proven very difficult to 

produce a perfectly clean, undamaged, atomically ordered SiC surface without employing 

complex methods, such as high temperature annealing with a simultaneous controlled 

flux of a vapor species like Si or H2.)  XPS characterization also revealed an upward band 

bending at the surface of a few tenths of an eV, indicating the presence of surface states. 

 

FIG. 7. Data points of experimentally-determined and theoretical barrier heights on n-type 

6H-SiC (0001) vs. metal work function.  The experimental data points are from (a) 

Waldrop et al.31, 32 and (b) Porter et al.29, 33-35  The sloped, S, of the linear fits through 

each set of data points are shown.  Reprinted from Materials Science and Engineering: B, 

vol. 34, L. M. Porter and R. F. Davis, “A critical review of ohmic and rectifying contacts 

for silicon carbide,” pp. 83-105, Copyright 1995, with permission from Elsevier.  

 

Deposition of metals in ultra-high vacuum onto n-type 6H-SiC surfaces treated 

using the above process tended to yield excellent Schottky contacts, as characterized by 

low (near 1.0) ideality factors and low leakage currents 33.  Investigation of several 

different metal contacts by Porter et al. 29, 33, 34, 36 and Waldrop et al. 31, 32 show positive 

correlations between the metal work functions and b’s as calculated from XPS, I-V and 

C-V measurements (Fig. 7).  Interestingly, b’s on the C-terminated (0001) surface tend 

to be higher than those on the Si-terminated (0001) surface. 
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FIG. 8. Schottky barrier heights for high and low Schottky barriers to commercial 4H-SiC 

vs. metal work function.  The line, with slope S = 0.45, is a fit to the barrier heights for 

near-ideal diodes. Reprinted from D. J. Ewing, et al., J. Appl. Phys. 101, 114514 (2007), 

with the permission of AIP Publishing. 

 

Metal contact studies on n-type (0001) 4H-SiC, cleaned using the procedure 

described above, also indicate the ideal Schottky barrier height increases with metal work 

function 37.  The index of interface behavior (Eqn. 2) for Ti, Ni, and Pt contacts was 

estimated to be S = 0.45 (Fig. 8), which is similar to S values extracted for 6H-SiC. 

However, a significant fraction of diodes on 4H-SiC epilayers showed inhomogeneous 

behavior that was modeled as two (low and high) Schottky barriers in parallel (Fig. 9b). 

37-40 Ewing et al.’s analysis of hundreds of diodes pointed to the low barriers clustering 

around three values (~0.60, 0.85, and 1.05 eV), which were independent of the metal  
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 15 

 

FIG. 9. (a) Single-barrier and (b) double-barrier Ni Schottky diodes on 4H-SiC with 

commercially grown epitaxial layers.  Open circles denote the current measured 

experimentally, and the solid and dashed lines denote the current predicted by the 

models. Reprinted from D. J. Ewing, et al., J. Appl. Phys. 101, 114514 (2007), with the 

permission of AIP Publishing. 

 

work function.  By comparing electrical measurements with investigations using a variety 

of spectroscopic and imaging techniques, the low barriers were attributed to localized 
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 16 

Fermi level pinning by defects, such as 3C-SiC stacking faults, in the 4H-SiC epilayers. 

37, 38  In cases where the local concentration of defects within the diode area was high, 

both the work function and near-surface dipoles induced by subsurface defects contribute 

to Schottky barrier formation.22 

Ohmic contacts to SiC with low contact resistance are needed to keep device on-

resistances low.41  Nickel is most commonly used as the ohmic contact to n-type SiC.  

Annealing at 900–1000 °C produces Ni2Si and c ~10-5–10-6  cm2.  It is difficult to 

obtain ohmic contacts with low c to p-type SiC, primarily because of its large band gap 

and work function.  It’s interesting to note a prediction we made 25 years ago, that “the 

ability to create ohmic contacts with low contact resistivities (≤10-6  cm2) will be one of 

the major challenges facing the SiC community in the foreseeable future,” 33 has largely 

held true to this day.  For p-type SiC, contacts containing Al (a p-type dopant in SiC) can 

be annealed to cause Al to diffuse into the SiC, yielding a high p-type concentration at 

the surface.33, 42  The high p-type concentration produces a narrow depletion region 

through which holes can tunnel.  Ti/Al contacts annealed >800 °C can achieve c’s of 10-

4–10-5  cm2 on p-type SiC.  Roccaforte et al. 41 point to the Ti/Al/Ni stack as being 

particularly promising as a stable p-type metallization scheme.  A few groups 43-45 

worked on developing metallizations that simultaneously form thermally stable ohmic 

contacts to n-type and p-type 4H-SiC in order to simplify device fabrication processes 

and allow devices to operate at high temperatures.  Zhang et al. 44 formed ohmic contacts 

on ion implanted n- and p-type SiC by annealing Pt/TaSi2/Ni/Ti/Ni/SiC at 975 – 1100 °C. 

