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Abstract We performed temperature dependent current-voltage (I-V) measurements to characterize the electrical properties of

Au/Al2O3/n-Ge metal-insulator-semiconductor (MIS) diodes prepared with and without H2O prepulse treatment by atomic layer

deposition (ALD). By considering the thickness of the Al2O3 interlayer, the barrier height for the treated sample was found to

be 0.61 eV, similar to those of Au/n-Ge Schottky diodes. The thermionic emission (TE) model with barrier inhomogeneity

explained the final state of the treated sample well. Compared to the untreated sample, the treated sample was found to have

improved diode characteristics for both forward and reverse bias conditions. These results were associated with the reduction

of charge trapping and interface states near the Ge/Al2O3 interface.
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1. Introduction

The modulation of Schottky barrier height(SBH) has
been demonstrated by inserting a thin dielectric layer such
as Al2O3,

1,2) Ge3N4,
3) GeOx,

4) MgO,5) Si3N4,
6) and TiO2

7)

between the metal and Ge contacts. When the thin inter-
facial layer is present, the Fermi level of the metal is
released toward the conduction band of Ge, alleviating
the Fermi level pinning(FLP) effect and yielding a lower
SBH. As a possible mechanism, it was proposed that the
inserted insulating layer can block the electron wave
function from metal to semiconductor and therefore de-
crease the number of metal induced gap states(MIGS).8)

The dipole formed at the metal/semiconductor(MS) inter-
face has been proposed to cause the potential drop to
modulate the SBH.9) It was also proposed that the fixed
charges in the non-ideal dielectric layers would cause an
extra potential drop across the dielectric layer.10) As a
method to deposit such interfacial layers, atomic layer
deposition(ALD) can be used to obtain high-quality di-
electric layer due to the accurate thickness control and

reproducibility. 
Lee et al. investigated the electronic passivation of a

Ge (100) surface, via the chemisorption of H2O at room
temperature(RT) using scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy(STS) and
found that a majority of the surface is covered by H2O
chemisorbed dimer (−OH and −H terminations of the
dangling bonds on the dimer), single and double dangling
bond sites.11) The H2O chemisorption can passivate the
Ge surface by terminating dangling bonds. However, the
coverage of H2O is limited at elevated temperature. As
suggested by Papagno et al., the H2O adsorption on Ge
(100) can be enhanced when the sample is cooled down
at liquid nitrogen temperature.12) The density functional
theory(DFT) calculations showed that the reaction of
trimethylaluminum(TMA) is more favorable on the Ge-
OH sites than on the Ge-H sites, although both reactions
are favorable from a thermodynamic point of view.13) In
either case, H2O prepulsing in ALD process can enhance
the possibility to form thermally stable Ge-O-Al bonds. 

Using in-situ H2O prepulsing on the bottom electrode
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prior to ALD, Lin et al. showed that the electrical per-
formance of high-k metal-insulator-metal(MIM) capacitors
can be improved.14) Swaminathan et al. reported that H2O
prepulsing can be used to prepare less defective Ge
metal-oxide-semiconductor(MOS) devices with ALD-Al2O3

as a gate insulator.15) In Au/Al2O3/InP metal-insulator-
semiconductor(MIS) Schottky structures, the increased
SBH was observed when the Al2O3 thickness is larger
than 5 nm.16) SBH larger than the Ge band gap has been
observed, which was explained through the formation of
an inversion layer at the NiGe/n-Ge interface.17) This
observation was regarded to be technologically important
because NiGe is an ideal Schottky source/drain material
in Ge-based p-MOSFETs due to the absence of energy
barrier between NiGe and p-Ge. Liu et al. demonstrated
that when the thickness of amorphous-Ge reaches above
10 nm, the Al/amorphous-Ge/n-Ge shows ohmic charac-
teristics, associated with electron hopping through localized
states of amorphous-Ge layer as well as the termination
of dangling bonds at the amorphous-Ge/n-Ge interface.18)

Hence, it will be meaningful to investigate the physical
properties governing the metal/n-Ge diodes with an Al2O3

interlayer (thickness greater than 10 nm). Here, we com-
paratively investigated the electrical properties of Au/
Al2O3/n-Ge MIS diodes with and without H2O prepulse
treatment prepared by ALD.

