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Chemical trends of Schottky barrier heights of ten kinds of metal contacts on hydrogen-terminated diamond
(001) surfaces are estimated from the temperature dependence of their current-voltage characteristics. In
addition to the measurements, the interface of the metal/hydrogen-terminated diamond is theoretically modeled
including the carrier density of the surface conductive layer and the electron-affinity variation from the clean
surface of the hydrogen-terminated diamond. Based on the model, a relation among the carrier density, the
electron affinity variation, and the barrier heights are derived. The relation explains well experimental results

of and other than the present work.
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I. INTRODUCTION

Surfaces of diamonds prepared by chemical vapor depo-
sition (CVD) technique are terminated by hydrogen. Despite
undoping, the hydrogen-terminated surface of diamond ex-
hibits p-type surface conduction! in a subsurface region of
~10 nm in depth.>? The surface conduction disappears by
oxidation and consequently the surface becomes
insulating.*> Furthermore, Schottky and ohmic metal con-
tacts are easily formed on the same surface by selecting
kinds of metals.®” Utilizing this nature, electronic devices
such as, in particular, metal-semiconductor field-effect tran-
sistors (MESFETs) have been fabricated on hydrogen-
terminated diamond surfaces.?>%® Especially in microwave
power electronics, the performance has been improving since
a diamond microwave MESFET reported for the first time in
2001.° Recently, cut-off frequencies for the current and
power gains, fr and f,,,. have reached 45 and 120 GHz,
respectively. At the same time, an output power density of
2.1 W/mm at 1 GHz has been realized.?

In spite of its potential for applications of the surface
conduction on the hydrogen-terminated diamond, the detail
understanding of its origin and transport properties is not
adequate and remains still controversial at present.!%-12
Schottky barrier heights (SBHs) of metal/oxygenated-
diamond contacts have been reported to be comparatively
high (1-2 eV) and independent of the metal work function or
the metal electronegativity.®!3-18 The results suggest that the
Fermi level at the interface is pinned in the band gap of
diamond. This agrees with a result of x-ray photoemission
spectroscopy that the Fermi level of the oxygenated surface
is pinned at 1.7 eV above the valence-band maximum
(VBM)." In contrast to this, the Fermi-level pinning is re-
duced at the interface of the metal/hydrogen-terminated dia-
mond. In our previous work,%? barrier heights of various
metal contacts on the hydrogen-terminated diamond (001)
were estimated from their current-voltage (/-V) characteris-
tics using high-quality point-contact diodes. A strong corre-
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lation between the barrier heights and metal electronegativi-
ties was observed. In addition, ohmic characteristics were
obtained in metals with comparably high electronegativities,
such as Pt and Au. The results indicate that the Fermi level at
the interface is not strongly pinned. However, the barrier
heights were obtained by a rough estimation based on as-
sumed contact areas, which were probably overestimated.

The hydrogen-terminated surface of diamond exhibits
negative electron affinity (NEA) (Refs. 21-24) while those
of clean and oxygen-terminated surfaces are positive. This
nature indicates vast potentials for electronic applications
such as cold cathode emitters, etc.

The electron affinity of diamond varies with its surface
structure. The variation reaches up to 3 eV from the oxygen-
terminated surface to the hydrogen-terminated surface.”* The
NEA of the hydrogen-terminated surface is related to its sur-
face C-H dipoles.?>?* On the other hand, the interfacial di-
poles affect the barrier height of an interface.”> Hence the
electron-affinity variation should affect barrier heights. How-
ever, very few arguments have appeared up to the present.

In this work, the interfaces of metal/hydrogen-terminated
diamond contacts are modeled including the carrier density
of the surface conductive layer and the electron-affinity
variation from the clean surface. Based on the model and
experimentally obtained barrier heights, the carrier density
and the electron affinity of the hydrogen-terminated diamond
surface are discussed. In addition, the Fermi-level position of
the free surface is also discussed.

II. EXPERIMENT

The starting materials were homoepitaxial diamond films
deposited by microwave plasma-assisted CVD technique on
high-pressure high-temperature synthetic Ib diamond (001)
substrates (1.5X2.0X 0.3 mm? in size). The reaction gases
were CH4(2.25%)/0,(0.75%) diluted with H, in a total gas
flow of 100 sccm and under a total pressure of 35 Torr. The
substrate temperature was raised up to 900 °C by plasma
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FIG. 1. Typical I-V characteristics of evaporated metal contacts on the hydrogen-terminated diamond (001), measured at various substrate
temperatures: (a) an Al, (b) Pb, (c) Zn, (d) Ti, (e) Co, and (f) Ni contacts.

during the deposition. The deposition time was normally 3 h
and the estimated thickness of the deposited film is approxi-
mately 1 um. A hydrogen-plasma treatment followed the
deposition process to obtain reproducibly complete hydrogen
termination and the p-type surface conduction. In this treat-
ment, the samples were exposed to pure hydrogen plasma
and were cooled down to room temperature in a pure hydro-
gen ambience.

Metal contacts on the homoepitaxial diamonds were pre-
pared by vacuum thermal evaporation of metals at room tem-
perature. Ten kinds of metals were deposited in dots (0.2 mm
in diameter) onto the homoepitaxial diamond films, such as
Al, Pb, Zn, Ti, Co, Ni, Cu, Ag, Au, and Pt. The samples were
mounted on a brass holder with Ag paste to obtain an ohmic
contact between the surface conductive layer and the holder.
A Hewlett-Packard model 4155A pA meter and voltage
source was used to record /-V characteristics. Temperatures
of the samples were controlled from room temperature to
300 °C. The I-V measurements were controlled automati-
cally by a personal computer.