The contacts were still ohmic after heating at 500 °C for 300 h in air, and c values were 

relatively stable, as shown in Fig. 10. 
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 17 

 

FIG. 10. Specific contact resistance as a function of thermal aging for 

Pt/TaSi2/Ni/Ti/Ni/SiC samples. Reprinted from Journal of Alloys and Compounds, vol. 

731, Y. Zhang, T. Guo, X. Tang, J. Yang, Y. He and Y. Zhang, “Thermal stability study 

of n-type and p-type ohmic contacts simultaneously formed on 4H-SiC,” pp. 1267-1274, 

Copyright 2018, with permission from Elsevier.  

 

In summary, metal contacts to SiC are being employed in commercial high power 

devices.  Past research by our group and others indicates that Schottky barriers form on 

SiC (6H or 4H) with an index of interface behavior, S ~ 0.4, following standard chemical 

cleaning procedures that likely leave minor (submonolayer) impurities on the SiC 

surface.  Barrier height inhomogeneities associated with high local concentrations of 

specific defects have been identified in research labs and may be associated with device 

reliability issues.   Annealed Ni and Al-containing contacts tend to be used to form ohmic 

contacts to n- and p-type SiC, respectively.  Producing contacts with reduced contact 

resistance and enhanced thermal stability is an ongoing challenge to realize the full 

potential of SiC for extreme operating conditions. 
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IV. NANOCRYSTALLINE DIAMOND 

Nanocrystalline diamond (NCD) is generally described as comprising crystalline grains 

(typically 10’s of nanometers in size) and grain boundaries that contain predominantly 

sp3-bonded and sp2-bonded carbon atoms, respectively. 46 Conductivity in NCD films is 

ascribed to conduction within grain boundaries, probably through hopping and impurity 

band conduction.47 The p-p* states, associated with sp2 bonding in the grain boundaries, 

strongly affect the optical and electronic properties of NCD.47 Preferential incorporation 

of impurities into the grain boundaries coincides with n-type (e.g., N or S) doping, 

whereas conventional doping with boron can lead to p-type conductivity in these films.46  

The broader control over the conductivity and carrier type in NCD is considered an 

advantage relative to conventional diamond films, although the small grain size yields 

low mobility values.  Outside of optical coatings and various tribological and mechanical 

applications, NCD films are of interest for electrodes, sensors, field-emission devices, 

micro-electro-mechanical (MEMS) devices, etc. 

Unintentionally-doped, n-type NCD films displayed evidence of a negative electron 

affinity and a (pseudo)bandgap of 5.0 +/- 0.4 eV 48.  In this same study we found that four 

metals (Zr, Ti, Cu and Pt), comprising a considerable range of work functions, formed 

ohmic contacts to n-type NCD films. Specific contact resistances increased with the 

metal work function for both undoped and S-doped films.  Since c depended on b, the 

results suggest that the Schottky barrier height increased with increasing metal work 

function, in at least partial accordance with the Schottky-Mott theory (Eqn. 1).  Contact 

resistance values on the S-doped films were approximately two orders of magnitude 

lower than for undoped films when comparing the same metal contacts. 
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 19 

 

FIG. 11. Schematic of proposed band diagram for undoped NCD showing band gap (Eg), 

Fermi level (EF), conduction band minimum (EC), valence band maximum (EV), and C 1s 

core-level (EC1s) energies before (a) and after [(b)–(d)] Zr, Ti, and Pt deposition. 

Reprinted from P. Kulkarni, et al., J. Appl. Phys. 103, 084905 (2008), with the 

permission of AIP publishing. 

 

Photoemission measurements 48 of Zr, Ti, and Pt on NCD films confirmed that b 

for Pt (3.7 eV) is higher than the b’s for the low work function metals (3.3 eV for Zr 

and 3.2 eV for Ti) although the difference in b’s is only about 1/3 of the difference in 

their work function values (Fig. 11).  Another conclusion from this study is that the 

ohmic behavior is likely due to carrier transport through low-b grain boundary regions.  