2. Experimental

Sb-doped Ge (100) wafer (thickness: 500 μm, carrier
concentration: 5 × 1015 cm−3) grown by Czochralski method,
was used in this investigation. The wafer was cut into
small pieces (about 5 × 10 mm2) and were loaded into an
ALD chamber within a minute of the cleaning process to
minimize exposure to air. Then, the deposition temperature
ramped up to 250 oC for 5 min in an N2 ambient (200
SCCM and 100 mTorr). Before deposition, some of the
pieces were subjected to H2O prepulse treatment for 3
min. Then Al2O3 thin film was deposited at 250 oC.
TMA and deionized water were used as the precursors
with a purging gas of nitrogen (N2). Pulse sequence was
composed of TMA (1s), N2 purge (5s), H2O (0.5s) and
N2 purge (25s). Using spectroscopic ellipsometer, the
Al2O3 thickness was measured to be about 15 nm. After
solvent cleaning, gold(Au) Schottky contacts with thick-
nesses of 50 nm were deposited by using radio-frequency
(RF) magnetron sputtering through a shadow mask onto
the Al2O3 layer of all the samples. For ohmic contacts,
Al metal with a thickness of 150 nm was deposited and
then In metal was rubbed over the entire back surface of
the samples. Current-voltage (I-V) and capacitance-voltage
(C-V) measurements were carried out with a Keithley
238 current source and an HP 4284A LCR meter. I-V

measurements under various temperatures were performed
using a hot chuck connected with a temperature controller.

3. Results and Discussion

The forward bias I-V characteristics measured at room
temperature were analyzed based on the TE model.19)

The effective barrier heights (φB) were determined to be
0.71 (± 0.06) and 0.70 (± 0.03) eV, for the samples with
and without H2O prepulse treatment, respectively. The
ideality factors were calculated to be 1.50 (± 0.19) and
1.93 (± 0.20), for the samples with and without H2O
prepulse treatment, respectively. Note that the barrier
height and the ideality factor for the Au/n-Ge Schottky
diodes (i.e., without Al2O3 interlayer) measured at room
temperature were found to be 0.59 (± 0.03) eV and 1.54
(± 0.23), respectively. This indicates that the insertion of
Al2O3 interlayer mainly enhanced the barrier height. Fig.
1 shows the typical semi-logarithmic I-V plots for both
samples measured at different temperatures, which reveal
rectifying characteristics over the entire temperature range.
For the sample with H2O prepulse treatment, the current
values increase monotonically with increasing the tem-
perature. In contrast, the current values do not increase
monotonically for both the forward and reverse bias con-
ditions for untreated sample. Similar results were observed
in Au/ZnO Schottky diodes,20) which was associated with
the fact that the surface compensation around the contact
periphery due to acceptor-like adsorbates occurred to
varying extents at each temperature.21) In this work, the
configuration of Au/Al2O3 contact periphery (i.e., circles
of a diameter of 300 μm) is the same for both samples.
Hence, the compensation due to acceptor-like defects, if
present, may occur near the Al2O3/Ge interface. The inter-
section of I-V curves under forward bias was attributed
to the interfacial layer near the interface and the interface

Fig. 1. Semilogarithmic current-voltage (I-V) characteristics for the

Au/n-Ge Schottky diodes (a) without and (b) with H2O prepulse

treatment.
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states and the effect of series resistance.22,23) These I-V

behaviors in Fig. 1 indicate that the diode characteristics
were improved after H2O prepulse treatment due to the
suppression of interface defects at Al2O3/Ge interface. 

The TE model was applied again to the forward bias I-
V data in Fig. 1 to determine the barrier heights and the
results of which are presented in Fig. 2(a). The increase
of barrier height with increasing temperature was attributed
to an inhomogeneous Schottky barrier.24) The relation
between barrier height and temperature can be described
as , where  is a zero-bias mean
barrier height and σ0 is a standard deviation. The σ0

value for the sample with prepulse treatment (0.104 V)
was smaller than that for the sample without prepulse
treatment (0.189 V), indicating modification of the local
barrier height. 

With the lateral barrier inhomogeneity, the modified
Richardson plot can be given by 

(1)

where I0 is the reverse bias saturation current, A is the
contact area and A** is the Richardson constant. Fig. 2(b)
shows plots of  vs. 1/kT. The
intercepts at the ordinate produced modified Richardson
constants of 125.1 and 344.5 Acm−2 K−2, respectively, for
the samples with and without H2O prepulse treatment.
The value for the treated sample is comparable to the
theoretical value of 140.0 Acm−2 K−2 for n-type Ge, which
implies that the TE model along with the barrier inhomo-
geneity can explain the current transport properties of the
Au/Al2O3/n-Ge MIS diodes. As shown in Fig. 3, the C-V
curves measured at 500 kHz reveals that the capacitance
values for treated sample are lower than that for treated
sample. This can be due to the reduced contribution of
interface states to total capacitance for the treated sample.
In addition, the flat band voltage(VFB) of prepulse treated

sample seems to shift positively compared to that of
untreated sample, associated with the compensation of
positive charges in the oxide.25) Meanwhile, the dielectric
constants of Al2O3 and GeO2 are known as 8-926) and
6.0,27) respectively. During the H2O prepulse treatment,
Ge dangling bonds can be passivated, forming GeO2 layer.
Hence, Al2O3 layer is grown on this GeO2 layer. When
the very thin GeO2 layer is present between Al2O3 and
Ge layers, the average dielectric constant is lowered
compared to the case of pure Al2O3 layer. This will reduce
the measured capacitance values. However, further in-
vestigation is required to clarify the exact mechanism. 