III. RESULTS

Six metal contacts of the ten exhibit Schottky character-
istics, such as Al, Pb, Ti, Zn, Co, and Ni, whereas the Cu,
Ag, Au, and Pt contacts indicate ohmic characteristics. Fig-
ure 1 demonstrates typical I-V characteristics at various sub-
strate temperatures of the six types of Schottky contacts on
the hydrogen-terminated diamond (001). Apparent increases

in the reverse-bias current with rising temperatures are ob-
served for all the contacts in the figure. The Al contact in Fig.
1(a), deserving special note, exhibits an ideality factor n of
1.01 at 299 K (room temperature), which coincides with a
sufficiently ideal Schottky contact to evaluate its barrier
height by using the thermionic emission theory.

In the thermionic emission theory, the forward current /.
and the reverse saturation current /g of a Schottky contact at
a temperature 7 obey the following equations:

In(I/T%) =1n(SA™) = q( by, — Vi)/KT, (1)

In(Ig/T) = In(SA™) = g by, /KT (2)
Here S, A™, ¢, and k are the contact area, the effective Ri-
chardson constant, the electron charge, and the Boltzmann
constant, respectively. By plotting In(//T?) as a function of
1/T, a linear relationship is obtained as expected from Egs.
(1) and (2) (Richardson plots). The dependence of In(/./T?)
on 1/T [Eq. (1)] for the Al contact, the I-V curves of which
are displayed in Fig. 1(a), is shown in Fig. 2(a). In this case,
the thermionic emission theory describes well the current-
transport mechanism of the diode due to its excellent ideality
factor (1.01) and the linearity of the Richardson plots. The
barrier height of the Al/diamond contact is evaluated from
the gradient of a least-square fit of the Richardson plots, and
consequently it results in 0.59 eV. This value is much lower
than those reported by other group (1.4-1.6 €V).162¢27 How-
ever, it is quite close to the results of contact potential
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FIG. 2. Richardson plots of the Schottky contacts, the /-V characteristics of which are shown in Fig. 1: (a) the Al, (b) Pb, (c) Zn, (d) Ti,
(e) Co, and (f) Ni contacts, In (a), (b), and (c), the plots are obtained by the temperature dependence of forward current at applied voltages
of (a) =200 mV, (b) =140 mV, and (c) =100 mV. In (d), (e), and (f), the plots are yielded by the temperature dependence of reverse
saturation current at an applied voltage of +350 mV for all the three. SBHs are extracted from the gradients of least-square fits using Eq. (1)

for (a), (b), and (c); and using Eq. (2) for (d), (e), and (f).

difference measurements [0.6 (Ref. 28) and 0.57 eV (Ref.
29)].

One reason for the large difference of the barrier height of
the Al contact from the previously reported values is the
difference in estimation methods of the barrier heights. In the
literatures,'®?” a field and thermionic-field emission theory
including tunneling processes by Padovani and Stratton®
was used to estimate barrier heights from /-V characteristics.
The Padovani-Stratton®* model assumes an impurity concen-
tration in the semiconductor, heavy doping in particular, and
tunneling processes across a triangle-shaped potential barrier.
However, the diamond layer is not doped and no such poten-
tial barrier at the interface exists for the metal/diamond con-
tact here as illustrated in Fig. 3(b). Hence the Padovani-
Stratton model is unsuitable for the estimation of barrier
heights of metal contacts on the hydrogen-terminated un-
doped diamond. In fact, by using the conventional thermi-
onic emission theory used in the present work, a barrier
height of 0.6 eV has been obtained for the Al contact.!® This
value is close to the result of this work.

As another reason, the difference in preparation processes
can be considered. All the samples in the literatures'®2%-2
were annealed in vacuum before /-V measurements. This
process possibly changes barrier heights, judging from a the-
oretical analysis in the present work. The details are dis-
cussed later.

The same process as the Al contact has been applied to

the others, namely, Pb, Zn, Ti, Co, Ni, Cu, Ag, Au, and Pt. In
the case of the Pb contact, its /-V characteristics shown in
Fig. 1(b) also indicate a good ideality factor of 1.12. The
Schottky barrier height is estimated at 0.51 eV from the Ri-
chardson plots in Fig. 2(b). Likewise, for the Zn contact in
Figs. 1(c) and 2(c), a barrier height of 0.36 eV is obtained.
For the Ti, Co, and Ni contacts in Figs. 1(d)-1(f), respec-
tively, the reverse saturation current /g has been examined to
avoid the effect of series resistance in the forward-bias re-
gion [Eq. (2)] because of their small rectifying ratios as
shown in Figs. 1(d)-1(f). The estimated barrier heights of the
Ti, Co, and Ni contacts, respectively, are 0.39, 0.27, and 0.19
eV. In the cases of the Cu, Ag, Au, and Pt contacts, their
barrier heights are hardly determined due to their low value
of near zero, i.e., they exhibit ohmic characteristics in the
temperature range of the measurements. The results indicate
that metals with relatively small electronegativities (Paul-
ing’s electronegativity X,,<<1.9), such as Pb, Al, Ti, Zn, and
Co, exhibit good Schottky characteristics and high barrier
heights. On the other hand, metals with high electronegativi-
ties (X,,=1.9), such as Cu, Ag, Au, and Pt, form ohmic
contacts on the hydrogen-terminated diamond. This implies
that the boundary between Schottky and ohmic contacts ex-
ists at around an electronegativity of 1.9 in Pauling’s scale.
The ohmic characteristics of the Au or Pt contacts on the
hydrogen-terminated surface agree with previously reported
work.6'7"8’20
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FIG. 3. Band diagrams (a) at the free surface of the hydrogen-
terminated undoped diamond and (b) at the interface between a
metal and the hydrogen-terminated undoped diamond. Positive
quantities are indicated by upward arrows while downward arrows
indicate negative quantities.

