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Control of Schottky and ohmic interfaces by unpinning Fermi
level
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Abstract

We propose the first systematical method to control Schottky barrier heights of metalrsemiconductor interfaces by
controlling the density of interface electronic states and the number of charges in the states. The density of interface states is
controlled by changing the density of surface electronic states, which is controlled by surface hydrogenation and flattening
the surface atomically. We apply establishing hydrogen termination techniques using a chemical solution, pH controlled
buffered HF or hot water. Also, slow oxidation by oxygen gas was used to flatten resultant semiconductor surfaces. The
density of interface charges is changeable by controlling a metal work function. When the density of surface states is
reduced enough to unpin the Fermi level, the barrier height is determined simply by the difference between the work
function of a metal f and the flat-band semiconductor f FB. In such an interface with the low density of interface states, anm s

ohmic contact with a zero barrier height is formed when we select a metal with f -f FB. We have already demonstratedm s
Ž .controlling Schottky and ohmic properties by changing the pinning degree on silicon carbide 0001 surfaces. Further, on an

Ž .atomically-flat Si 111 surface with monohydride termination, we have observed the lowering of an Al barrier height.
Moreover, we found the recovery of an ohmic property after TiC formation at Tir6H-SiC interface at 7008C whereas
conventional 5% HF rinsed Schottky Tir6H-SiC interfaces still have Schottky properties after TiC formation.
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1. Introduction

Ohmic contacts as non-rectifying electrodes
andror Schottky contacts as rectifying electrodes
have been used in every discrete and integrated
electronic devices since a diode was invented over
half a century ago. Uncontrollability of Schottky
barrier heights, however, restricts Schottky contacts
within limited applications to only high speed de-
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vices such as Schottky diodes or metal–semiconduc-
Ž .tor field-effect transistors MESFET ; Rectifying role

is usually made by p–n junctions. Also, the uncon-
trollability and inevitable formation of a Schottky
barrier in every metal–semiconductor interface re-
sults in difficulty in the formation of an ohmic
contact. In order to salve it, ohmic contacts are
formed by leaking currents through the barriers in-
stead of lowering the barrier heights. The leaky
Schottky barriers have complex mechanisms on cur-
rent transports because of complex interfacial atomic
and electronic structures caused by interfacial reac-
tions depending on experimental conditions. In prac-
tical devices, ohmic contacts by leaky Schottky bar-
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rier formation are fabricated by high doping of impu-
rities so as to tunnel electron current through the
barrier whose width is thinned. As a general trend, a
Schottky barrier has been formed for an ideal abrupt
interface, whereas an ohmic contact has been formed
by deteriorating the interface abruptness or by lower-
ing the crystallinity of the semiconductor. Conven-
tional techniques to form Schottky and ohmic con-

w xtacts are described in the text of Rhoderick 1 .
Overcoming the uncontrollability will provide us

wide applications of Schottky barriers as a stable
function in devices and also ideal ohmic contacts
with zero barrier height, which release us from diffi-
culty in formation of the conventional ohmic con-
tacts. The uncontrollability is mainly due to an inter-
facial Fermi-level pinning phenomenon which auto-
matically determines the barrier height. Therefore, it

Ž .is quite important to know the mechanism s of the
pinning phenomenon and to develop how to unpin.

It is well-known that the Schottky barrier height
f is generally expressed as follows,bn

f sS f yx qC , 1Ž . Ž .bn m s

where we define the slope parameter S as Ef rEf .bn m

S has a range of 0FSF1. The situation with Ss1
is called the Schottky limit, where the Fermi level is

Ž .free from pinning. When S is 0, f in Eq. 1bn

becomes constant, and is independent of the metal
work function f . This situation of the strongestm

pinning is the Bardeen limit. Since in practical inter-
faces S has values between the Schottky limit and
Bardeen limit, we can control the barrier height to
some extent by changing a metal. For instance, the
maximum and minimum barrier heights for
silicidern-Si interfaces are around 0.5 eV to 0.9 eV
and thereby the maximum width of controlling the

w xbarrier height is around 0.4 eV 2 , indicating that no
ohmic interface is formed without high doping. So
far, there existed no technique to control the pinning
degrees, the Schottky barriers were out of control.
As a result, each semiconductor has each fixed pin-
ning degree.

In this report, we propose the first concept to
unify the Schottky and ohmic formations by achiev-
ing the Schottky limit, where we utilize up-to-date
chemical treatments to control surface termination.
We also demonstrate barrier height controls and

Ž .ohmic formations using 6H-SiC 0001 and the

Ž .Si 111 substrates. Further, we demonstrate the ther-
mal stability of the interfaces with Schottky limit.

