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Wet thermal annealing effects on the properties of TaN/HfO2/Ge metal–oxide–semiconductor (MOS) structures

with and without a GeO2 passivation layer are investigated. The physical and the electrical properties are characterized

by X-ray photoemission spectroscopy, high-resolution transmission electron microscopy, capacitance–voltage (C–V ) and

current–voltage characteristics. It is demonstrated that wet thermal annealing at relatively higher temperature such as

550 ◦C can lead to Ge incorporation in HfO2 and the partial crystallization of HfO2, which should be responsible for

the serious degradation of the electrical characteristics of the TaN/HfO2/Ge MOS capacitors. However, wet thermal

annealing at 400 ◦C can decrease the GeOx interlayer thickness at the HfO2/Ge interface, resulting in a significant

reduction of the interface states and a smaller effective oxide thickness, along with the introduction of a positive charge

in the dielectrics due to the hydrolyzable property of GeOx in the wet ambient. The pre-growth of a thin GeO2

passivation layer can effectively suppress the interface states and improve the C–V characteristics for the as-prepared

HfO2 gated Ge MOS capacitors, but it also dissembles the benefits of wet thermal annealing to a certain extent.
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1. Introduction

Germanium (Ge) has attracted much attention

as one of the promising channel materials for the scal-

ing metal–oxide–semiconductor field effect transistor

(MOSFET) because of its higher electron and hole

mobilities than those of silicon.[1] The great progress

made on the alternative high-k materials paves the

way to overcome the vulnerability of germanium with-

out stable natural oxides. Among the high-k di-

electrics, HfO2 on germanium is widely investigated

using different deposition methods, such as atomic

layer deposition (ALD), metal organic chemical vapor

deposition (MOCVD), and magnetron sputtering.[2−4]

However, the instability of the high-k/Ge interface is

found to be one of the main obstacles to realize the

high performance germanium MOSFET. Many efforts

have been made to reduce the interface states, such

as nitrification, passivation by Si or S, and building

a stack structure with rare earth oxides.[5−9] First-

principle simulations predicted that Ge–O and Hf–O–

Ge bonds present at/near Ge/GeO2 or Ge/HfO2 in-

terface did not produce any defect levels in the Ge

band gap, but the formation of Ge–Hf bonds at the

interface, likely present if Hf was located in the incom-

pletely oxidized GeOx transition layer, was predicted

to result in the formation of a defect level in the up-

per part of the Ge energy band gap.[10] Thermal an-

nealing in wet ambient was proposed to be able to

greatly suppress the growth of unstable low-k GeOx

(x < 2) at the dielectric/Ge interface, thus resulting in

a smaller effective oxide thickness, as well as fewer in-

terface states and less of a dielectric charge.[11−13] On

the other hand, the passivation of Ge surface for high-

k dielectrics using GeO2 was under extensive investi-
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gation recently.[14−16] With a GeO2 passivation layer

grown by high-pressure oxidation, high performance

Ge n-MOSFET has been achieved with a peak elec-

tron mobility of 1500 cm2/V·s.[17] These results issue

an interesting question that whether the two meth-

ods could be combined to achieve a lower interface

state density for Ge MOS structures. Furthermore,

the thermal stability of the GeO2 passivation layer

and the influence of the Ge incorporation in the HfO2

dielectric during wet thermal annealing on the electri-

cal characteristics of the Ge MOS structures also need

to be further clarified.[18]

In this work, the physical and electrical prop-

erties of TaN/HfO2/Ge MOS structures with and

without a GeO2 passivation layer annealed in wa-

ter vapor are investigated. The Ge incorporation

in the HfO2 dielectric and the modification of the

HfO2/Ge interface are characterized by X-ray pho-

toemission spectroscopy (XPS), high-resolution trans-

mission electron microscopy (HRTEM), capacitance–

voltage (C–V ) and current–voltage (I–V ) characteris-

tics. Possible reasons for the modification of the inter-

face and its influence on the electrical characteristics

are discussed.