Due to the hopping and impurity band conduction in NCD films, it is plausible that trap-

assisted tunneling is a parallel current transport mechanism at the metal-NCD interfaces. 
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FIG. 12. I-V characteristics of (a) Mo/NCD/Mo and (b) W/NCD/W metal-semiconductor-

metal UV photodetectors. Reprinted from Applied Surface Science, vol. 455, C.-W. Liu, 

J.-A. Lee, Y.-T. A. Sun, M.-K. BenDao and C.-R. Lin, “Effects of metallic interlayers on 

the performance of nanocrystalline diamond metal-semiconductor-metal photodetectors,” 

pp. 581-590, Copyright 2018, with permission from Elsevier.  

 

Contacts to NCD films are generally reported to be ohmic (e.g., Ag 49; Ti and Cr 50; 

Au, Cr, Cu, Pt, and Ti 51) even though the reported surface preparation methods vary 

greatly among the different studies: e.g., in-situ heating in ultra-high vacuum; exposure to 

H2 plasma; or wet chemical cleaning in concentrated HCl.  Vojs et al. 52 found that the 
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contact resistance to NCD films depends on the annealing conditions, film thickness, and 

film morphology in addition to the particular metal. UV photodetectors based on NCD 

employed Au 53 or W 54 ohmic contacts.  Fig. 12 shows I-V characteristics of metal-

semiconductor-metal (MSM) NCD photodetectors using Mo and W, respectively.  Both 

metals were ohmic in the as-deposited condition, but the W contacts were annealed up to 

600 °C to reduce the contact resistance. 

Tadjer et al.55 also found that different metals (Al, Ti/Al, Ti/Au, and Ni/Au) formed 

ohmic contacts in the as-deposited condition to B-doped, p-type NCD films. It is 

interesting that the contact resistances were lower for the low-work function metals even 

though the films were p-type. The boron doping level had a much larger effect on 

lowering the contact resistance than did the particular metal. 

One study reports that contacts changed from ohmic to “near Schottky” after 

hydrogen plasma treatment 56 of nitrogen-incorporated NCD. Au Schottky diodes to 

boron-doped NCD films with low-doped cap layers have also been reported 57.      

In summary, most metal contacts on NCD (n-type, p-type, or unintentionally-

doped) films are reported to be ohmic.  The ohmic behavior of metals on NCD films is 

contrary to the typical Schottky behavior observed on conventional p-type diamond films, 

which require annealing or other processing steps to form ohmic contacts. 51  

Measurements of NCD films reported in the literature indicate that their electrical 

properties are largely governed by conduction within the nanocrystalline grain 

boundaries, which likely contributes to the different behavior of contacts to NCD vs. 

conventional diamond films.  It is important to note, however, that even with grain 

boundary dominant conduction, the contact resistances to n-type and undoped NCD films 
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showed significant dependence on the metal work functions. This result, along with direct 

photoemission measurements, indicates that Schottky barrier heights to NCD films 

depend on the choice of metal.  Contact resistances to both n-type (S-doped) and p-type 

(B-doped) NCD films also showed a strong dependence on the doping level, indicating 

that the electrical behavior can be controlled by different variables. 

V. SnS 

FIG. 13. Crystal structure of orthorhombic α-SnS viewing from the (a) (100) plane, and 

slightly tilted from the (b) (010), and (c) (001) planes. SEM images of (d) a single 

solution-synthesized SnS nanoribbon on a SiO2/Si substrate and (e) a high concentration 

of SnS nanoribbons. J. R. Hajzus, A. J. Biacchi, S. T. Le, C. A. Richter, A. R. Hight Walker 

and L. M. Porter, Nanoscale, 2018, 10, 319 - Reproduced by permission of The Royal Society 

of Chemistry. 

 

Tin (II) sulfide is a natively p-type, moderate band gap semiconductor comprised 

of low-toxic, earth abundant elements and is most stable in the orthorhombic α-SnS 

polytype at standard conditions.58, 59 The favorable band gap (Eg = ~1.1 eV, indirect; ~1.3 

eV, direct), high optical absorption coefficient (> 105 cm-1 in the visible range), and 

undoped hole concentration (1015 – 1018 cm-1) of α-SnS has motivated its study as a 

promising candidate for thin film solar cells.60-62 SnS has also recently attracted attention 

for its high thermoelectric performance63 and for applications in battery anode64 and 