IV. DISCUSSION

A. Interface modeling for analysis

Before discussing the experimental results, the interface
between metal and hydrogen-terminated undoped diamond is
modeled for analysis. This system has peculiar characteris-
tics different from other metal/semiconductor interfaces,
such as the p-type surface conduction on the diamond sur-
face despite undoping and the NEA.?*?* Considering their
effects, the interface is modeled based on the popular manner
established by Cowley and Sze3! and the metal-induced gap
states(MIGS)-and-electronegativity model by Monch.?

In the beginning, negative surface charge, with an area
density of Q,,, is assumed to exist near the VBM. This as-
sumption is adopted considering an adsorbate layer of the
transfer doping model,'” ionized acceptor-type surface states
or defects,'®33 or others. Regardless of models for the origin
of the surface conduction on the hydrogen-terminated dia-
mond surface, the negative surface charge should exist below
the Fermi level at the interface. Figure 3(a) schematically
shows a band diagram of the hydrogen-terminated free sur-
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face before the formation of a contact. The NEA of the
hydrogen-terminated diamond surface is included in the dia-
gram. The surface charge is taken into the band line up and
placed below the Fermi level E with a constant density per
unit area of N,. This signifies that the adsorbate layer or the
surface acceptors are completely charged. This assumption is
adequately reasonable at room temperature.’*3 Thus the sur-
face charge is negative and has a constant area density of
Q,,> Which is written as

Qsaz_qNsa' (3)

In addition, the thickness of the surface charge layer is as-
sumed to be atomic dimension.>® At the free surface, Q,,
should be in balance with the net charge of surface states Q,,
and the charge of holes accumulated at the surface Qj:;, to
satisfy the local charge neutrality at the surface

Qsa + QSS + ng?‘e = O’ (4)

The Fermi level at the hydrogen-terminated surface is lo-
cated below the VBM.?® Hence the surface states in the band
gap below the charge-neutrality level (CNL) is positively
charged while those above the CNL are neutral. That is to
say, the net charge of the surface states is positive. This leads
to —Q0,,> Qs Note Ny, corresponds to the carrier (hole)
sheet density and Qj¢;, is the area charge density of accumu-
lated holes out of it.

Figure 3(b) depicts a band diagram of a metal/hydrogen-
terminated undoped diamond interface after a Schottky con-
tact formation. The metal and the diamond are assumed to be
separated by an interfacial dielectric layer with a thickness of
0, and a dielectric constant of g;. This type of interface
model®'3® has been frequently used to analyze metal/
semiconductor interfaces. According to the MIGS
concept,>”38 interface states at the diamond side arise out of
the penetration of the wave function of the metal electrons.
Hence the density of the interface states is expected to be
larger than the density of the surface states at the free sur-
face. Hereafter, the interface states of the diamond side at the
interface of the contact are differentiated from the surface
states at the free diamond surface by the words “interface”
and “surface.” After the contact formation, the charges on the
diamond side are Q,, and the net charge of the interface
states Q;,. They should be balanced with the interface charge
on the metal side Q,,. In this case, holes on the diamond side
are depleted (Qjc;,~0) and the space charge by ionized im-
purities in the depletion region is zero due to the undoping of
the diamond. This generates a deep depletion region beneath
the contact, from the interface into the deep inside of the
diamond. This is the two-dimensional (2D) nature of the sur-
face conductive layer of the hydrogen-terminated diamond
depicted by numerical calculations in the literature’® and the
experimentally observed periphery effects.’**? Eventually,
the local charge neutrality at the interface is

Qm+ Qit+ Qm:0~ (5)

In discussing metal/semiconductor interfaces, the concept of
the CNL (Ref. 31) of interface states is essential to determine
the barrier heights. The net charge of the interface states is
determined by the position of the Fermi level with respect to
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the CNL. The interface states with larger energies than the
CNL are acceptorlike while ones with smaller energies are
donorlike. In other words, Q;, is negative when the Fermi
level is positioned above the CNL and is positive with the
Fermi level below the CNL. Thus the coincidence of the
Fermi level and the CNL means charge neutral of the inter-
face states and zero-charge transfer between the metal and
the semiconductor. Using ¢cyp, the energy position of the
CNL with respect to the VBM, the net charge density per
unit area of the interface states Q;, is derived by

$CNL
0i=¢q J
¢’bp

Here ¢, is the barrier height and D;, denotes the density of
the interface states. For simplicity, assuming a continuum of
interface states with a constant density of states D;, across the
band gap,?' one obtains

Q=D en = bip) - (6)

On the other hand, the parallel-plate capacitor between the
metal and the diamond with a potential drop of A;, shown in
Fig. 3(b) yields

D,(E)dE.

