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Fermi level depinning at a metal/semiconductor interface
by using an ultrathin insulating interlayer to block the
penetration of the metal wave function into the semicon-
ductor was examined on GaN. A Si-doped n-type GaN
epitaxial layer on a freestanding GaN substrate was used
as the host material. For the samples with an interlayer,
an ultrathin Al,O3 layer of 1 nm thickness was deposited
by atomic layer deposition. As the metal layers, Ag, Cu,
Au, Ni, and Pt were deposited by electron beam evapora-
tion. Samples without an interlayer were also fabricated
for comparison. The apparent change in current-voltage
characteristics of the Schottky barrier diodes with the in-

1 Introduction Metal-semiconductor interfaces are
essential building blocks in semiconductor devices. The
Schottky barrier height (SBH) is the most important pa-
rameter of metal-semiconductor interfaces. Ideally, the
SBH can be changed by varying the work function of the
metal. However, in most semiconductors, the change in
the SBH is severely limited even for a large change in the
metal work function [1]. This phenomenon is referred to as
Fermi level pinning. Depinning of the Fermi level will in-
crease the flexibility of device design.

Recently, several publications have reported that the
insertion of an ultrathin insulating layer led to a modifica-
tion of the SBH for Si [2-5], Ge [6, 7], GaAs [8], InGaAs
[9, 10], and GaN (on sapphire) [11]. The initial explanation
for this was that the inserted ultrathin interlayer prevents
the generation of metal-induced gap states (MIGS) [12, 13]
by blocking the metal wave function acting as a tunnel bar-
rier without disturbing the current flow because of its thin-
ness, resulting in depinning [2, 5, 6]. Actually, the en-
hancement of the dependence of the SBH on the metal
work function by inserting an insulating interlayer has
been reported for Si [3, 5] and n-Ge [6]. However, there is
also an indication of the work function dependence of the

sertion of the interlayer was dependent on the electrode
metal. However, the apparent Schottky barrier height
(SBH) for the samples with the interlayer was almost
constant and independent of the metal electrode, although
the samples without an interlayer exhibited a moderate
dependence of the SBH on the metal work function. Thus,
the pinning became stronger upon the insertion of the in-
terlayer, although blocking of the metal wave function by
using an ultrathin insulator was expected to lead to
depinning.
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SBH, where the Fermi level is shifted and “pinned” by the
insertion of an ultrathin insulating layer, for GaAs [8] and
InGaAs [9, 10]. An alternative explanation of this phe-
nomenon that a dipole is generated at the interface has
been discussed for Si [4], GaAs [8], and InGaAs [9], while
the possibility of pinning at the insulator surface [3] for Si
and at the semiconductor surface [9] for InGaAs has been
proposed. Therefore, the mechanism is under debate and
more data are needed to understand this phenomenon.
I11-nitride semiconductors, including GaN as the main
material, are attractive materials for optoelectronic [14, 15]
and high-power device [16, 17] applications. GaN is a suit-
able semiconductor for investigating changes in the SBH
because of its wide gap, leading to a large change in the
current—voltage characteristics if such a change is possible.
However, the insertion of an insulating layer at a met-
al/GaN interface has only been carried out for Fe and
Fe/Gd electrodes, without any results for the metal-work-
function dependence of the SBH [11], using GaN layers on
sapphire substrates. A GaN epitaxial layer on a GaN free-
standing substrate is characterized by a low defect density,
which leads to excellent rectifying characteristics [18-20].
On the other hand, an Al,03/GaN interface formed by

Copyright line will be provided by the publisher



M. Akazawa and T. Hasezaki: Al,Og interlayer at metal/GaN

atomic layer deposition (ALD) on such a GaN epitaxial
layer has been reported to have a low interface state densi-
ty [21]. Therefore, inserting an Al,O; interlayer at a met-
al/GaN interface seems to be suitable for the investigation
of depinning the Fermi level.

In this study, we investigated the effect of the insertion
of an ultrathin Al,O5 layer at metal/GaN interfaces. Large
changes in the apparent SBH were observed for Ag/GaN
and Cu/GaN interfaces upon the insertion of an ultrathin
Al, O3 interlayer, while smaller changes were observed for
Au, Ni, and Pt electrodes. A change in the metal-work-
function dependence of the SBH upon the insertion of the
interlayer was observed.