photodetector devices.65 The crystal structure of α-SnS consists of two-atom thick, 
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buckled layers of strongly bonded Sn-S atoms separated by weaker interactions (Fig. 13 

a-c).66 α-SnS is an analogue of black phosphorous/phosphorene with lower symmetry due 

to the presence of two different elements.67 Computational studies have predicted 

intriguing properties of two-dimensional SnS such as a thickness-tunable bandgap (~1.1 

eV in bulk to ~2 eV in monolayer, indirect), 62, 67-71  high piezoelectric coefficient,72 and 

ferroelecticity/ferroelasticity.73 While two-dimensional SnS monolayers have yet to be 

produced by mechanical exfoliation, isolation of SnS monolayers and bilayers by liquid 

phase exfoliation74, 75 and post-thinning techniques76 has been reported. The 

orthorhombic, layered structure of α-SnS gives rise to anisotropic optical and electrical 

properties77, 78 and orientation-dependent surface energies79 and electron affinities.80   

 

FIG. 14. Average I–V sweeps for different contact metallizations on SnS nanoribbons on 

a (a) log and (b) linear scale, showing ohmic and semi-ohmic behavior for Pd/Au and 

Ni/Au contacts, and back-to-back Schottky behavior for Cr/Au and Ti/Au contacts. Inset 

in (a) is an SEM image of two Ni/Au contacts on a SnS nanoribbon. Reprinted with 

permission from J. R. Hajzus, A. J. Biacchi, S. T. Le, C. A. Richter, A. R. Hight Walker and 

L. M. Porter, Nanoscale, 2018, 10, 319 - Reproduced by permission of The Royal Society of 

Chemistry. 

 

Contacts to the (100) surface of individual, solution synthesized, p-type α-SnS 

semiconductor nanocrystals (Fig. 13 d, e) showed ohmic or semi-ohmic behavior for high 
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work function metals (Ni and Pd) and rectifying behavior for lower work function metals 

(Cr and Ti) (Fig. 14 a, b).81  The behavior follows closely that predicted by Schottky-

Mott theory (Fig. 15 a, b): specifically, the calculated b’s were 0.39 and 0.50 eV for Cr 

and Ti, respectively. Other discrete results in the literature (e.g., Ag82 and Ni83) also fit 

this trend and suggest that Schottky-Mott behavior should prevail on single crystalline 

(100) SnS surfaces. Transfer length method (TLM) and contact end resistance test 

structures were fabricated using electron-beam lithography onto individual, SnS 

nanoribbons that were several m long, less than a micron wide, and approximately 20 

nm or less in thickness84 (Fig. 16 a-c).  Specific contact resistances for Ni and Pd were ≤ 

1.1 x 10-4 and ≤ 5.9 x 10-4  cm2, respectively.  

 

FIG. 15. (a) Schottky–Mott band alignment of metals and (100) SnS. Evac is the vacuum 

level. χ,  Eg, EC, and EV are the electron affinity, band gap, conduction band minimum, 

and valence band maximum of SnS, respectively. (b) Experimental band alignment for 

metals and SnS nanoribbons. J. R. Hajzus, A. J. Biacchi, S. T. Le, C. A. Richter, A. R. Hight 

Walker and L. M. Porter, Nanoscale, 2018, 10, 319 - Reproduced by permission of The Royal 

Society of Chemistry.  
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FIG. 16: (a) Cross-sectional schematic of example contact test structures to SnS 

nanoribbons. (b) Optical microscope image of a sample with many contact test structures, 

patterned using e-beam lithography and (c) a higher magnification image of a single 

nanoribbon with four contacts for TLM measurement. J. R. Hajzus, A. J. Biacchi, S. T. Le, 

C. A. Richter, A. R. Hight Walker and L. M. Porter, Nanoscale, 2018, 10, 319 - Reproduced 

by permission of The Royal Society of Chemistry. 

 

In contrast, contacts to electron-beam-evaporated, p-type nanocrystalline α-SnS 

thin films (Fig. 17) did not display the range of electrical behavior observed for contacts 

to the (100) p-type SnS nanocrystals.85  Based on the reported electron affinity = 3.8 eV 

for (100) α-SnS80 and a bandgap of 1.1 eV, one would predict that metals with work 

functions ~5 eV or higher would be ohmic and those with lower work functions would be 

rectifying.  Furthermore, additional crystallographic surfaces exposed in nanocrystalline 

SnS thin films have reported electron affinities even greater than that of the (100) 

surface.80 However, all of the contacts (Ti/Au, Ru/Au, Ni/Au, and Au) were ohmic in the 

as-deposited condition, despite the moderate hole concentration (~5 x 1015 cm-3) of the 

SnS films.85 The average specific contact resistances decreased with increasing metal 

work function, suggesting a work function dependent b and indicating at least partial 

adherence to Schottky-Mott theory.  
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Fig. 17: SEM image of an electron-beam evaporated, nanocrystalline SnS film on a Si 

substrate. The deposition temperature was 300 °C and post-deposition annealing was 

conducted at 300 °C for 1 h in high vacuum. Reprinted with permission from J. R. 