_ gigody; €&y

m= 51‘, q5,,( ¢bp d)m) (7)

Here g, I, and ¢,, are, respectively, the permittivity of
vacuum, the ionization potential of the diamond, which de-
notes the energy of the VBM (Eygy) with respect to the
vacuum level, and the work function of the metal. Substitut-
ing Egs. (3), (6), and (7) into Eq. (5) and rearranging it, one
obtains

2

l 1 5
t I((ﬁCNL ¢hp) Nva' (8)
i€0 €&

bop =15 = b +

As one can see in Fig. 3(b), the barrier height ¢, is written
by using the potential drop across the interfacial layer A;, as

¢bp = Is - ¢m - inl' (9)
Comparing Egs. (8) and (9), one obtains

lDl
Sl [(¢CNL bup

l

thl qA  + qua ==

(10)
Here A, and A, are defined as
q 5, D;
qus = - t(¢CNL d)bp)’
2
S
g, =N, (11)
€i€o

A;; can be considered as the difference in the vacuum level
just outside the diamond from the one just out side of the
metal. At the same time, it represents a deviation from the
Schottky-Mott relationship ¢,=1;—¢,. A, consists of two
terms, such as A, and A, as seen in Eqs. (10) and (11). A,
expresses the Fermi-level pining. It works as negative feed-
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back to converge the Fermi level to the CNL.*! The driving
force of the convergence becomes stronger with increasing
interface state density D;,. On the other hand, A, represents
the contribution of the surface charge Q,, to the barrier
height. This effect works as constant shifts on the barrier
heights to be reduced due to its constant density of negative
charge.
Rearranging Eq. (8) gives

bp:Sd)(Is_d)m)"'(l_S¢)<¢CNL_%> (12)

it

with the slope parameter

Iy
S‘/’:_ a¢p:<1 +

S, is experimentally obtained by Sy=—d¢,,/ deh,, (Refs. 31
and 36) and the barrier heights depend linearly on the metal-
work functions through —S, as indicated by Eq. (12). From
Eq. (13), D;;~0 gives S,~ 1. In this case, the Schottky-Mott
rule is recovered as one can see in Eq. (12). In contrast, a
large D, that indicates S4~0 gives ¢,=dcn,—Ny,/ Dy In
other words, the Fermi level is pinned at below the CNL by
N,,/Dj,. Equation (12) suggests that the barrier-height varia-
tion by N, is written as

ZaD -1
q ir lt) (13)

€&

Ay, =—(1- (14)

D,

This barrier height reduction is the same value as fully
charged interface defects with the area density of N,,.>

In the simple Schottky-Mott picture of metal/
semiconductor interfaces, The Schottky barrier height of an
interface is defined as the energy difference between the ion-
ization potential (Eypy with respect to the vacuum level) of
the semiconductor and the metal work function, when the
semiconductor is doped p type. In characterizing the metal,
however, the electronegativity X,, has been used rather than
the work function ¢,,. This preference for X,, rather than ¢,,
was led by the difference between the internal work function
related to the electronegativity and the measured work func-
tion due to the additional electronic contribution from the
surface dipole of the metal.*>*3

The interface states at an ideal metal/semiconductor con-
tact are identified with the continuum of the MIGS.?73® The
barrier heights arise from charge transfer across the interface
to satisfy the interface charge neutrality as discussed before.
In generalizing Pauling’s concept for small molecules,
Monch3># has modeled the interface charge transfer by the
electronegativity differences X,,—X; of metals and a semi-
conductor. In consequence, he obtained the following equa-
tion for metal/p-type semiconductor interfaces:3>**

()bbp = QSS -

where ¢ is the zero-charge-transfer barrier height (the en-
ergy of the CNL with respect to the VBM, i.e., ¢y= ¢pcn for
ideal metal/semiconductor contacts). S, is the slope param-
eter (S,=—dd¢,,/9X,,). X,, and X, are the electronegativities
of the metal and the semiconductor, respectively.

S (X, —X,), (15)
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For metal contacts on the hydrogen-terminated diamond
surface, the chemical trends of their barrier heights deviate
from the MIGS line Eq. (15).%% As one of origins of the
deviation, M6nch? has taken the potential drop across the
surface C-H dipole layer into account. In addition,
Kawarada® has assumed acceptor-type interface states near
the VBM as another origin of the deviation, the net effect of
which is written as the same manner as Eq. (14).

In the concept of the MIGS-and-electronegativity model,
the charge transfer across metal/semiconductor interfaces is
determined by X,,—X,. In other words, the charge density at
the metal side Q,, and at the semiconductor side Q; are ex-
pressed as

_Qm=QSOCXm X (16)
In our case here, from Fig. 3 and Eq. (5)
Q;=0ir+ Osa- (17)

If a dipole layer exists on the semiconductor side of the
interface, the charge density of the dipole layer Q;; should be
taken into account. Hence Eq. (17) becomes

Qs=Qit+Qsa+Qid' (18)

In the interface C-H dipoles on the hydrogen-terminated dia-
mond, the H atoms are positively charged while the C atoms
are charged negative.>> Hence the contribution of the dipole
charge Q;, to the semiconductor (diamond) side is negative.
According to Eq. (16), O, may not change regardless of the
presence of Q,;. Since Q,, is constant, the presence of Q;,
yields a change in AQ;, i.e.,

AQi=-Qiy- (19)

From Egs. (6) and (19), one obtains a barrier-height variation
A(f);,‘j, by the interface dipole layer as

_Qld AQlt_ qutA¢b1; (20)

Here A¢Z‘fj<0 due to 0,;<0, ie.,
reduced by the interface dipole layer.

The unchanged Q, regardless of the presence of Q;, means
that the interface potential barrier A;, is not changed by Q;,.
This indicates that the energy drop across the interface dipole
layer gA,, is identical to the barrier-height reduction Ad,.
Based on the idea discussed above by Monch, barrier heights
of Ag (Ref. 45) and Pb (Ref. 46) contacts on hydrogen-
terminated Si(111) surfaces have been successfully ex-
plained.

Equation (19) suggests that the charge density of the in-
terface C-H dipole layer Q;; does not affect the interface
potential barrier A;;, namely, A;; exists on the outside of A,
Since gA;, is the difference of the vacuum levels just outside
the metal and the diamond, the vacuum level just outside the
diamond is located at the opposite side of the dipole layer to
the diamond side. This indicates that gA;; is equivalent to the
shift in electron affinity from the clean surface.