2. Experimental procedures

The key steps used in the fabrication of

TaN/HfO2/Ge MOS structures with and without a

GeO2 passivation layer, are shown in Fig. 1. The MOS

capacitors were made on Sb-doped n-type Ge (100)

wafers with resistivity of 0.02 Ω·cm. N-type Ge sub-

strates were circularly degreased in an ultrasonic bath

of acetone and ethanol, immersed in a hydrochloric

acid solution (HCl:H2O=1:1) and a hydrofluoric acid

solution (HF:H2O=1:50) to remove the native oxide,

rinsed with deionized water, and blown dry with ni-

trogen. Some of the samples were then oxidized at

400 ◦C for 9 min in dry oxygen to form a 4 nm GeO2

layer. Parts of the samples with the GeO2 layer were

annealed in wet N2 ambient at 400 ◦C for 4 min (sam-

ple series A). The wet N2 atmosphere was obtained by

bubbling pure N2 through de-ionized water at 95 ◦C

with a flow rate of 1 L/min. The other samples with

the GeO2 layer were labelled as sample series B. The

samples without the GeO2 layer were labelled as sam-

ple series C. All of the samples were then transferred

to the chamber of an electron beam evaporation sys-

tem with a base pressure of 3.6×10−6 Torr for the

deposition of HfO2 thin films. The substrate temper-

ature was kept at 200 ◦C during the deposition, and

the depositing rate of HfO2 was about 1.5 Å/s. The

thickness of HfO2 of the samples was about 20 nm. Af-

ter that, sample series B and C were annealed in wet

N2 ambient for various durations at 400–550 ◦C re-

spectively. The chemical compositions and the states

of elements were analyzed by XPS with a 1486.6 eV

Al Kα source. The XPS analysis was performed with

all peaks referring to the C 1s peak at the binding en-

ergy of 284.8 eV. Sputtering and patterning of 20 nm

TaN/300 nm Au on HfO2 were performed to fabricate

MOS structures for the electrical characteristics mea-

surements. The backside Ohmic contacts were formed

by Au sputtering. Capacitance–voltage characteris-

tics were measured in the parallel mode with a Keith-

ley 4200 semiconductor characterization system and a

Keithley 590 C–V analyzer to characterize the electri-

cal properties and the interface qualities of the MOS

capacitors.

Ge sub cleaning

oxidation

wet annealing

wet annealing

HfO2 deposition

TaN sputtering and patterning

series A series B series C

TaN/HfO2/GeO2/Ge TaN/HfO2/GeO2/Ge TaN/HfO2/Ge

Fig. 1. Key steps used in the fabrication of TaN/HfO2/Ge

MOS structures with and without a GeO2 passivation layer.

3. Results and discussion

Figure 2 shows the XPS depth profile of 6 nm

HfO2 dielectric on a Ge substrate, the sputter etch-

ing depth is 1.6 nm for each level. The sample only

presents two peaks at 17.1 eV and 18.6 eV before the

sputter etching, corresponding to Hf 4f7/2 and Hf 4f5/2
peaks from HfO2. When the sputter etching depth

reaches 3.2 nm, the Ge 2p3 region shows the presence

of the Ge–Ge peak from the Ge substrate, suggest-

ing that the XPS information from the interface of

HfO2/Ge is detected. In the meantime, another Hf

4f7/2 peak appears at 14.1 eV, which is thought to

be from the Hf–Ge bonds at the HfO2/Ge interface.

The existence of a GeOx interlayer between HfO2 and
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Ge leads to the formation of a Hf germanide (Hf–Ge)

layer, which introduces a large number of interface

states because the defect level of the Hf–Ge bonds lies

in the Ge energy band gap.[10]
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Fig. 2. (colour online) (a) Hf 4f and (b) Ge 2p3 XPS

depth profiles of 6 nm HfO2 dielectric on Ge substrate,

the sputter etching depth is 1.6 nm for each level.

