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Abstract

:

For the first time, a novel germanium (Ge) bi-stable resistor (biristor) with a vertical pillar structure was implemented on a bulk substrate. The basic structure of the Ge pillar-typed biristor is a p-n-p bipolar junction transistor (BJT) with an open base (floating), which is equivalent to a gateless p-channel metal oxide semiconductor field-effect transistor (MOSFET). In the pillar formation, we adopted an amorphous carbon layer to protect the Ge surface from both physical and chemical damage by subsequent processes. A hysteric current-voltage (I-V) characteristic, which results in a sustainable binary state, i.e., high current and low current at the same voltage, can be utilized for a memory device. A lower operating voltage with high current was achieved, compared to a Si biristor, due to the low energy bandgap of pure Ge.
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1. Introduction


As memory devices continue to be scaled down for high density integration, the conventional 1-transistor and 1-capacitor dynamic random-access memory (1T/1C DRAM) cell used for large storage capacity is facing process challenges. As the cell size shrinks, the aspect ratio of the cell capacitor enormously increases and the junction leakage current deteriorates [1,2]. Furthermore, reliability issues induced by off-state stress and bias-temperature instability (BTI) impede cell functionality such as on-state current (ION) and off-state leakage (IOFF) [3]. In order to solve these technological limitations, the floating body-based dynamic random-access memory (DRAM) cell with a capacitorless structure has been under active research and development to improve fabrication simplicity and cell area scalability [4,5,6]. Such DRAM has at least three terminals: gate, source, and drain. For further aggressive scaling with a more simplified structure, a bi-stable resistor (biristor) composed of two terminals: source (emitter) and drain (collector) was reported for a gateless volatile memory device. From a structural point of view, such a biristor is categorized into two groups. One is a planar structure that was implemented on a silicon-on-insulator (SOI) wafer [7,8] for a floating body and the other is a vertical structure that was fabricated on a bulk-Si wafer [9,10]. In the vertical biristor, a p-type floating body located at the middle of the pillar was inherently made by n-type junctions positioned at a top and bottom of a pillar. Herein, the top electrode is a collector (drain), the bottom electrode is an emitter (source), and the middle floating body is a base (channel). On the other hand, germanium (Ge) based transistors have been intensively investigated in efforts to improve their electrical performance, because Ge provides both a lower energy bandgap and smaller effective mass compared with silicon (Si) [11,12,13,14,15].



One of the major goals of the Si-based biristor is the reduction of latch-up voltage (VLU) for low-voltage operation. It is difficult to reduce the driving voltage because the open-based structure of a biristor requires high voltage to trigger a high impact ionization (I.I) rate for the generation of excessive carriers. To enable low-voltage operation, an alternative material with a low energy bandgap is indispensable to increase the I.I rate. One of the candidates for the low energy bandgap material is Ge. Recently, a lower operating voltage for the I-MOS was achieved using Ge [16] and a bandgap-engineered SiGe biristor for low-voltage operation was investigated through numerical simulation [12]. Based on such results, the development of a Ge-based DRAM can be expected to achieve a lower VLU.



In this work, a capacitorless and gateless Ge-based DRAM with a vertical pillar structure comprised of p+ (top)-n (middle)-p+ (bottom) was demonstrated. In order to make the heavily doped junctions, a p+ emitter and collector were used because of high boron solubility in Ge. By employing pure Ge, a lower operating voltage and higher on-state current were achieved, compared with a Si-based biristor. The non-uniform doping profile along the vertical direction of the Ge pillar allows the unidirectional operation of the two-terminal biristor in a cross-bar array, also resulting in the blocking of current leakage via the sneaky path. Furthermore, the pillar-shaped vertical structure can be an optimized structure to minimize the area of the biristor.