Hajzus, et al., J. Vac. Sci. Technol., A 37, 061504 (2019). Copyright 2019, American 

Vacuum Society. 

 

In the literature, there is more variability in the electrical behavior of contacts to 

SnS polycrystalline films, whereas some studies report ohmic behavior for low work 

function metals86-89 and others report Schottky behavior.90, 91  This variability of results 

among different studies is likely due to the variability in properties (e. g. stoichiometry, 

surface morphology, carrier concentration) of SnS thin films, which have been deposited 

by a multitude of techniques (e. g. electrochemical deposition, thermal evaporation, 

atomic layer deposition). Furthermore, SnS is known to form a thin oxide layer at its 

surface92 and may be sensitive to differences in surface preparation methods (e. g. 

immersion in ethanol,93 dip in dilute HF,81 UV-ozone treatment followed by dilute 

(NH4)2S rinse,94 O2 plasma followed by dilute HF dip,85 or no reported surface 

preparation).  In the case of our study, we attribute the ohmic behavior of low work 

function metals on SnS thin films to defect-assisted carrier transport across a non-

uniform, nanocrystalline interface. 
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In addition to high contact resistivity, instability of contacts to SnS can be 

detrimental to device performance and reliability, particularly for devices, such as 

thermoelectrics, operating at elevated temperatures. 63 Several studies have investigated 

thermal stability of contacts to SnS.  Devika et al. found that In and Sn contacts to 

nanocrystalline SnS thin films were ohmic as deposited.  However, contact resistance 

increased after annealing for 1 min in N2 between 300 °C - 500 °C, which are 

temperatures above the melting points of the contact metals.88 For the same annealing 

conditions, Ag, which forms Schottky contacts on SnS crystals82 and thin films,91 

developed more linear I-V characteristics and lower contact resistance values. 88 This 

result contrasts with other reports that found non-reproducible behavior for Ag contacts 

to SnS prior to86 and after annealing.91 Notably, Ag is a p-type dopant for SnS,95 and 

diffusion of Ag atoms into SnS could impact properties of the SnS film.  

Interfacial reactions and interdiffusion at the metal/SnS interface can have either 

favorable or detrimental effects on contact behavior. For example, the contact resistance 

of Pd contacts on SnS thin films decreased after annealing in Ar at 300 °C and 400 °C, 

whereas annealing at 500 °C degraded the contacts.94 Thermodynamic calculations 

predict Pd contacts are reactive with SnS and interdiffusion at the SnS-Pd contact 

interface was observed after annealing.94 Similarly, certain annealing conditions have 

been reported to reduce the large as-deposited contact resistance of Ti89 and Ti/Au93 

contacts to SnS, however higher annealing temperatures were found to destroy the Ti/Au 

surface morphology.93 In our experiments, the electrical behavior of Ti/Au and Ni/Au 

contacts to SnS thin films degraded after annealing at 350 °C in Ar.85  Th
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Au contacts showed greater stability with no significant change in specific contact 

resistance upon annealing between 300 °C - 500 °C in Ar for 5 min.85, 94 Au is not 

expected to react with SnS based on thermodynamic predictions, and significant 

intermixing at the Au-SnS interface was not observed.94 In contrast, annealing Au/SnS 

back contact structures in H2S at 400 °C for 1 hr resulted in an increase in Au contact 

resistivity,89 suggesting the longer annealing time, different annealing ambient, difference 

in interface geometry, and/or difference in SnS film characteristics permitted diffusion at 

the interface. Of all contact metals we investigated on SnS thin films, the lowest contact 

resistivity (1.9 × 10−3 Ω cm2) occurred for Ru/Au contacts annealed at 350 °C in Ar for 5 

min.85  

In summary, the behavior of unannealed contacts to α-SnS appears to be 

dependent upon the properties of the SnS material itself in addition to the contact metal. 