2 Preparation of samples Figure 1 illustrates the
structure of the sample with an ultrathin Al,O5 interlayer.
The host semiconductor was n-GaN grown by metal-
organic vapor phase epitaxy on an n*-GaN (0001) free-
standing substrate. The carrier concentration of the 3-um-
thick n-GaN epitaxial layer was adjusted to 5x10'® cm™ by
Si doping. Prior to the metal and insulator deposition, the
GaN surface was treated with a dilute HCI (HCI:H,0 =
1:3) solution for 1 min to remove the surface oxide layer,
followed by rinsing in deionized water. As the metal layer,
Ag, Cu, Ni, Au, and Pt were deposited by electron beam
evaporation. A lift-off technique based on photolithogra-
phy was used to form a circular electrode. For the sample
with the Al,O; interlayer, ALD was carried out at a sub-
strate temperature of 300°C using trimethylaluminum
(TMA) and water (H,O) precursors. A back ohmic contact
was formed by Ti/Au evaporation.

3 Results and discussion Figure 2 shows a com-
parison of the current-density—voltage (J-V) characteristics
of the fabricated diodes (a) with and (b) without the ul-

trathin Al, O3 interlayer obtained at room temperature (RT).

Excellent rectifying characteristics with the suppression of
the leakage current under a reverse bias, owing to the low
dislocation density of GaN grown on the GaN freestanding
substrate, can be seen. The dependence of the reverse cur-
rent on the metal was reduced by the insertion of the
Al, O3 interlayer.

The schematic band diagram for the sample with the
interlayer is illustrated in Fig. 3. Since the Al,O5; interlayer
is very thin, the electrons can tunnel through the insulator
barrier. The effective SBH is defined as the energy differ-
ence between the metal Fermi level and the conduction
band edge of the semiconductor. The original idea of in-
serting an ultrathin Al,O5 interlayer is to suppress the pen-
etration of the metal wave function into the semiconductor
for depinning based on the MIGS model. Depinning should
result in a situation where the effective SBH is changed in
a manner depending on the metal work function, which
should result in a large change in J-V characteristics.
However, as can be seen in Fig. 1 (b), the insertion of the
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interlayer led to a smaller metal-dependent change in J-V
characteristics.

Here the SBH is derived by fitting the forward-bias J—
V characteristics to the thermionic emission (TE) model
equation

ALD Al,O,
(2 nm)

electrode

n-GaN:Si, 3 um
[Si]=5 x 1016 cm-

n*-GaN:Si buffer

n*-GaN (0001)

back Ohmic contact

Figure 1 Structure of sample with Al,O3 interlayer.
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Figure 2 Summary of measured J-V characteristics obtained at
RT for samples (a) without and (b) with Al,O3 interlayer.

ultrathin insulator

metal GaN
effective T[[™\ E
SBH ¢

ZZ,

Figure 3 Schematic band diagram for sample with interlayer.

J=A*T? exp(—%jexp (ﬂj -1].
kT nkT

Here, A* is the Richardson constant, T is the temperature, k
is the Boltzmann constant, q is the electron charge, ¢g is
the SBH, n is the ideality factor, and V is the forward bias
voltage.

For the samples with the interlayer, the following
equation introduced in Ref. [1] describes the J-V charac-
teristics more precisely:

2d./2gm*
J= A*Tzexp - am* g exp| — 4t
h KT

qVv
X exp[[ﬁj - 1:|
(2)

Here m* is the effective mass of an electron, ¢+ is the tun-
neling barrier height, @gess is the effective SBH, and h is
the reduced Planck constant. In this case, @dger Can be ex-
tracted from the temperature dependence of the J-V char-
acteristics. However, this method cannot be applied to a
GaN Schottky barrier diode because the SBH changes with
the temperature [20]. Here, we concern ourselves with the
effect of interlayer insertion on the J-V characteristic as a
Schottky barrier diode and its dependence on the electrode
metal. Therefore, we use ¢g derived by Eq. (1) as an ap-
parent SBH in place of ¢ge for the samples with the inter-
layer because ¢g should be changed by an amount depend-
ing on the metal electrode if depinning occurs.