2. Device Fabrication


The process flow and relevant schematics of the vertical-type Ge biristor are shown in Figure 1. Figure 1a summarizes the overall fabrication process of the vertical Ge biristor. As shown in Figure 1b, a p-type (110) Ge bulk wafer was used as a starting material. First, boron was implanted with an energy of 80 keV and a dose of 1 × 1015 cm−2 to form the emitter (E) at the bottom of the Ge pillar. Afterwards, phosphorus was implanted with an energy of 80 keV and a dose of 5 × 1015 cm−2 to define the base (B) at the middle of the Ge pillar. Lastly, boron was again implanted with an energy of 5 keV and a dose of 5 × 1015 cm−2 to make the collector (C) at the top of the Ge pillar. Rapid thermal annealing (RTA) at 650 °C for 20 sec was conducted to activate the dopants. For a wider sensing window and a longer retention time, it is of importance to minimize the bulk defects [17]. Then, an amorphous carbon layer (ACL) of 200 nm and silicon nitride (SiN) of 20 nm were sequentially deposited to protect the Ge pillar from physical damage by the subsequent chemical mechanical polishing (CMP) process, and from chemical damage by the recess process of the following interlayer dielectric (ILD) for the blanket etch-back, performed with the aid of buffered oxide etchant (BOE). Then the Ge pillar was vertically patterned by e-beam lithography and a dry-etching process. Tetraethyl-orthosilicate (TEOS) of 3 μm was deposited by plasma-enhanced chemical vapor deposition (PECVD). The protruded PE-TEOS layer on the vertical Ge pillar was planarized by the CMP process. Next, the PE-TEOS was recessed by the BOE (6:1) until the ACL was revealed. Afterwards, the sacrificial ACL was eliminated by O2 plasma ashing until the top of the Ge pillar was exposed. Finally, a landing pad of Au with an area of 1 μm2 was patterned on both a top of the Ge pillar and Ge substrate for electrical probing by in situ scanning electron microscopy (SEM).



Figure 2 presents SEM images at each fabrication step. As shown in Figure 2a,b, the Ge pillars were patterned via e-beam lithography and dry etching. The cross-sectional profile of the PE-TEOS after the blanket etch-back by BOE is shown in Figure 2c. Figure 2d shows the energy dispersive spectroscopy (EDS) data to confirm each component (Ge, Si, O). The inset of Figure 2d is a SEM image after deposition of the PE-TEOS on the vertical Ge pillar.




3. Experimental Results and Discussion


Figure 3 shows the hysteric current-voltage (I-V) curves of the fabricated vertical Ge biristor. The distinctive and stable binary state arises from the abrupt increase in current produced by the impact ionization. The generated electrons lower the channel barrier, allowing more channel carriers to cross, leading to a positive-feedback process [7]. This abrupt current (ION) change occurs at the latch-up voltage (VLU). Then, the generated minority carriers (electrons in our device) disappear by the recombination process and the diffusion into junction, which determines VLD. In the same bias condition, the latch-up process only occurs in a forward mode via the impact ionization. In the reverse mode, as shown in the inset of the Figure 3, the latch process is inhibited because of the asymmetric doping profile (Figure 4). It is noteworthy that the above-mentioned unidirectional property of the proposed two-terminal memory cell blocks off reverse current (IREV) through the sneaky path among neighboring cells in the cross-bar array, which enables low-power operation. This feature allows realization of a 4F2 memory architecture because the proposed vertical biristor with the asymmetric doping does not require an external switching element, such as a transistor or a diode.



Figure 4 shows the asymmetric doping profile of the fabricated vertical Ge biristor. Figure 4a shows the secondary ion mass spectroscopy (SIMS) data, providing a junction profile along the vertical Ge pillar. As aforementioned, this inherently non-uniform and asymmetric doping profile along the vertical direction of the Ge pillar allows the unidirectional operation of the two-terminal BJT in a cross-bar array, resulting in suppression of IREV via the sneaky paths. This asymmetric doping profile was also verified by SILVACO simulation, as shown in Figure 4b. It can be seen that the actual doping profile obtained from SIMS and the profile obtained from simulation generally match well. High dose of ion implantation adversely induced defects thus dopant diffusion led by thermal post-annealing is affected by the process-induced defects. It is speculated that a difference between the SIMS and the simulation data is attributed to the defects. Since the doping concentration near the upper side of the pillar is higher than that near the bottom side of the pillar, the common-emitter gain (β) and the multiplication factor (M) of the forward read (FWD) are higher than those of the reverse read (REV) [8]. The latch-up action of the biristor is based on a positive-feedback process, which originates from the iterative impact ionization. The positive-feedback process can be activated by the magnitude of the electron current generated in the base region (IB) and in the collector region (IC) [7,8].



Figure 5 shows an energy band diagram along the vertical direction of the proposed Ge biristor. As shown in Figure 5, holes from the collector generate electron-hole (e-h) pairs through I.I near the emitter. The generated holes are flown to the emitter and the created electrons are remained in the base. Thus, the electric potential of the base is lowered. With this reduced potential, more holes are injected from the collector, the I.I rate is further increased again. As a consequence, positive feedback that can lead a latch-up phenomenon is enabled. Due to the positive feedback, current is abruptly increased at VLU, which allows binary memory operation. Because the common-emitter gain (β) is affected by the increased I.I rate due to the lower bandgap energy of Ge (Eg−Ge ≈ 0.67 eV) compared with that of Si (Eg−Si ≈ 1.12 eV) [13], the Ge-based biristor can operate with lower voltage and higher current.



