Cryogenic Characteristics of UTBB SOI Schottky-Barrier MOSFETs
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1. Abstract
[bookmark: _Hlk99024988]Schottky-Barrier (SB) MOSFETs are fabricated and characterized at room temperature (RT) and 5.4 K. The substrate bias impacts on SB MOSFETs are systematically investigated by measuring the threshold voltage Vth, subthreshold swing SS and transconductance Gm, showing the back gate has almost no effects on these parameters at 5.4 K, in contrast to the results measured at RT. Some oscillations are created in Gm curves by the quantization effect and resonant tunneling at 5.4 K. A large hysteresis is found by enhanced dynamic threshold operation at 72 K due to hot carriers and the presence of a Schottky barrier at the drain.
2. Introduction
Cryogenic CMOS (Cryo-CMOS) has attracted significant attention for a wide range of applications, such as space applications, infrared sensors, cryobiology and low power neuromorphic circuits [1–3]. Especially in recent years, quantum computing asks for a ultra-low power control electronics at cryogenic temperature (Cryo-T) to enable fast and efficiently controlled manipulation and read-out of qubits [4]. Schottky-Barrier MOSFET (SB MOSFET) is a promising candidate which provides high scalability, compatibility, low sensitivity to thermal fluctuations and hence low noise. In SB devices, the carrier transport is dominated by Fowler-Nordheim tunneling at Cryo-T [5] enabling Tunnel FET functionality [6]. Furthermore, using multi-gate architectures and ultrathin SOI bodies could further improve the performance and reduce the variability of SB MOSFETs [7,8]. However, the characteristics of SB MOSFETs at deep Cryo-T are rarely studied.
In this work, SB MOSFETs are fabricated on ultra-thin body and ultra-thin buried oxide (UTBB) SOI as shown in Fig. 1a. The device is characterized at 5.4 K and 300 K (RT). The figure of merit (FOM) parameters including threshold voltage Vth, the subthreshold swing SS and transconductance Gm are systematically investigated under various substrate bias (Vback). An enhanced dynamic threshold (EDT) operation is performed at different temperatures to improve the transfer characteristics.
3. Device Fabrication
UTBB p-type (100) SOI substrates (NA = 1×1015 cm-3) with a starting top silicon thickness of 12 nm and a BOX thickness of 15 nm are used for the device fabrication. After mesa isolation and RCA cleaning, a gate stack consisting of 5 nm HfO2 and 40 nm TiN is deposited by Atomic Layer Deposition (ALD) and sputtering, respectively. The gate with a length of 70 nm and a width of 800 nm is defined by e-beam lithography and reactive ion etching (RIE). Then an ultra-thin Ni layer (2.4 nm) is sputtered and followed by a silicidation process with a rapid thermal annealing (RTP) at 700 °C to form epitaxial NiSi2 layers at the source and drain. The remaining Ni is selectively removed by wet etching. The initial Si film at source and drain is fully silicided into NiSi2 which is aligned to the gate as shown in a cross-sectional transmission electron microscope (TEM) image in Fig. 1a. Very smooth NiSi2/channel and NiSi2/BOX interfaces are indicated in the TEM image without encroachment of the silicide into the channel region. The key process steps are listed in Fig. 1b. The back gate is formed by an Al contact on the substrate through the BOX. 
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Fig. 1. Cross-sectional TEM image (a) and key process steps (b) of the fabricated device. The initial Si film at source/drain is fully silicided into NiSi2 which is well aligned to the gate.
4. Results and Discussion 
Fig. 2 shows the transfer characteristics for an SB MOSFET measured at RT and 5.4 K at various Vback. As expected, the device performance is adjusted by Vback at RT by modulating the width of Schottky barrier [9,10], which is further evidenced by the change of Vth and SS (in the thermionic emission region) with Vback in Fig. 2c/d. By decreasing Vback, the SS keeps almost the same (96 mV/dec at Vback = 0 V; 94 mV/dec at Vback = -2 V), while Vth increases from -1.41 V (Vback = 0 V) to -0.54V (Vback = -3 V). Vth is extracted at a constant Id = 10 nA. However, no clear impact of Vback from -3 to 3 V on the transfer characteristics is found at 5.4 K as shown in Fig. 2b-d leading to stable Vth of -2.1 V and SS of 9 mV/dec, which is different from the conventional MOSFETs [11]. In SB MOSFETs the drain current Id is mainly dominated by Schottky tunneling for SB MOSFETs at Cryo-T. At 5.4 K, the Fermi level of Si is very close to the valence band leading to a thinner and higher Schottky barrier which could not be modified by small Vback and hence causing a very high stability of SB MOSFETs. Furthermore, the off-currents Ioff are much smaller at 5.4 K (Ioff < 1×10-15 A) than at RT (Ioff ≈ 1×10-13 A) because of the low thermal energy of carriers and the weak ambipolar behavior in SB MOSFETs at lower temperatures (Fig. 2a/b).