Figure 4 shows the forward-bias J-V characteristics of
the Ag-electrode samples with and without the ultrathin
Al,O3 interlayer at RT. It can be seen that the insertion of
the ultrathin Al,O; interlayer led to a reduction of the cur-

(1)

rent density by five orders. The linearity of the log J-V
plots at a low bias is excellent, as fitted by the straight line
calculated by Eq. (1). From this fitting, ¢z was derived to
be 0.64 eV for the sample without the interlayer and 0.91
eV for the sample with the interlayer. Therefore ¢z was in-
creased by 270 meV upon the insertion of the Al,O3 inter-
layer. The ideality factors were 1.20 and 1.07 for the sam-
ples with and without the interlayer, respectively.

For the Cu electrode, the forward-bias J-V characteris-
tics at RT are compared in Fig. 5. Excellent linearity of the
log J-V plots was again obtained for both samples with
and without the interlayer, and a decrease in the current
density of at least three orders of magnitude was observed.
o8 was
derived to be 0.75 eV for the sample without the interlayer

10° :

w/o interlayer

J [Alcm?]

w/ interlayer

10-11$ \ \ \ \ ]

02 03 04 05
ViV

Figure 4 J-V characteristics of the Ag-electrode samples at RT.
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Figure 5 J-V characteristics of the Cu-electrode samples at RT.
and 0.91 eV for the sample with the interlayer. The change
in ¢g with the insertion of the interlayer was 160 meV,
smaller than that for the Ag electrode. The ideality factors
were 1.27 and 1.07 for the samples with and without the
interlayer, respectively.

For the Au electrode, the J-V characteristics at RT are
plotted in Fig. 6, where a change in the current density of
one order of magnitude is indicated along with excellent
linearity of the log J-V plots. ¢g was changed from 0.85
eV to 0.94 eV by the insertion of the Al,O3 interlayer,
which corresponds to a change of 90 meV. The ideality
factors were 1.07 and 1.05 for the samples with and with-
out the interlayer, respectively.

The diodes with Ni electrodes showed a different rela-
tion between the current density at RT for the samples with
and without the Al,Oj interlayer as plotted in Fig. 7. A
two-order-of-magnitude increase in the current density was
observed. ¢z was 0.95 eV for the sample without the inter-
layer and 0.82 eV for the sample with the interlayer. ¢z
was decreased by 130 meV upon the insertion of the
Al,O3 interlayer. The ideality factors were 1.07 and 1.09
for the samples with and without the interlayer, respective-
ly.

When the Pt electrodes were used, the current density
at RT was almost the same for the samples with and with-
out the Al,O3 interlayer as plotted in Fig. 8. ¢g was 0.98
eV for the sample without the interlayer and 0.96 eV for
the sample with the interlayer. The ideality factors were
1.35 and 1.15 for the samples with and without the inter-
layer, respectively.

Although Al and Ti electrodes were also investigated,
they led to ohmic behavior. This result is in agreement
with a previous report [22]. In this work, only the elec-
trodes with rectifying behavior were investigated because
the determination of the SBH at an ohmic contact is com-
plicated.
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Figure 6 J-V characteristics of the Au-electrode samples at RT.

Figure 9 summarizes ¢g vs the metal work function,
dw, for all the samples. The work functions of the metals
were obtained from Ref. [22]. It can be seen that the Fermi
level pinning is more severe for the samples with the
Al, O3 interlayer. The solid lines are the fitting lines. The S
factor is defined as [23]

S dgg
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- Ni electrode

w/ interlayer
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w/o interlayer

02 03 04
ViV

0.5

Figure 7 J-V characteristics of the Ni-electrode samples at RT.
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Figure 8 J-V characteristics of the Pt-electrode samples at RT.
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Figure 9 Measured SBHs plotted against metal work function.
Solid lines are fitting lines.

which is 0.26 for the samples without the Al,O3 interlayer
but 0.019 for the samples with the interlayer. The inverse
relation for the current density observed for the Ni-
electrode samples, as shown in Fig. 7, is considered to be
within the experimental error. Although blocking or atten-
uation of the metal wave function by using an ultrathin in-
sulator was expected to lead to depinning, the pinning be-
came stronger upon the insertion of the interlayer. The
MIGS model cannot explain this result.