This assumption has been also supported by experiments
with other techniques. By using combining work-function
measurements with photoelectron yield and core-level pho-
toemission spectroscopy, Cui et al.?® have found that the
electron-affinity difference between the NEA hydrogen-

the barrier heights are
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terminated surface and the clean surface directly mirrors the
potential drop across the surface C-H dipole layer for dia-
mond (111) surfaces. In succession to them, in a similar man-
ner, Maier et al.”* have reached similar results for hydrogen-
terminated diamond (001) surfaces.

Judging from these facts, the electron-affinity difference
Ay, between the hydrogen-terminated and the clean diamond
surfaces is identical to gA,,;. Thus one gets

A ¢bp qud AXS XHterm clean ) (2 1 )

Here x“"™ and x““" denote the electron affinity of the

hydrogen-terminated and of the clean surfaces, respectively.
Considering both the effects of the surface charge and the

interface dipoles, the total barrier-height variation is

Nya q25it
1-Sg)— +Ax,=-S
B ) Dy X 80

A¢ + A(;bbp Nva + AXY

(22)

Hence the MIGS line Eq. (15) is expected to become

2

q°5;
bvp = Pent — S¢ me+AXs S (Xn,—X)). (23)
In this case, ¢ in Eq. (15) is not identical to ¢cynp any
longer, i.e.,

9’5,
o= den=Ss ”Nm +AX,- (24)
In the MIGS—and—electronegativity model, the MIGS line Eq.
(15) is derived from the correlation between the electronega-
tivity X; and the dielectric work function ¢,; of a
semiconductor?

d)sd:Evac_ECNL:Is_ ¢CNL=AXXS+B_X' (25)

Here the parameters A, and B, are the same as those for
polycrystalline metals, namely,

b =AX + By (26)

The dielectric work function is the energy of the CNL with
respect to the vacuum level. For an intrinsic semiconductor,
the Fermi level of a free surface coincides with the CNL in
order to satisfy the local charge neutrality at the surface. In
the electronegativity concept, no charge transfer through the
interface occurs when the metal and the semiconductor have
identical electronegativities. Likewise, no charge transfer oc-
curs as long as the Fermi level is positioned at the CNL
because no charges emerge at the interface due to the local
charge neutrality.

The discussion about Eq. (19) implies that the dielectric
work function of the hydrogen-terminated surface of dia-
mond is equal to that of the clean surface. In other words, the
Fermi-level position with respect to the vacuum level of the
hydrogen-terminated surface is identical to that of the clean
surface. This agrees well with experimental results in this
work as discussed later. The energy position of the Fermi
level on the hydrogen-terminated diamond surface is thought
to be below the VBM (Ref. 28) as illustrated in Fig. 3(a).
Here we define this Fermi level of the free hydrogen-
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FIG. 4. A schematic diagram of the density-of-states energy
distribution for the interface states and the valence band near the
VBM. Corresponding MIGS lines of barrier heights against metal-
work functions and electronegativity differences are also illustrated.

terminated diamond surface as FL-H/" and its energy posi-
tion from the VBM as ¢€1f "¢ Likewise, we define the similar
energy at a metal/diamond interface to FL-H/"¢ as FL-H, the
energy position of which is d)f with respect to the VBM, i.e.,
no charge transfer occurs through the interface when the
Fermi level is positioned at FL-H.

The carriers (holes) of the surface-conductive layer are
activated completely above 70 K.3> Hence, the surface-
charge density N, is constant at room temperature. In addi-
tion, the free surface is neutral when the Fermi level coin-
cides with FL-H/"¢ due to the charge neutrality condition Eq.
(4). Hence the net charge of the free surface is negative,
vanishes, and becomes positive when the Fermi level is
above, coincides with, and drops to below FL-H/"¢. This
behavior is as if it were the CNL of gap states. Furthermore,
for a metal/hydrogen-terminated diamond interface, no
charge transfer across the interface occurs if the Fermi level
is located at FL-H. However, note FL-H at the interface of a
metal/diamond contact may be slightly different from
FL-H/"*¢ of the free diamond surface. The density of inter-
face states (MIGS) is considered to be larger than the density
of surface states because the MIGS is induced by the pen-
etration of electron wave functions from the metal into the
semiconductor.’” Since the density of states of the valence
band near the VBM is supposed to be much larger than the
density of the interface or the surface states, the difference is
expected to be small and negligible. Thus Eq. (25) for the
hydrogen-terminated diamond is

d’sd:Is_ d’f:Ast"'Bx' (27)

If the Fermi level at the interface coincides with FL-H,
namely, ¢,,=¢,,, no charge transfer occurs across the inter-
face. Hence, one results in X,,—X =0 in this case. This
means that the MIGS line should pass through gbf at X,
—X,=0. The MIGS line Eq. (23) is defined for ¢, =0, how-
ever, since the slope parameter S, is determined by Dy, the
density of the interface states within the band gap, as indi-
cated by Eq. (13). For ¢,,<0, i.e., the Fermi level at the
interface becomes below the VBM, the MIGS line should
have a different slope parameter S;B from S,, which is de-
termined by the density of states of the valence band near the
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VBM in a similar manner to Eq. (13). This situation is sche-
matically illustrated in Fig.4.

The accumulated holes in the surface conductive layer on
the hydrogen-terminated diamond exhibit 2D
behavior.>>2%47 For a 2D hole system with parabolic bands,
the density of states nUDOS(E) is constant and does not depend
on energy, which is given by

DOS pos _
nv (E) = nv = %’ (28)
where m;, is the effective mass of holes.

