Development of 3D on-chip capacitor based on high-κ dielectric
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ABSTRACT
The high-κ dielectric materials are commonly used in microelectronic components due to technological necessity of
increasing the permittivity of dielectric layers. The thickness of the layer is crucial parameter of this technology because
it has significant influence on the dielectric properties, capacitance density, leakage current density-voltage (J-V), and
capacitance density-voltage (C-V) characteristics.
Among metal oxide compounds, HfO2 and Al2O3 have been widely studied due to their good thermodynamic stability in
contact with silicon. The devices have been fabricated by ALD processes on Si wafer. Properties of HfO2/Al2O3-based
dielectric as on-chip MIS capacitors were studied. The capacitance density, C-V and impedance characteristics, and
leakage current were measured. The equivalent dielectric constant, capacitance density, breakdown voltage and leakage
current are studied on stacks (HfO2/Al2O3) in ration of 1:1. The experimental results indicate very good leakage current
and good breakdown voltage. The trenches with aspect ratio 1:28 were developed to form 3D structure for future
increasing capacitance density on square centimetre. Top electrode metallization using several different techniques to fill
in the trenches was also studied.
INTRODUCTION
The high-κ dielectric materials are widely used in the microelectronics due to downscaling of device sizes. An on-chip
capacitors are integrated also as component in analogue integrated circuits. Using capacitors for energy storage is more
intensive in last decade [5], [6]. High-κ dielectric nanolaminates are being investigated in memory storage capacitors and
charge storage. Choosing the right composition of dielectric materials, thicknesses and structures are crucial factors
resulting in different properties of nanolaminate structures such as capacitance density, leakage current density-voltage,
capacitance density-voltage. Thermodynamic stability of HfO2 and Al2O3 with silicon is reason of investigation of these
materials. Al2O3 shows highest band gap but relatively low dielectric constant [7] which can be increased by adding HfO2
with relatively high dielectric constant, but also increased leakage currents of capacitor. Optimizing the composition of
stacks of these materials is key element to enhance properties of capacitors. Stack consisting of one layer of Al 2O3 a HfO2
are commonly used and are well described [8], [9], [10].
In this work we compare properties of high-κ dielectric with the stacks composition based on two materials HfO2:Al2O3.
with Al2O3 as a top layer. Al2O3 serves as passivation layer to avoid deterioration of HfO 2 properties and improving the
metal/dielectric interface. Furthermore, the performance of nanolaminate capacitors are compared with each other
showing that the more layers outperform the lower number of layers. Higher number of layers showing lower leakage
currents and higher dielectric constant. Improvement of capacitance properties of HfO2-Al2O3 nanolayers used as on-chip
MIS capacitors fabricated by plasma-assisted ALD is demonstrated.

EXPERIMENTAL
Investigation of the electrical properties, dielectric constant, breakdown voltage and leakage current density of stacked
structures composed of HfO2 and Al2O3 is aimed in this study. Investigated stacks composing of alternating layers of
Al2O3 and HfO2 are deposited by atomic layer deposition (ALD) on n-type silicon wafer with 1 nm of native SiO2. Total
thickness of the dielectric films is the same and equal to 12 nm.
Silicon substrates were cleaned using Radio Corporation of America (RCA) cleaning method. Next step was usage of 5%
HF aqueous solution eliminating native oxides on the surface of substrates but still 1 nm of oxide could grow before
closing the wafer to ALD chamber. HfO2/Al2O3 layers were deposited by plasma assisted ALD technique at 250 °C and
300 W. Precursors used for deposition were Tetrakis (ethylmethylamino) hafnium (TEMAHf) (Hf[N(CH3)(C2H5)]4) and
trimethyl aluminium (TMA) [Al(CH3)3] with O2 plasma as reactant. Deposition speed was 0.9 Å/cycle for Al2O3 and 1
Å/cycle for HfO2, respectively. All layers of the sample were deposited continuously without breaking vacuum.
Lithographical lift-off process was involved to create top electrode using positive photoresist AZ1518 (Microchemicals
GmbH) and mask aligner SUSS MA08 (Suss Microtec) and bottom electrode was metalized with sputtering by 200 nm
of aluminium layer representing ohmic contact and reducing Schottky contact.