2. Unifying Schottky and ohmic formations by
controlling the Fermi level pinning

It is known that the pinning rate is dominated by
the density of interface states D . The relation isit

Ž .Sse r e qqdD , where e is the permittivity ofi i it i
w xthe interfacial layer and d its thickness 2 . There-

fore, we can control the degree of the Fermi level
pinning by changing D . In terms of lowering D ,it it

in-situ cleaning of a semiconductor surface in ultra-
high vacuum is not effective because of reconstruc-

w xtion induced surface pinning 3 . This leads to pin-
ning at resultant interfaces. So far, there is a signifi-
cant report aiming control of S or D using ex-situit

chemical treatment. Fan et al. reported that S of
GaAs increases from 0.14 for conventional
metalrGaAs interfaces to 0.53 by the sulfur termina-

w xtion of the surface 4 . The suggestive phenomenon
in this technique is the retrieval of the controllability
of S by controlling surface termination. If a semi-
conductor surface is a completely terminated one
without no dangling bonds, it should endure oxida-
tion and contamination, resulting in an ideal interface
with low D .it

Recent techniques using chemical solutions to
terminate semiconductor surfaces progress to reduce
the density of surface states and make their surfaces
flat atomically. Such an ideal surface should result in
forming an interface with a low D . We utilize twoit

chemical solutions, pH modified buffered HF or hot
water to suppress D . pH modified buffered HF hasit

Ž .been found to terminate the Si 111 surface only by
w xmonohydrides 5 . Hot water also has the same effect

w x6 . In a semiconductor surface layer with a low
crystallinity which becomes the origin of high D ,it

removing the surface layer by an oxidation followed
by a chemical etching is effective before the chemi-
cal termination. Also, slow oxidation is known to
form an atomically-flat interface by enhancing a

w xlateral oxidation speed relatively 7 . Atomically-flat
surface is obtained by removing the oxide layer. This
surface has a lower density of surface states.

Further, an actual barrier height is determined by
the number of interface charges Q in D . Q isit it it
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changeable if the metal work function f is changedm

because the change in Fermi levels between the
metal and the semiconductor yields a charge transfer.
When D ™0, the interface is in the Schottky limit.it

In the limit with zero D , the ohmic property isit

obtained when f is smaller than x because C inm s
Ž .Eq. 1 is generally small. Since this ohmic interface

has no Schottky barrier, the contact resistivity r isc

zero, independent of the donor concentration N . InD

contrast, in a common ohmic contact, there exists a
large D resulting in a pinned Schottky barrier for-it

mation restricting the current conductivity. In such a
contact, the minimum of r is limited by the Schot-c

tky barrier width determined by N because theD

current flows through the Schottky barrier by tunnel-
ing.

3. Demonstration of controlling barrier heights

Ž .Unintentionally doped n-type 6H-SiC 0001 bulk
substrates grown by modified Lely method and nitro-

Ž .gen doped n-type 6H-SiC 0001 epitaxial layers
were used. Si-faces of the SiC samples were used for
all depositions and characterizations. The carrier
concentrations N determined by capacitance versusD

Ž . 17 y3voltage C–V measurements were ;2=10 cm
for the bulk substrates and ;5=1017 cmy3 for the
epitaxial layers. Some of the samples were oxidized
in a quartz tube furnace. The thickness of oxidized
layers was about 3 nm. The oxidized layers were
etched by dipping in 5% HF solution. Some of the
samples with oxidationretching treatment were
dipped in boiling water or in pH-modified buffered
HF for 10 min. Finally, the samples were rinsed in
deionized water. Titanium, molybdenum, and nickel
were deposited with an electron beam evaporator to
form contact electrodes. During the depositions, the
sample temperatures were kept below 1008C. No
annealing was carried out for all electrodes. Magne-
sium ohmic back contacts were deposited at room
temperature. Most significant experimental technique
here is to avoid a procedure of back ohmic formation
before forward electrode formation. Otherwise, in
the following cleaning procedures the cleaning sur-
faces have effects of annealing history andror con-
tamination by the back metal or its cap wax. Actu-

Fig. 1. Schottky barrier heights as a function of metal work
Ž .functions. No treatment short dashed line , oxidation followed by

Ž .HF etching treatment long dashed line , and dipping treatment in
Ž .boiling water straight line are indicated.

ally, we have observed Ni Schottky contacts inde-
pendent of the surface treatments when we form

w xback ohmic contacts before Schottky electrodes 8 .
Fig. 1 shows f as a function of f for thebn m