Here, for simplicity, we proceed with classical manner by
neglecting quantization effects in the 2D system.?®*” From
Eq. (13), the slope parameter S;B for ¢,,<0 is expected to
be determined by

Iy,

a ¢l‘ﬂ

2o DOS\-I
oyn
=<1+—q te )

€i€o

SVB —

2 * 0\ -1
q~ 0 my, )
=\1+— <0). 29
( + €80 7Tﬁ2 (¢bp ) ( )

From the relationship Eq. (26), one gets
vB__ %, B _
S, =- =AS, and S,=AS,. (30)
X,
If ¢,,=0 at X, =X°. Eq. (15) gives

m’>

m

X0 - S:%ﬁ. (31)

X

Thus, from Fig. 4 and Eq. (29), one obtains

SVB A ¢*( qza mt >_1
H VB X # X0 it """h
=SVB(X0 - X)) = == 1y =)
¢L X ( m S) Sx ¢0 Sx &€ 62

(32)

Hence, using Eq. (28), the area density of holes accumulated
at the free surface p,.. is given by

Ao 7> g’ 5\
Pace = — nUDOS¢]Z= - 0( = T : . (33)
Se \my, &g

Here ¢’m)/mh* and e;g,/ 5, are, respectively, the capaci-
tance per unit area of the density of the valence band near the
VBM at the interface and of the interfacial dielectric layer.
Hence (7#i%/g*m},+ 8,/ £;80)" denotes the combined capaci-
tance of the two capacitors in series. Besides, ¢/ Sx=X9n
—X, as indicated in Eq. (31). Hence A, ¢y/S,= /S denotes
the energy difference between the metal work function and
the diamond VBM (¢,,— 1) at the interface in the case where
the Fermi level coincides with FL-H (=FL-H/*) as sug-
gested in Fig. 4. This difference corresponds to the bias volt-
age of the capacitor. From Eq. (33), @qpue.
=—(py/ S o) (7h?*/ g*my+ 5,/ £;80)" is therefore interpreted
as the charge of the capacitor at the diamond side at the bias
voltage — ¢,/ S (note ¢, <0).
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FIG. 5. Schottky barrier heights of metal/diamond contacts plot-
ted vs electronegativity differences between metals (X,,) and dia-
mond (X,) in Pauling’s scale of electronegativities. The open circles
(O) denote the data of metal/hydrogen-terminated diamond (001)
interfaces measured in this work. The open squares ([J) and the
open triangles (A) indicate, respectively, the data of metal/oxygen-
terminated (001) (Ref. 17) and (111) (Ref. 18) interfaces. A theo-
retically calculated CNL (1.4 eV from the VBM) (Ref. 48) is also
indicated in the figure.

When the Fermi level is below the VBM, Q,, and Q;, are
positive, and from Eq. (6), Q;,=¢gD;;¢cnt.> Oy, Hence the
charge-neutrality condition at the free surface Eq. (4) leads to

Pacc < Nsa < Pace Dit¢CNL- (34)

Since S, and ¢, are experimentally obtained, one can esti-
mate the hole sheet density of the surface conductive layer
on a hydrogen-terminated diamond surface from Egs. (33)
and (34). Then one can evaluate the electron affinity from the
correlation Eq. (24) between N, and Ay,.

B. Analysis of experimental results

Figure 5 demonstrates relationship between metal elec-
tronegativities and barrier heights of the corresponding metal
contacts on the hydrogen-terminated diamond measured in
this work. As one can see in the figure, the plotted data
displays a linear correlation. In Fig. 5, Pauling’s electrone-
gativity scale is used. In dealing with interfaces between sol-
ids, generally speaking, Miedema’s scale of electronegativi-
ties are preferred to Pauling’s. This is because Miedema’s
electronegativities have been derived from properties of
solid® whereas Pauling’s electronegativities are based on
chemical-bond energies of small molecules.”® In this work,
however, Miedema’s electronegativities give scattered data
and poor linearity compared to Pauling’s. Figure 6 shows the
barrier heights plotted against X,,—X in Miedema’s scale. In
Fig. 6, a linear correlation among the six Schottky contacts
can hardly comprise the ohmic contacts (Cu, Ag, Au, and Pt).
This situation is in contrast to that in Pauling’s scale shown
in Fig. 5 as discussed later using the interface model. Paul-
ing’s electronegativities are therefore employed hereafter.
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FIG. 6. Experimentally obtained Schottky barrier heights of
metal/diamond contacts plotted against electronegativity differences
(X,,—X,) in Miedema’s electronegativity scale. The dashed line de-
notes a least-square fit by Schottky contacts (Al, Pb, Zn, Ti, Co, and
Ni). The least-square fit by using Pauling’s scale Eq. (35), indicated
by a dashed line in Fig. 5, corresponds to the solid line in this
figure.

Tung®' has pointed out that the behavior of metal/
diamond interfaces, such as S in particular, deviates consid-
erably from a trend of other semiconductors using data of the
hydrogen-terminated (001) in the literature.”> He has as-
cribed the deviation to a higher interface bond density of
diamond than other semiconductors since diamond is an el-
emental semiconductor with a small lattice constant. This
may be related to the fact that Pauling’s picture works better
than Miedema’s for the contacts on diamond in this work.