The physical properties of the HfO2 thin films di-

rectly grown on the Ge substrates before and after wet

thermal annealing were characterized by XPS. Figure

3 shows the Hf 4f, Ge 2p3/2, O 1s XPS spectra of the

HfO2 dielectric on the Ge substrate before and after

wet thermal annealing at 550 ◦C for 2–10 min. In

Figs. 3(a) and 3(c), the Hf 4f7/2 peak at 17.1 eV and

the O 1s peak at 530.2 eV from the as-deposited sam-

ple respectively shift to 17.3 eV and 530.5 eV after

thermal annealing, suggesting the formation of ger-

manate of hafnium (HfGeOx) during the wet thermal

annealing process.[18] In Figs. 3(b) and 3(c), we can

see that the Ge 2p3/2 and the O 1s peaks from GeOx

are detected and the peak intensities increase with the

increasing annealing time, showing that considerable

Ge is incorporated in the HfO2 thin film. These results

demonstrate that wet thermal annealing of HfO2/Ge

can lead to the formation of HfGeOx and the Ge dif-

fusion into HfO2. The chemical state of Ge in HfO2

tends to transform from GeOx to GeO2 with the in-

crease of the annealing time. In addition, the intensity

of Hf 4f peak decreases with the increasing annealing

time, which even disappears for the sample annealed

for 10 min. It can be explained by the GeOx coverage

on HfO2 due to the evaporation and redeposition of

the uncovered back-side of Ge during wet thermal an-

nealing, as reported in our previous work.[18] Figure 4

shows a typical high resolution transmission electron

microscopy image of the HfO2/Ge structure after wet

thermal annealing at 550 ◦C. A very thin GeOx inter-

layer between HfO2 and Ge and the partial crystalliza-

tion of HfO2 thin films are observed, which are usually

thought to introduce interface states and increase the

leakage current of the MOS capacitor.
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Fig. 3. (colour online) (a) Hf 4f, (b) Ge 2p3/2, and (c) O

1s XPS spectra of HfO2 dielectric on Ge substrate before

and after wet thermal annealing for various durations.
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5 nm Ge

GeOx

HfO2

Fig. 4. A typical HRTEM image of the HfO2/Ge struc-

ture after wet thermal annealing at 550 ◦C for 2 min.

The C–V characteristics of the TaN/HfO2/Ge

structures measured at 1 MHz before and after wet

thermal annealing at 550 ◦C for various durations are

shown in Fig. 5. The accumulation capacitance of

the sample after thermal annealing for 2 min becomes

slightly larger than that of the as-deposited one, while

those of the samples after thermal annealing for 4 min

and 6 min decrease with the increasing annealing time.

Obvious stretch-outs are observed in the C–V curves

for the samples thermal annealed for 4 min and 6 min.

This result implies that the effective oxide thickness

(EOT) becomes smaller for the sample annealed for

2 min due to the reduction of the GeOx interlayer, as

reported in Refs. [12] and [19]. However, the EOT in-

creases when the wet thermal annealing precedes over

2 min. It is reasonable to suppose that another mech-

anism, rather than the reductioon of the interlayer,

may dominate the process, which is believed to be

the Ge incorporation including the subsequent reac-

tion with HfO2 according to the XPS results. With

an increasing wet thermal annealing time, more Ge

incorporation reduces the oxide permittivity and de-

grades the C–V characteristics seriously.
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Fig. 5. (colour online) Capacitance-voltage characteris-

tics of TaN/HfO2/Ge structures before and after wet ther-

mal annealing at 550 ◦C for various durations.

To investigate the temperature dependence of the

Ge incorporation in wet thermal annealing, Hf 4f and

Ge 2p3/2 XPS spectra of the HfO2/Ge samples after

wet thermal annealing at 400 ◦C, 450 ◦C, 500 ◦C, and

550 ◦C for 5 min are plotted in Fig. 6. The Ge 2p3/2
peak of the sample annealed at 550 ◦C shifts to a high

binding energy compared to those of the samples an-

nealed at 400–500 ◦C, indicating the presence of more

Ge4+ chemical states (GeO2). The Ge 2p3/2 peak

intensity of the sample annealed at 550 ◦C is much

higher, and the Hf 4f peak intensity becomes lower

than those of the samples annealed at 400–500 ◦C.