Ž .three treatments. Conventional treatment a has a
Ž .slope parameter S of 0.2. After treatment b of

oxidation followed by etching, S rises to 0.8. Treat-
Ž .ment c using boiling water generates 1.0, which is

in the pinning-free Schottky limit. The Fermi level is
being released from pinning in order with proceeding

Ž . Ž .the treatments from a to c .
Ni contacts in all treatments show Schottky prop-

erties and f increases with proceeding the treat-bn
Ž . Ž .ments from a to c . In the Ti contacts f de-bn

creases with proceeding the treatments. f of the Tibn
Ž .contact by treatment c is a calculated value from

r of 6=10y3 V cm2. In the Mo contacts, f forC bn

all treatments are almost the same. A cross point of
the three lines near the Mo plots, indicating 0.70eV
of f , is the pinning position of the Fermi levelbn

because it is independent of the surface treatments.
This position is called a charge neutrality level. The
corresponding f at the charge neutrality level ism

around 4.6 eV in the figure. The extrapolated work
function at zero Schottky barrier is 3.9 eV along the
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line of Ss1. The work function is that of flat-band.
Since S is constant for each treatment, f is linearbn

for the change in f . In other words, S has nom

lowering behavior near the charge neutrality point at
Ž .least in the metalr6H-SiC 0001 system.

When the Fermi level is at the charge neutrality
point, the interface becomes electrically neutral. The
amount of the band bending by the pinning 0.70 eV
is preserved after the deposition of a metal with the
work function of 4.6 eV. Also on the pinning-free
surface, the metal with that of 4.6 eV also forms f bn

of 0.70 eV because a difference of work functions
Ž .between SiC and the metal is 0.7 eV s4.6–3.9 .

As the result, the metal at the charge neutrality point
has the constant barrier height independent of the
surface treatments by which the density of interface
states widely varies.

We can estimate the electron affinity x using thes

observed flat-band work function 3.9 eV. Since the
n-type dopant level by nitrogen is at 0.085 eV below

w xthe level of conduction band minimum 9 , x iss

estimated at around 3.8 eV. This is a new way to
estimate x .s

Schottky and ohmic contacts in our experiments
Ž 17are formed on the lightly doped substrates N ;10D

y3 .cm . In such an interface with a wide depletion
layer, a tunneling current is negligible. The dominant
current transport is thermionic emission. Therefore,
the ohmic currents in our experiments are generated
by current flows over barriers with the low heights.
Further, it should be noted that the ohmic contacts
are formed without post-annealing.

We demonstrate the proposed technique also on
Ž .Si 111 surfaces. According to the classical predic-

w xtion of S by Kurtin et al. in 1969 10 , S of Si is
around strongly pinned 0.02, where we divide their
value 0.05 by 2.27 to translate the metal parameter
from the metal electronegativity to f . In such anm

old period, the cleaning technique of semiconductor
surfaces was not sophisticated well, resulting in the
strong pinning. So, it is valuable to investigate S
again using the present advanced techniques of sur-
face cleaning. The hardness of Si, however, is much
lower than SiC. The etching of the Si surface should
be more careful. Otherwise, the resultant surface
becomes rougher than that before the etching. So, we
utilizes sophisticated procedures of cleaning to flat-

Ž .ten the surface for Si 111 .

Ž .Fig. 2. Schottky barrier heights of AlrSi 111 interfaces. The
surface treatments for dotted, dashed, and solid curves are 5% HF
rinse, hot water immersion, and flat oxidation followed by hot
water immersion.

Ž .Phosphorus-doped n-type Si 111 substrates with
a carrier concentration of 7=1016 cmy3 were used.

² :The mis-oriented angle was 0.448 toward 110 . All
samples were degreased followed by 5% HF rinse
for 60 s. A part of the samples were metallized by
aluminum to make electrodes using the electron beam
evaporator. Some of the other samples were metal-
lized after immersion in pure water at 908C. The rest
samples just after the first 5% HF rinse were oxi-
dized at 11008C in the quartz tube furnace. The
oxide thickness was 200 nm. The oxide layers were
removed by 5% HF rinse. The samples were cleaned