Still now, the thickness of Al2O3 interlayer was not
considered for the analysis. Considering the interfacial
layer, the forward bias current density-voltage (J-V)
characteristics for the MIS Schottky diodes can be de-
scribed as follows19)

J = A**T2exp(− δ)exp(−qφB/kT)[exp(qV/nkT) − 1]  (2)

where n is the ideality factor, ζ (in eV) and δ (in Å) are
the effective barrier and effective thickness of the inter-
facial layer, respectively. For values of V greater than
3kT/q, Eq. (2) can be expressed as

J ≈ A**T2 exp(− δ) exp[−q/kT(φB − V/n)]  (3)

As shown in Fig. 4(a) for the treated sample, with
plotting ln(J/T2) vs. 1/kT (Richardson plot) at different
forward biases, a set of different Ea values (Ea = φB − V/

n) can be obtained from the slopes of the Richardson
plots. Then, the barrier height can be determined from
the linear fitting to the Ea vs. VF plot shown in Fig. 4(b),
which resulted in 0.61 eV. This value is similar to the
barrier heights of 0.59 eV for the Au/n-Ge Schottky
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diodes from the I-V data. The results indicate that we can
enhance the barrier height from ~0.6 to ~0.7 eV by
adding an Al2O3 interlayer. Note that this method was
not applied to the untreated sample because the current
values do not vary monotonically as shown in Fig. 1(a).
Because the barrier height was about 0.71 eV with con-
sidering the Al2O3 interlayer(effective barrier height), the
effective energy barrier across the Al2O3 interlayer can
be obtained using Eq. (2), which is given as ζ =

. This effective barrier at room
temperature was calculated to be about 0.07 eV. 

Fig. 5(a) shows the cross-sectional scanning transmission
electron microscope(STEM) image around the Al2O3

interlayer region for the treated sample, indicating that
the Al2O3 interlayer was grown uniformly on Ge surface.
The thickness of Al2O3 measured by TEM is approxi-
mately 15 nm. In order to investigate the distribution of
each component near the Al2O3/Ge interface, energy-

dispersive X-ray spectroscopy(EDS) mapping was con-
ducted for the elements of Au, Al, O and Ge. From the
EDS mapping images shown in Fig. 5(b), Al2O3 interlayer
prepared with H2O prepulse treatment shows that diffu-
sion of Ge and Au atoms into the Al2O3 interlayer is
insignificant. 

It was shown that the leakage characteristic of the
near-stoichiometric Al2O3 film is better than that of the
oxygen-deficient one.25) The dominant bonding state on
the H2O prepulsed Ge (100) prior to TMA exposure was
found to be Ge-OH and this Ge-OH interfacial bonding
is regarded to be beneficial in the reduction of charge
trapping and fast interface state density, which eventually
enhanced the concentration of adsorbed Al and thermally
stable Ge-O-Al bonds serving as an ALD nucleation
layer on Ge (100) surface.15) Consequently, the oxygen-
deficient Al2O3 before H2O prepulse treatment was trans-
formed into near-stoichiometric Al2O3 and the quality of
the Al2O3 film was improved after H2O prepulse treatment.

4. Conclusion

Using current-voltage (I-V) measurements, the tempera-
ture dependent electrical properties of Au/Al2O3/n-Ge
MIS diodes prepared with and without H2O prepulse
treatment by ALD were investigated. Compared to the
untreated sample, the treated sample was found to have
improved diode characteristics for both forward and
reverse bias conditions. This was associated with the
reduction of charge trapping and interface states near the
Ge/Al2O3 interface. Even though the thickness of Al2O3

interlayer was 15 nm, the TE model with barrier inhomo-
geneity explained well for the treated sample. Considering
the thickness effect of Al2O3 interlayer, the barrier height
was found to be 0.61 eV, similar to those from the Au/n-
Ge Schottky diodes. The result suggests that MIS diodes
with improved performances were obtained using H2O
prepulse treatment. 
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