Enhanced metal-work-function dependences of the
SBH have been reported for metal/TiO,/Si [3], met-
al/NiO/Si [5], and metal/SiN/Ge [6] contacts. Although a
1-nm-thick ALD Al,O; interlayer minimized the contact
resistance at the Al/GaAs interface, the SBH was almost
independent of the metal work function [8]. In addition, no
discernible metal-work-function dependence of the SBH
was observed for AI/ALD Al,03(2 nm)/InGaAs structures
[9, 10]. In particular, in Ref. [9], Fermi level pinning was
discussed for a metal/InGaAs interface with an ALD
Al,O; interlayer. Although a reduction of the contact re-
sistance has been reported for Ni/ALD AlO4(1-2 nm)/n-Si
and Ni/ALD AIlO4(1-2 nm)/p-Si contacts, depinning
should have resulted in a reduction in the contact resistance
of one of them but not both [4]. Therefore, the Al,O35 inter-
layer did not achieve depinning in terms of its real mean-

ing.

In an MIS structure with a thick Al,O3 layer, the inter-
face state density at the Al,0s/GaN interface formed by
ALD is low even without annealing [21]. Nevertheless,
strong pinning was observed for the present samples with
the ultrathin Al, O35 interlayer. On the basis of the disorder-
induced gap state (DIGS) model [23, 24], the Fermi level
pinning is caused by interface disorder, which generates
the

1.5

14F
13|
12
11¢f

10} \ ]

09} w/o interlayer
0.8 | 1

0.7
0.6 | 1

0.5 :
4.0 4.5

w/ interlayer

Ideality factor

50
4, leV]

55

Figure 10 Measured ideality factors plotted against metal work
function.

interface states. According to an X-ray photoelectron spec-
troscopy study reported elsewhere [25], the chemical
bonds at the topmost surface of the ALD Al,O; layer ex-
hibit a different component from those existing inside the
bulk Al,O3. The Al,O3 surface may be chemically insta-
ble. The instability or reactivity of the Al,O3 surface may
have caused the disorder at the metal/Al,O5 interface,
which may have affected the Al,Os/GaN interface when
the insulator layer was very thin. As shown in Fig. 10,
slight increases in the ideality factors were observed for the
samples with the interlayer, which may have resulted from
the increase in interface disorder or interface states.

For the samples with the interlayer, an estimation of
the interface state density from the ideality factor was re-
ported in Ref. [26], in which the following equation was
used:

o _q, (@7e){(es IW) +qDg} @
1+(dgDsy / &)

Here d and &; are the thickness and dielectric constant of

the interlayer, respectively, ¢ is the dielectric constant of

the semiconductor, W is the depletion layer width, Dg, is

the density of states in equilibrium with the metal, and Dy,
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is the density of states in equilibrium with the semiconduc-
tor. For example, the relation between Dy, and Dy, re-
quired to achieve n = 1.35 (the largest value in Fig. 10) is
plotted in Fig. 11 for two different W values, which indi-
cates that physically possible parameters can explain the
observed large ideality factor.

Strictly speaking, for the samples without the interlayer,
fitting based on the TE model may contain a tiny error be-
cause the mean free path is much shorter than the depletion

" n=1.35
10 | .
o W =100 nm
2 \
'E
S,
0 107} N .
W =10 nm
10" 10*? 10" 10™

Figure 11 Plot of Dy, vs D, required to achieve n = 1.35 in Eq.
(4) for W =100 nm and 10 nm.

layer width in GaN [19], which becomes significant at ele-
vated temperatures [20]. However, according to Ref. [20],
“the current is limited by the TE process in a GaN Schott-
ky barrier diode at room temperature,” although the ther-
mionic emission-diffusion (TED) model should be applied
at elevated temperatures. Furthermore, the present ¢g is
0.95 eV for the Ni/GaN interface without the interlayer,
which is very close to the value obtained by the rigorous
simulation (0.98 eV) [19]. Therefore, the TE model can be
safely used to evaluate ¢g at RT for the samples without
the interlayer.

4 Summary The effect of the insertion of an ultrathin
Al,O; layer at metal/GaN interfaces has been examined.
The insertion of the Al,O; interlayer caused the apparent
SBH to change by as much as 270 meV depending on the
metal work function. However, the apparent SBH for the
samples with the interlayer was almost constant and inde-
pendent of the metal electrode, although the samples with-
out an interlayer exhibited a moderate dependence of the
SBH on the metal work function. Although blocking or at-
tenuation of the metal wave function by using an ultrathin
insulator was expected to lead to depinning, the pinning
became stronger upon the insertion of the interlayer.
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