For J-V characterisation, Cascade Microtech MPS 150s probe station and Keithley SMU 2636B Sourcemeter were used.
C-V characteristics were measured using Keitlhley 4200A-SCS parameter analyzer and shielded Semi-automated 4-probe
system Cascade Microtech SUMMIT 12000.
Trenches were fabricated as a ~10 × 10 mm silicon chips on 4‑inch Si wafer <100> (Siegert Wafer, Germany) a ~525 μm
thick. AZ 5214E high resolution positive photoresist was used as a DRIE process protective mask. The Oxford
Instruments Plasma Technology (UK) PlasmaPro 100 DRIE machine with 3 kW, 13.56 MHz Inductive Coupled Plasma
(ICP) source was used for fabrication and process optimization. Ion beam assisted deposition (IBAD, Bestec, DE) and
Metal Organic Chemical Vapour Deposition (MOCVD, SVCS Process Innovation, CZ) were tested for top electrode
metallization.
DIELECTRIC PROPERTIES STUDY
The C-V measurements were done due to MIS structure of the capacitor under test. In Fig.1 C-V measurements are shown
at low frequency (10 kHz) and high frequency (1 MHz) for all samples showing lowest and highest capacitance. Due to
n-type substrate the inversion region is obtained at negative voltage (below -3V). Increasing of DC bias voltage led to
capacitance increase till accumulation regime (above 2 V) were the slope was already smaller. The shape of C-V curves
is related to the amount of charged defects at interface between insulator and semiconductor. Above 0 V in depletion
region and for accumulation one, the capacitance is increasing with number of layers for both measurements 10 kHz and
1 MHz, respectively. In depletion part, the leakage currents can be found slightly improved by number of layers.

Fig.1. C-V characteristics at 10 kHz and 1 MHz for dielectric stack of on-chip MIS capacitors
The dielectric constant of the samples was calculated from capacitance value in depletion region due to low leakage. In
Fig. 2. It shows that dielectric constant of the stack lay in the middle of single layers (Al2O3 and HfO2). Calculation was
done from depletion at 0 V in C-V characteristic using equation C/A = κε0/d where C, A, d, ε0 are capacitance, area of
capacitor (diameter is 250 µm), thickness of dielectric layers and permittivity of free space. Thickness was estimated to
12 nm including 1 nm of native SiO2 that was the same in all samples. Therefore, the contribution of the SiO2 layer is the
same in all samples and regarding to its permittivity it is smaller than in case of stacks.
The leakage currents of nanolayered on-chip capacitors were avaluated from J-V curves that have been measured at room
temperature (25 °C) and at 100 °C. As shown in Fig. 3. there are two regions in these characteristics. One is in the
depletion region where leakage currents are around 10 -9 A/cm2 and increases very slowly. Second is in the accumution
above 2 V and inversion region below -3 V where increasing of leakage start to be controled by the electron emission
field causing cold electron tunelling. In the depletion region leakage currents are slightly decreasing with number of stacks
at both temperatures. In accumulation part (> 2 V) more layers are showing higher leakage currents at both temperatures.

At low temperatures, the leakage currents exhibit weak dependence on temperature. The effect of cold electron tunneling
was shifted from 2V to 1.5 V while at negative part from -3.5 V to -2.5 V as temperature changed from 25°C to 100 °C.
Rapid increase of the leakage currents due to cold electron tunneling above 2 V or below -3.5 V can be depresed by
optimisation of ALD process becuase the tunneling currents depend on stoichiometry of the dielectric material.

Fig.2. Dielectric constant versus layers at 10 kHz and 0 V

Fig.3. Leakage currents density versus DC bias at 25 °C and 100 °C

Fig.4. Breakdown energy of different number of layers versus temperature

The typical breakdown voltage of Al2O3 dielectric layer is 5 MV/cm [11] and of HfO2 nanolaminates in range of 5-9
MV/cm [12] for 10 nm thickness at room temperature. For our films we have obtained breakdown energy about
5.8 MV/cm for all samples (Fig. 4). Nanolaminates thinner then 10 nm are susceptible to breakdown [13].
3D structure development
When on-chip capacitors has to be fabricated with sufficient capacitance density, the tranches have to be created in bulk
of the die. The Deep Reactive Ion Etching (DRIE) cryogenic process had to be optimized for 4” wafers [8]. We optimized
CCP power in order to prevent a reduction of selectivity, underetching, black silicon formation and complete process
stopping when wrong parameters. We also tuned oxygen concentration in plasma to prevent black silicon formation and
to obtain sufficiently thick passivation layer on the trenches walls to prevent etching trough the walls between individual
trenches. The aspect ratio of 1:28 was finally achieved on a whole wafer in a two steps DRIE process (see Fig. 18).

Fig.5. Trenches developed by DRIE, diameter below 3 µm, depth of 69 µm and aspect ratio is 1:28
The MOCVD metallization was performed using several precursors. However, the process was not well performed due
to experimental equipment in use. Side wall covering was very poor The second technique, which was used, Ion Beam
assisted Deposition (IBAD) was very promising. 3D structures were sputtered by aluminum film with top surface
thickness ~1 µm. The sidewall thickness of aluminum layer was ten times thinner and our analysis shown the uniform
covering by aluminum. All sidewalls and bottoms of trenches also performed the same roughness about ~50-70 nm of the
surface inside trenches. Increasing of aspect ratio makes more difficulties with covering conformity in case of IBAD.
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