In Fig. 5, a least-squares fit by using the plots of the
Schottky contacts of X,,<1.9 (X,,—X,<-0.6), i.e., exclud-
ing the ohmic contacts, gives the dashed line expressed as

¢bp =-0.6-1.1 (Xm - XY)(CV) (35)

with a linear-regression coefficient r=0.86. Comparing Eq.
(35) with Eq. (15), S,=1.1 and ¢,=-0.6 eV are obtained.
This value of S, is slightly larger than those of point contacts
(0.7-1.0) in previously reported works.®? Since the S factor
is directly related to the density of interface states as sug-
gested in Eq. (13), it is supposed to be sensitive to the prepa-
ration of samples. Here the preparation includes the deposi-
tion conditions of the diamond homoepitaxial layer, the
hydrogen-termination treatment, and the contact (interface)
formation. Hence the differences in S factors are considered
to be due to the different preparations of the samples and
contacts. In addition, the larger S factor here than the previ-
ously reported values signifies lower density of interface
states of the evaporated contacts in the present work than
those of the point contacts in the previous works. Further-
more, an S factor of 1.1 in the present work is much larger
than those in other covalent semiconductors, such as Si and
Ge (S,<0.1), and comparable to ionic semiconductors
(S,=1).8

045303-8



SCHOTTKY BARRIER HEIGHTS, CARRIER DENSITY....

In Miedema’s electronegativities, a least-square fit using
the six Schottky contacts (Al, Pb, Zn, Ti, Co, and Ni), indi-
cated by the dashed line in Fig. 6, does not work well as
aforementioned. In this case, S,=0.16 and ¢,=+0.09 with a
linear-regression coefficient r=0.66. This MIGS line cannot
explain the ohmic contacts (Ag, Cu, Au, and Pt) in Fig. 6, as
schematically illustrated in Fig. 4, unlike the MIGS line in
Pauling’s scale in Fig. 5. Since the parameter A, is 0.86 for
Miedema’s scale,3> S, of 1.1 in Pauling’s scale in Eq. (35)
corresponds to 0.42 in Miedema’s scale. The MIGS line cor-
responding to Eq. (35) is drawn by the solid line in Fig. 6.
Note that ¢, is independent of the electronegativity scale.
This line can take the ohmic contacts into account though
several Schottky contacts, such as Co and Ni, in particular,
deviate considerably from it.

The slope parameter, which exhibits controllability of the
Fermi level at an interface, is connected to the density of
interface states as Eq. (13). Rearranging Eq. (13) gives

1-Sy)e;
D, = (_@_ (36)
S¢5irq

The interface layer thickness ¢, is expected to have an
atomic dimension, i.e., 3 or 5 A. Assuming ;=4 A (Ref.
52) and &;=2,> and using Eq. (30) with A,=2.27,%* the den-
sity of the interface states D;, which is equivalent to
the density of MIGS for an ideal interface, is estimated at
3.0X 10" states/eV cm? from Eq. (36). This density is one
order of magnitude less than a theoretically calculated
value for a jellium/clean diamond (111) interface (2.3
X 10'* states/eV cm?).> In addition, S,=1.1 is around three
times larger than that of a calculated value (0.38) of the
jellium/diamond interface. This denotes that the density of
the interface states is effectively reduced by hydrogen termi-
nation as observed in hydrogen-terminated Si,> sulfur-
terminated GaAs,’® or hydrogen-terminated 6H-SiC.>’

In Fig. 5, barrier heights of Al, Ni, and Au contacts on
oxygen-terminated diamond (001) and (111) surfaces are
also plotted. The data is taken from the literatures by Takeu-
chi et al.'” for the (001) and Ri et al.'® for the (111) as
examples. As one can see in Fig. 5, the barrier heights of the
metal/oxygen-terminated diamond interfaces are independent
of the electronegativity of metals, in contrast to the
hydrogen-terminated (001). The Fermi levels at the inter-
faces are strongly pinned at 0.9-1.7 eV from the VBM. As
mentioned before, the Fermi level is pinned at or near the
CNL of the interface states. The Fermi level of an interface
approaches asymptotically its CNL with increasing density
of interface states around the CNL without other extrinsic
factors such as interface defects, etc. According to the ca-
nonical pinning model by Tersoff,”® the CNL of interface
states is identical to the branch point of the complex band
structure of a semiconductor, i.e., the position of the CNL in
the band gap reflects the bulk band structure of the semicon-
ductor. Hence the energy position of the CNL with respect to
the VBM is considered to be independent of the surface ter-
mination. Since metal/clean diamond interfaces exhibit an
agreement with ¢y =1.4 eV,” the CNL of the oxygen-
terminated surface may be located at the same position. This
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roughly agrees with experimental data in Fig. 5 and the
literatures.!3-!8 For the hydrogen-terminated diamond, ¢cyy
=1.4 eV is therefore assumed in this work.

Substituting the obtained and the assumed numerical data
into Eq. (24) gives

Ax,(eV) = 1.8 X 107 X N,(/em?) =-2.0.  (37)

Using a density-of-states effective mass of holes m,
= 0.8m, (Ref. 59) for Eq. (33), the inequality Eq. (34) leads
to

32X 10P < N, < 7.4 % 10%(/cm?). (38)

This result is in good agreements with experimental hole
sheet densities by Hall measurements®**3 ranging from 10'?
to 10'*/cm?. From Eq. (37), this relation gives

- 1.4 <Ay, <-0.7(eV). (39)

Maier et al.** have investigated electron affinities y, of dia-

mond (001) surfaces by a combination of work function and
photoemission experiments. They resulted in y,=-1.3 eV
for the fully hydrogenated surface and +1.7 eV for the oxi-
dized surface while x,=+0.5 eV for the clean surface.
Hence the C-H dipole-induced electron affinity lowering
Ax,=-1.8 eV at the minimum. In addition, as-prepared (as
hydrogen-plasma treated) specimens exhibited y, from —1.0
to =0.6 eV.