Schottky barrier heights of metals on near-ideal (100) surfaces of α-SnS crystals are very 

close to that predicted by Schottky Mott model, suggesting a lack of Fermi-level pinning 

for this surface. In contrast, contacts to polycrystalline α-SnS thin films are typically 

ohmic regardless of metal work function. As-deposited contact resistivities of many 

metals on polycrystalline SnS films exhibit a decreasing trend with increasing in metal 

work function, suggesting some dependence of Schottky barrier height on metal work 

function for polycrystalline SnS films, and that high work function metals should be 

considered to form low resistance ohmic contacts to SnS films. Certain annealing 

conditions have been shown to lower the contact resistance of metals such as Pd,94 Ru,85 

Al,88 Mo,89 Ti89, 93 and Ag88. However, annealing at high temperatures or for long 

durations may result in an increase in contact resistance or deterioration of the contact for 
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certain metals including Pd,94 Ti,85, 93 Ni,85 Al,88 Au,89 Sn,88 and In.88 For this reason, the 

identification of a low resistivity contact that is stable over a range of operating 

conditions or the development of a diffusion barrier may be beneficial for SnS-based 

devices.  

VI. SUMMARY AND CONCLUSIONS 

This paper presents a perspective from our research on metal contacts to four different 

semiconductors: -Ga2O3, SiC, nanocrystalline diamond, and SnS.  It emphasizes 

published results of Schottky barrier height measurements and factors, such as metal 

work function, that appear to determine b. The same factors can also determine whether 

a particular metal-semiconductor is ohmic or rectifying. 

The Schottky-Mott relationship predicts the ideal case in which b for a particular 

semiconductor depends directly (and only) on the work function of the metal contact, 

whereas the index of interface behavior, S, quantifies the actual dependence in practice.  

The results presented herein indicate that b is strongly affected by the nature (e.g., 

surface plane/orientation, cleanliness, defect types/density) of the semiconductor surface 

(or near surface).  In fact, when placed in context of Kurtin, McGill and Mead’s seminal 

paper,5 which reports highly covalently-bonded semiconductors as having complete 

Fermi level pinning (S ~ 0) and highly ionically-bonded semiconductors as being 

completely unpinned (S = 1), the results in the present paper indicate that the covalent-

vs.-ionic semiconductor distinction is not necessarily universal or absolute.  An example 

is the (100) SnS nanoribbon surface, which followed predictions from Schottky-Mott 

theory and appears to behave ideally. S ~ 1 for (100) SnS nanoribbons, even though 

SnS’s degree of ionicity is slightly less than that of SiC (S ~ 0.4-0.5). We believe that this 
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result may be associated with the fact that SnS is a layered material (i.e., in principle, no 

dangling bonds) and that the nanoribbons are single crystalline.  In contrast, SnS 

nanocrystalline thin films did not behave as ideally; all contacts were ohmic regardless of 

the metal work function. For SnS thin films the contact resistance decreased with 

increasing metal work function, suggesting some dependence of b on m. 

Surface contamination and defects can also have major effects on the interfacial 

properties. The difficulty to completely clean the SiC surface may limit contact 

properties.  b inhomogeneities and device reliability issues have been tied to specific 

defects in SiC. NCD is inherently inhomogeneous, in essence a composite material: its 

properties are a combination of the properties of the nanocrystalline diamond grains and 

the properties of the grain boundaries.  The latter dominate the electrically conductive 

properties of NCD films and likely contribute to the different behavior of contacts to 

NCD vs. conventional diamond films.  Interestingly, although NCD films are by nature 

highly defective and bonding within diamond grains is covalent, b showed a significant 

dependence on the metal work functions (S ~ 1/3).  The results of Schottky contacts to -

Ga2O3 have been dependent on the surface plane.  To date (100) and (010) -Ga2O3 

surface have shown more ‘ideal’ metal-semiconductor properties than those on the (-201) 

-Ga2O3 surface. SiC is another semiconductor that has shown significant differences for 

different surfaces: e.g., metals on C-face SiC tend to have higher b’s than the same 

metals on Si-face SiC. 

Ohmic contacts to all of these semiconductors have been demonstrated.  Ohmic 

contacts tend to form readily to NCD and nanocrystalline SnS films, whereas few metals 

have been demonstrated as ohmic contacts to Ga2O3. Although progress has been made to 
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enhance thermal stability of metal-semiconductor contacts, improvements are needed to 

realize the full potential of semiconductors like Ga2O3 and SiC that are being developed 

for devices for extreme operating conditions. 
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