These results indicate that wet thermal annealing at

550 ◦C causes much more Ge incorporation in HfO2,

which can be attributed to the formation and des-

orption of Ge monoxide from the backside of the Ge

wafer at a relatively higher temperature.[20] Therefore,

the appropriate temperature of wet thermal annealing

should be below 500 ◦C.
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Fig. 6. (colour online) (a) Ge 2p3/2 and (b) Hf 4f XPS

spectra of HfO2 dielectrics on Ge substrates after wet ther-

mal annealing for 5min at 400 ◦C, 450 ◦C, 500 ◦C, and

550 ◦C.

Wet thermal annealing at 400 ◦C was carried out

to investigate its effect on TaN/HfO2/Ge MOS struc-

tures with and without a GeO2 passivation layer to

alleviate or avoid the effect of Ge incorporation in

HfO2. XPS was applied for the GeO2/Ge structures

before and after wet thermal annealing at 400 ◦C for

4 min. The Ge 3d spectra of the samples are shown
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in Fig. 7(a). The Ge 3d XPS peak related to GeOx

lies at 32.8 eV (a value which is close to 33.2 eV for

Ge 3d from GeO2) regardless of the sample anneal-

ing, suggesting that the process has a slight influ-

ence on the GeOx oxidation degree. The integrated

intensity ratio of the Ge 3d peak from GeOx to Ge

substrate significantly decreases after wet thermal an-

nealing, suggesting that the GeOx thickness decreases

during the process. The C–V characteristics of the

samples from series A corresponding to the XPS data

are shown in Fig. 7(b). The accumulation capacitance

of the sample after wet thermal annealing becomes

larger than that of the as-deposited sample, and the

C–V curve becomes sharp, implying a lower inter-

face state density. The mid-gap interface state den-

sity of the TaN/HfO2/GeO2/Ge capacitor is calcu-

lated with the Terman method[21] from the measured

C–V curve at 1 MHz and a theoretical C–V curve ob-

tained by a C–V simulator.[22] The mid-gap interface

state density decreases from 3.3×1012 cm−2·V−1 to

8.7×1011 cm−2·V−1 for the sample after wet thermal

annealing, confirming that the wet thermal annealing

process is able to suppress the interface states by re-

ducing the thickness of the GeOx interlayer.
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Fig. 7. (colour online) (a) Ge 3d XPS spectra of GeO2/Ge

structure before and after wet thermal annealing. (b)

Capacitance–voltage characteristics of sample series A.

The C–V characteristics of the samples from se-

ries B and C before and after wet thermal anneal-

ing at 400 ◦C for 4–10 min are shown in Fig. 8.

The accumulation capacitance increases with the in-

creasing wet thermal annealing time due to the re-

duction of the GeOx interlayer thickness. The flat

band voltage shifts in the negative voltage direction

after wet thermal annealing. We notice that the flat

band voltage has no obvious change for the samples

of HfO2/GeO2/Ge MOS capacitors with wet thermal

annealing being carried out for GeO2/Ge before the

deposition of HfO2, as shown in Fig. 7(b). The results

demonstrate that the Ge diffusion into HfO2 during

wet thermal annealing can introduce a positive charge

in the dielectrics.
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Fig. 8. (colour online) Capacitance–voltage characteris-

tics of sample series (a) B and (b) C before and after wet

thermal annealing for various durations.