w xusing the procedure of RCA clean 11 . After the
cleaning, they were oxidized again at 3008C fol-
lowed by 8008C to flatten the Si surfaces. The oxides
were removed by 5% HF rinse. After that, RCA
clean was performed again. The samples were also
immersed in the hot water. Al was deposited after
the procedure. Fig. 2 shows the I–V characteristics
of the samples with the three procedures, the 5% HF
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rinse, the hot water immersion, and the hot water
immersion after the flat oxidation. The barrier height
is decreasing with proceeding the procedure from the
simple 5% HF through the hot water immersion to
terminate the surface by monohydride to the proce-
dure including the flat oxidation. Note that conven-
tional oxidation at around 10008C had no effect to
decrease the barrier height. Also, a rectifying prop-
erty, that is, the current difference between forward
and reverse bias is disappearing. The samples with
the flat oxidation followed by hot water immersion
have the ohmic-like property because the current
difference is within one order of magnitude. The
remaining Schottky barrier of 0.51 eV for the last
procedure is an obstacle to lower the contact resistiv-
ity.

If we know the electron affinity x of Si, we cans

estimate an ideal barrier height for Al in the
pinning-free condition. x , however, is a controver-s

sial parameter because it has no direct way to mea-
sure. If we use the value of 5.15 eV as the ionization

w xenergy 12 , the estimated x by subtracting the bands

gap width 1.12 eV is 4.03 eV. By adding 0.16 eV
between Fermi level and conduction band minimum
Ž 16 y3.for the carrier concentration of 7=10 cm to
4.03 eV, f of the flat-band is calculated to ben-Si

4.19 eV. The estimated ideal Schottky barrier in the
pinning-free condition is 0.09 eV using the value of

w x4.28 eV for f 13 . This is much smaller than ourAl

observed 0.51 eV. This suggests that the surface with
the flat oxidation followed by the hot water immer-
sion still has an enough density of interface states to
pin. A further advanced technique is required to
lower the barrier height. Even in this unsatisfactory
situation, it is surprising that the ohmic property is
obtained by flattening the surface atomically and
increasing the density of stable monohydride, which
is an way completely contradictory to the conven-
tional techniques to form ohmic contacts.

4. Thermal stability of pinning-controlled inter-
faces

Significant concern about the pinning-controlled
interfaces is thermal stability of the interfaces with
the ideal low densities of interface states. Is initial
electronic ideality at an interface preserved after

Ž .Fig. 3. Thermal stability of Tir6H-SiC 0001 interfaces prepared
by surface chemical treatments using boiling water and 5% HF
rinse.

interface chemical reaction by heat treatment?
We prepared pinning-controlled Ti ohmic contacts

Ž .onto 6H-SiC 0001 substrates formed by boiling wa-
ter immersion and conventional Ti Schottky contacts
onto the substrates formed by 5% HF rinse. These
two sets of samples are annealed in argon atmo-
sphere. Ti electrodes were capped by Ni to prevent
from surface oxidation. The ohmic contacts have no
change in r until 4008C as shown in Fig. 3. Smallc

widths of error bars suggest that rc is an essential
value for the TirSiC contacts. r increases drasti-c

cally from 4508C and takes the maximum at 6008C.
It surprisingly turns into decrease after 6008C. It was
reported from transmission electron microscopy that

w xepitaxial TiC forms at 7008C at the interface 14 .
Since the ideal ohmic resistivities collapses in the
regime between 450 to 6008C, atoms at the interface
start to break interface chemical bonds as an prece-
dent phenomenon of interdiffusion, resulting in in-
crease in D . In the next regime from 6508C, Dit it

decrease because of the recovery of interface ideal-
ity. On the other hand, the conventional Schottky
contacts deteriorate from 5508C. It is known that a
rectifying property at the conventional TirSiC inter-

w xface recovers at 7008C for a longer anneal 14 .
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5. Conclusions

We proposed the first method to control Schottky
barriers by changing the Fermi level pinning and by
changing the metal work function. This method uni-
fies Schottky barriers and ohmic conductivities in
terms of their artificial control. It has a simple
current transport mechanism with a minor effect of
tunneling current. The pinning control was achieved
by dipping silicon carbide crystals into pH modified
buffered HF or boiling water before metallizations.
These treatments have an effect to reduce the density
of the surface states and the resultant density of the
interface states. Ohmic interfaces were formed by
selecting Ti with a low work function as a contact
metal. Further, we found that Schottky barriers of Al

Ž .contacts onto the Si 111 substrates with atomically-
flat surfaces prepared using cleaning by hot water
and a slow oxidation technique by oxygen gas are
lowered toward the ohmic regime. Moreover, we
observe a precedent interdiffusion phenomenon
breaking interface chemical bonds before forming an

Ž .interfacial TiC layer at the Tir6H-SiC 0001 inter-
face.
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