Taking an electron affinity of the clean (001) y</“
=+0.5 eV, Eq. (39) gives

—0.9 < yfrerm < —0.2(eV). (40)

This roughly agrees with the electron affinities of the as-
prepared specimens.

For the clean surface, from Eq. (25), the Fermi-level po-
sition with respect to the vacuum level is estimated at ¢,
=Is—¢CNL=X§[””+E8—¢CNL=4.6 eV using a band gap E,
=5.5 eV. In addition, substituting the numerical data into
Eq. (32) yields ¢=-0.1 eV. As pointed out before, assum-
ing that the Fermi-level position of the hydrogen-terminated
surface with respect to the vacuum level is identical to ¢, of
the clean surface, one obtains from Eq. (27)

XM+ E, — ¢ = 4.6(eV). (41)

This results in }?**"=-0.8 eV. Using this value for Eq.
(37), one obtains N,,=4 X 10'3/cm?. These values reason-
ably agree with the experimental data, supporting that the
assumption on the Fermi-level position. In fact, the MIGS
line for the hydrogen-terminated diamond Eq. (23) and the
FL-H position Eq. (32) can be mathematically derived from
the assumption Eq. (27).

The discussion so far involves the interface between a
metal and the hydrogen-terminated diamond (001) surface.
However, the interface model built in the present work is not
based on the assumption of a specific orientation of diamond.
It employs the experimental data obtained on the hydrogen-
terminated diamond (001), including the barrier heights, the
sheet carrier densities, and the electron-affinity difference
Ay, for the discussion. The model can therefore be used to
analyze an interface on the hydrogen-terminated diamond
(111), another typical surface orientation of diamond, by us-
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ing data for the (111) surface such as barrier heights of metal
contacts,'® Ax,=1.65 eV,? and so forth. To our knowledge,
however, adequate data are not available for analysis of the
(111) by using the model at present.

Finally, we would like to consider the hydrogen-
terminated free surface illustrated in Fig. 3(a). Supposing the
surface negative charge Q,, does not exist on the surface, the
surface-charge neutrality Eq. (4) becomes Qg+ Q5o =0. This
condition is satisfied only when Q =0}, =0. This indicates
that the Fermi level coincides with the CNL. Considering the
charge of the surface C-H dipole layer Q,,, the situation does
not change due to the dipole layer is neutral in total. In other
words, the net charge on the semiconductor (diamond) side
of the dipole layer Q, is written as

0,=0+ szje + Q;l’ (42)

where Q;, denotes the negative contribution of the dipole
layer into the diamond surface. On the other hand, the posi-
tive contribution of the dipole layer on the other side of the
dipole layer Qf, should be in balance with Q,. Since Q7
=—Qjy 05+ 050, =0 is required.

Once another charge Q,, emerges on the surface, how-
ever, the Fermi level moves to satisfy another charge neutral-
ity. If the conservation of ¢, is not fortuity, the electron
affinity must not change by only the surface dipoles. The
existence of negative charge Q,, is required to generate the
NEA. However, vice versa, supposing the NEA is only at-
tributed to the surface dipoles, the ¢,,; conservation is
brought by Q,,. In whichever case, Q,, is probably deter-
mined to maintain the Fermi-level position with respect to
the vacuum level.

By annealing the hydrogen-terminated diamond (001) sur-
face in ultrahigh vacuum (UHV) at rising temperatures up to
1050 °C, the electron affinity of the diamond sample reaches
+0.5 eV, which is the same value as the clean (001)
surface.?* This fact suggests that Ay, — 0 by the annealing in
UHV. During the annealing-process sequence, the surface
conduction is expected to vanish.®® This suggests that Q,,
— 0. Hence the NEA is considered to require Q,, as well as
the surface dipoles, i.e., the latter case of the two above.

As expected from Egs. (23) and (24), a decrease in N,
coinciding with a decrease in Ay, gives a barrier-height in-
crease. Annealing in vacuum before measurements possibly
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causes higher barrier heights than measurements without an-
nealing in some cases. One of the aforementioned reasons for
the higher barrier heights in the previous works may be the
annealing in vacuum before /-V measurements. A recent the-
oretical study by using the first-principles calculation®' has
revealed that the barrier height of the Al contact on the
hydrogen-terminated diamond (001) is 1.1 eV. The model
constructed in that work does not include the surface charge
Q,,- The resultant barrier height is therefore larger than that
in the present work as expected. However tendencies, such
as a high § factor (S,=0.63) and a low barrier height of the
Au contact (0.1 eV), agree with this work.

In the interface of a metal/hydrogen-terminated diamond
interface, the conservation is easily realized regardless of Q,,
because the presence of the charge on the metal side Q,, with
vast density of states around the Fermi level, can compensate
the positive contribution of the interface dipole layer Q7. For
other semiconductors, barrier-height variations or CNL de-
viations may be explained in a similar manner.*>#6-57

V. SUMMARY

Chemical trends of Schottky barrier heights of ten kinds
of metal contacts on hydrogen-terminated (001) surfaces of
homoepitaxial CVD diamond were investigated. The barrier
heights have been evaluated by temperature dependence of
I-V characteristics without using contact areas. In addition,
the interfaces between metal/hydrogen-terminated diamond
contacts are modeled. The correlation among barrier heights,
carrier densities, and electron affinities is derived from the
model.

The measured barrier heights are lower than those re-
ported previously. However, using the model, estimated car-
rier densities and electron affinities (NEA) from the experi-
mental barrier heights are coincide well with other
experimental data.
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