As shown in Fig. 9, the mid-gap interface state

densities are significantly suppressed for all of the sam-

ples after wet thermal annealing at 400 ◦C, which keep

decreasing with the increasing wet thermal annealing

time. The as-deposited sample with the GeO2 passiva-

tion layer has a lower mid-gap interface state density

than that without the GeO2 passivation layer, because

the quality of the pre-grown GeO2 passivation layer is

thought to be better than the GeOx interlayer formed

during the HfO2 deposition process. However, the

lowest interface state density of 4.6×1011 cm−2·V−1

is achieved for the TaN/HfO2/Ge sample after wet
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thermal annealing for 10 min without the GeO2 pas-

sivation layer. It is shown that the interface states of

the samples without the GeO2 passivation layer are

greatly suppressed by wet thermal annealing. In com-

parison, the improvement of the sample with the GeO2

passivation layer is not obvious.
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Fig. 9. (colour online) Dependences of mid-gap interface

state densities of sample series A, B, and C on the wet

thermal annealing time.

Figure 10 shows the current–voltage characteris-

tics of TaN/HfO2/Ge and TaN/HfO2/GeO2/Ge ca-

pacitors before and after wet annealing at 400 ◦C for

4 min. The leakage current density has similar trends

with the interface state density dependence on the wet

annealing time. The pre-growth of the GeO2 passiva-

tion layer can reduce the leakage current density ef-

fectively for the as-deposited samples. However, after

wet thermal annealing, the reduction of the leakage

current density of the samples without the GeO2 pas-

sivation layer is more obvious. The lowest leakage cur-

rent density of 4.9×10−6 A/cm2 at −1 V is achieved

for the TaN/HfO2/Ge sample without the GeO2 pas-

sivation layer after wet thermal annealing.
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Fig. 10. (colour online) Current–voltage characteristics of

TaN/HfO2/Ge and TaN/HfO2/GeO2/Ge capacitors be-

fore and after wet annealing at 400 ◦C for 4 min.

The electrical characteristics of the

TaN/HfO2/Ge capacitors strongly depend on the

physical properties of the HfO2/Ge interface. The

formation of an incompletely oxidized GeOx inter-

layer can introduce interface states between HfO2 and

Ge. When the sample is annealed at 400 ◦C in wet

ambient, the GeOx interlayer is greatly reduced, which

should be responsible for the lower interface state den-

sity and the larger accumulation capacitance of the

wet annealed sample. However, for the sample an-

nealed at 550 ◦C, the interface state density increases

and the accumulation capacitance decreases with the

increasing annealing time. The degradation of the

electrical characteristics of the TaN/HfO2/Ge MOS

structures after wet thermal annealing at 550 ◦C can

be attributed to the Ge incorporation in HfO2 due

to Ge diffusion, Ge monoxide desorption from the

uncovered back-side of the Ge wafer, and the redepo-

sition during the thermal annealing processes. The

pre-growth of a thin GeO2 passivation layer before

the deposition of the HfO2 dielectric can reduce the

interface states and improve the C–V characteristics

of the MOS capacitors without thermal treatments,

but after wet thermal annealing, the C–V character-

istics for the samples without the GeO2 passivation

layer become even better with lower interface state

densities. We infer that the different changes of the

C–V characteristics of series B and C derive from

that the passivation method with a GeO2 passivation

layer suppresses the interface states by increasing the

oxidation degree of the GeOx interlayer, while wet

thermal annealing takes effect by reducing the GeOx

interlayer thickness but not increasing the oxidation

degree of GeOx. Both methods achieve improved re-

sults compared to the as-deposited sample, but there

is an inherent contradiction when combining them.

4. Summary

We have investigated the effects of wet thermal

treatments on the physical and electrical properties

of TaN/HfO2/Ge MOS structures with and without

a GeO2 passivation layer. Wet thermal annealing at

550 ◦C gives rise to the Ge incorporation in HfO2,

which stretches out the C–V curves and degrades the

electrical properties of the capacitors. However, the

wet thermal annealing process at optimized 400 ◦C

would lead to a smaller effective oxide thickness and a

lower interface state density by reducing the unstable

GeOx interlayer thickness at the HfO2/Ge interface.

A positive charge can be introduced in the dielectrics
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during the thermal treatments. The wet thermal an-

nealing process can effectively suppress the interface

states of TaN/HfO2/Ge MOS structures, but the pre-

growth of a GeO2 passivation layer dissembles its ben-

efits to a certain extent.
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