Homework 1, Report on The High K Solution - Authors: Mark T Bohr, Robert S. Chau, Tahir Ghani and Kaizad Mistry.
Submitted by: Mary Deepti Pulukuri.
        The paper discusses the major challenges faced while developing the latest core 2 microprocessors, ‘Penryn’ and also explains the ways of overcoming these problems. The goal in developing this processor was to shrink the thin layer of silicon dioxide that isolates the channel and the transistor gate. Over the years, since the mid 1990’s, this insulating layer had been shrunk until, two generations before Penryn, it had become as scant as 5 atoms thick. Reducing even one tenth of a nanometer beyond this was impossible.  Moreover at a thickness equal to 5 atoms, where each silicon atom is 0.26 nm in diameter, the insulating layer was already creating a problem of current leakage by letting electrons rain through it. This caused a power drain and unwanted heat. Most of the advanced chips were getting heated fast due to this problem.
       The solution to this problem was to thicken the insulating layer by increasing the number of atoms with electrons of a different kind other than silicon, as this would improve its electrical properties. It was found that this new insulator works good for all advanced chips. However, the trouble in developing this new insulator was that the silicon didn’t work well with the new insulating material. The transistor made with this new insulator performed worse than the ones they had before. The answer to this problem was to replace the silicon gate with a gate made of metal.
       The silicon insulator, being as thin as 5 atoms, started losing its insulating nature resulting in trickling of electrons, thereby resulting in loss of power and unwanted heat. All the chips manufactured after 2001 were heating up faster due to the thin insulating layer. The transistor’s dimensions have undergone a drastic change over the past years. 40 years ago, the transistor’s minimum layout dimensions were 10 micrometer but now it is less than 50nm. In the Penryn processors that the paper talks about, the dimensions of the transistor are around 35nm. It is the first commercial microprocessor that has such small features. It is the first of the 45nm generation of microprocessors. The thickness on the silicon dioxide insulation reduced from 100nm to 1.2nm, and in the 90nm generation, the insulating layer thickness was as small as 5 atoms thick. It is of the same thickness today i.e. the 65 nm generation.

       In the mid 1990’s Intel and other major chip makers launched research programs to identify a gate dielectric material as a replacement for silicon dioxide, SiO2. The main goal was to have a gate that was thick enough to prevent the tunneling of electrons through it while at the same time it had to be permeable to let the gate’s electric field into the channel and turn on the transistor. The material used to thicken the gate is called the high-k dielectric, k is called the dielectric constant and it indicates the ability of the material to concentrate electric field. SiO2 has a k value of 4. Some of the high k dielectric materials studied were aluminum oxide (AL2O3), titanium dioxide (TiO2), tantalum pentoxide (Ta2O5), Hafnium dioxide (HfO2), Hafnium silicate (HfSiO4), zirconium oxide (ZrO2), zirconium silicate (ZrSiO4) and lanthanum oxide (La2O3). The tasks were to identify these materials’ dielectric constant, to identify their electrical stability and to determine their compatibility with silicon. The experiment was to build capacitance structures with titanium nitride electrodes, the high-k dielectric and a silicon gate electrode. These electrodes were charged and discharged several times repeatedly to see as to how much the relationship between capacitance and voltage changed from one cycle to the next. But all the materials performed poorly as the charges got trapped at the interface between the gate electrode and the dielectric. This accumulated charge disturbed the voltage level needed to store the same amount of energy in the capacitor from one charge-discharge cycle to another. Thus there was a difference in the way the transistor behaved every time it switched. To avoid this, a technique called atomic layer disposition was used. This technique allows the building of a material depositing one layer of atoms at a time. In this process a gas that interacts with the surface of the SiO2 is introduced. The gas is such that after a layer of atoms are deposited, the deposition stops as there is no longer a SiO2 surface to react with. A second gas is introduced after evacuating the first gas. This second gas chemically reacts with the atoms deposited. This is also confined to just one layer of atoms. In this way one can produce layered materials whose total thickness can be controlled to a single atom’s width. The hafnium and zirconium based high-k dielectrics deposited in this way showed much stable electrical characteristics when compared to the ones formed by sputtering or chemical vapors. This solved the crisis of finding the right material. However the transistor made out of these materials didn’t work as expected to work. Firstly, it took more voltage to turn on these transistors than it should have. Secondly, once the transistor was on, the charges moved slowly through them slowing down the switching speed of the device. This problem is termed as low charge-carrier mobility. The reason for the poor performance of these transistors was identified as the interaction between the polysilicon gate electrode and the high-k dielectric material. This is because the dielectric is made of dipoles and these dipoles vibrate like a taut rubber band and lead to strong vibrations in the semiconductor crystal lattice. These vibrations called phonons knocked around passing electrons, slowing down the device’s switching speed. This is shown in Figure 1 below.
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Fig 1. The vibrations in the high k dielectric disrupt the flow of electrons.

Experiments and studies showed that this problem can be rectified by increasing the number of electrons in the gate electrode region. This is shown in Figure.2 below
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Fig 2. The increased density of electrons rectify this problem causing electrons to flow more smoothly.
           Experiments and computer simulations showed that replacing the polysilicon gate with a metal gate would screen out the phonons and let current flow smoothly through the transistor channel. The bond between the high-k dielectric and metal is always better than the bond between the high-k dielectric and the polysilicon. Searching the right metal for the gate electrode was another task. Because the electrical properties of the gates of the PMOS and NMOS transistors are different, two metals were needed. The work function referred to as the relative energy of the electron the gate electrode region with respect to the energy of the electron in the lightly doped silicon channel, has to be chosen well in order to minimize the high threshold voltage of these transistors. The Intel Research group identified NMOS and PMOS metals by first building capacitors out of them and then the transistors. The exact make-up of the metal layer is not disclosed by the company. The transistor made of hafnium-based oxide and the metal gate electrodes performed well by turning on at the right voltage; they leaked little current through the gate oxide and passed a larger amount of current through the channel for a given voltage. Three approached were proposed to design these transistors namely the gate-first approach, the gate-last approach and the fully silicided gates approach. As the name indicates in the gate-first approach, the gate materials are formed first and then the source and drain are formed. In the gate-last approach, the gate electrode materials are deposited after the source and drain regions. In the fully silicided gates approach, the normal gate-first process is followed. Then the poly gate is turned into a metal silicide gate, by replacing the every silicon atom with a metal, which is usually nickel. By doping the nickel silicide, its work function could be altered for use either as a PMOS or NMOS device.
        The new transistors worked as desired but could not battle the subthreshold leakage current, in other words the drain-to-source leakage current. The next main challenge the industry faces is to minimize the subthreshold leakage current.