Fig. 3 shows the Vth and SS as a function of temperature. Similar to conventional MOSFETs, Vth increases with decreasing temperature by Fermi level shifting. SS becomes smaller at a lower temperature because of the lower thermal emission energy. The Gm normalized with W/L measured at 5.4 K is plotted in Fig. 4a. Several clear peaks/valleys are found in the Gm-Vg curves as indicated by arrows. This effect might be attributed to the resonant tunneling from source to drain through localized states [12]. The increasingVgcauses strong band bending in the channel. A few energy levels are created due to the quantization effects in the thin channel Si layer between two large SBs at source and drain at a small Vd, as schematically shown in Fig. 4b. The resonant tunneling through these states increases the drain currents and thus results in peaks/valleys of Gm. Fig.5 presents the Id-Vd output characteristics measured at 5.4 K. Slightly larger saturation drain currents are found at Vd = -2 V with negative Vback (< 0 V), which is caused by the enhanced hole density in the channel at Vback < 0 V.
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Fig. 2. Transfer characteristics measured at Vback = -3 to 3 V at RT (a), and 5.4 K (b) for the fabricated 70 nm gate length UTBB SB MOSFET (Vd = -0.1 V). The extracted Vth (c), and SS (d) as a function of Vback at RT and 5.4 K. The definition of SS is indicated by dashed line in the thermionic emission region.
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Fig. 3. Measured Vth and SS as a function of T. The dashed line stands for the expected linear temperature dependence of SS.
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Fig. 4. (a) The normalized Gm-Vg measured at 5.4 K (Vd = -0.1 V), showing oscillations of Gm. (b) Schematic showing the strong band bending in the channel of an SB MOSFET at a high negative Vg. The quantization effects cause a few energy levels in the channel, and thus resulting in resonant tunneling.
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Fig. 5. Id-Vd output characteristics for an SB MOSFET measured at 5.4 K at Vback = 3 to -3 V with the same overdrive voltage |Vov| = |Vg-Vth|=0.3 V.

Enhanced dynamic threshold (EDT) operation (Vback = 4Vg) is performed to enhance the control ability of Vback. At RT, a clear improvement on transfer characteristics is obtained at EDT model with a steeper SS of 61 mV/dec and higher on-currents as shown in Fig. 6a compared with Fig. 2a. This is because EDT operation dynamically reduces the Vth as |Vg| increasing and hence improves the SS. However, no clear improvement is found at 4.2 K, further proving the high stability of SB MOSFETs at deep Cryo-T. Moreover, a clockwise hysteresis is shown in the Id-Vg curve measured at 72 K in Fig. 6a. This hysteresis is only found in the thermionic emission region with EDT, which might be attributed to the hot carriers and the Schottky barrier at the drain side. As |Vback| increasing with |Vg|, the injection of carries is firstly mediated by thermal emission of holes at source side leading to the small SS and then determined by the tunneling of holes leading to much larger SS and higher current. This high current causes the carriers (here holes) with high kinetic energy and hence hot. As |Vback| and |Vg| decrease, these hot holes can overcome the barrier at the drain side by thermal emission as indicated in Fig.6b, leading to a larger drain current at smaller |Vg| and hysteresis. This is further proved by measurements with a slow sweeping rate, where the hysteresis disappears. At much lower temperatures the carriers cannot overcome the barrier at drain side with the lower thermal energy. While at a higher temperature the high thermal energy causes these holes can always overcome the barrier. Therefore, in these cases no hysteresis is observed.
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Fig. 6. (a) Id-Vg transfer characteristics with EDT operation (Vback = 4Vg) at different temperatures. A hysteresis is found only in the Id-Vg curve measured at 72 K, which is caused by the thermal emission of hot holes over the SB at the drain as demonstrated by the band diagram (b).
5. Conclusion
UTBB SOI SB MOSFETs have been fabricated and studied at Cryo-T. In contrast to the device performance at RT, the back gate Vback has almost no effects on SS and Vth at deep Cryo-T. Resonant tunneling is found at 5.4 K, causing a few Gm peaks/valleys. Furthermore, a large hysteresis is found at 72 K with EDT operation and disappears at 4.2 K proving a very high stability of SB MOSFETs at deep Cryo-T.
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