2-D SILVACO device simulation data showing electric field (e-field) near the collector region of the Si and Ge biristor is shown in Figure 6. When the same bias is applied (VC = 4.5 V), Ge has a higher e-field than Si. Thus, it is more useful for positive feedback mechanisms and leads to lower VLU.



Finally, the measured ION and the VLU from the Ge biristor are compared with those of a previously reported Si biristor, as shown in Figure 7. Because of the pure Ge, the narrow bandgap of the vertical Ge biristor shows both a low VLU and a high ION. It is worth investigating biristor characteristics of Ge for various crystal orientations, as a further work.




4. Conclusions


A vertical Ge biristor with a gateless p-n-p structure (base open pnp BJT), which can be applied in the gateless and capacitorless DRAM, was demonstrated for the first time. By adopting a vertical structure and pure Ge material, this memory device has the advantages of an inherently small cell size (<4F2) and low-voltage operation. Due to the asymmetric doping profile inside the vertical pillar, bi-stable operation is only observed for the forward mode. Thus, such unidirectional characteristic cuts off a sneaky path among the neighbored devices. Furthermore, the proposed Ge biristor showed higher ION and lower VLU compared to the Si biristor. This proposed Ge biristor-based memory architecture can be used for various applications including embedded and stand-alone memory, and provide extremely long endurance, due to the intrinsic gateless structure, without a gate and gate dielectric. Therefore, the proposed Ge biristor can provide a guide as a next-generation memory device.







Author Contributions


Conceptualization, H.B. and Y.-K.C. conceived the idea. H.B. and M.-S.K. fabricated the devices. H.B., G.-B.L., J.H. and J.-Y.P. conducted electrical characterization of the devices. D.-J.K. conducted device simulation. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. This work was supported in part by the National Research Foundation of Korea under Grant 2018R1A2A3075302, Grant 2019M3F3A1A03079603, and 2020M3F3A2A01082592 and in part by the IC Design Education Center (EDA Tool and MPW) in South Korea.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yamamichi, S.; Yamaichi, A.; Park, D.; Hu, C. Impact of time dependent dielectric breakdown and stress induced leakage current on the reliability of (Ba,Sr)TiO/sub 3/ thin film capacitors for Gbit-scale DRAMs. Mater. Sci. 1999, 46, 342–347. [Google Scholar] [CrossRef]

	



Tanaka, T.; Yoshida, E.; Miyashita, T. Scalability Study on a Capacitorless 1T-DRAM: From Single-Gate PD-SOI to Double-Gate DinDRAM. In Proceedings of the IEDM, San Francisco, CA, USA, 13–15 December 2004. [Google Scholar]

	



Hofmann, K.; Holzbauser, S.; Kuo, C. A comprehensive analysis of NFET degradation due to off-state stress. In Proceedings of the IEEE International Integrated Reliability Workshop Final Report, South Lake Tahoe, CA, USA, 18–21 October 2004. [Google Scholar]

	



Inoh, K.; Shino, T.; Yamada, H.; Nakajima, H.; Minami, Y.; Yamada, T.; Ohsawa, T.; Higashi, T.; Fujita, K.; Ikehashi, T.; et al. FBC (Floating Body Cell) for embedded DRAM on SOI. In Proceedings of the Symposium on VLSI Technology, Digest of Technical Papers (IEEE Cat. No.03CH37407), Kyoto, Japan, 10–12 June 2003. [Google Scholar]

	



Reisch, M. On bistable behavior and open-base breakdown of bipolar transistors in the avalanche regime-modeling and applications. IEEE Trans. Electron Devices 1992, 39, 1398–1409. [Google Scholar] [CrossRef]

	



Ban, I.; Avci, U.E.; Kencke, D.L.; Chang, P.L. A scaled floating body cell (FBC) memory with high-k + metal gate on thin-silicon and thin-BOX for 16-nm technology node and beyond. In Proceedings of the Symposia on VLSI Technology and Circuits, Honolulu, HI, USA, 17–20 June 2008. [Google Scholar]

	



Han, J.-W.; Choi, Y.-K. Bistable resistor (biristor)–gateless silicon nanowire memory. In Proceedings of the 2010 Symposia on VLSI Technology and Circuits, Honolulu, HI, USA, 15–18 June 2010. [Google Scholar]

	



Han, J.-W.; Choi, Y.-K. Biristor—Bistable Resistor Based on a Silicon Nanowire. IEEE Electron Device Lett. 2010, 31, 797–799. [Google Scholar] [CrossRef]

	



Moon, D.-I.; Choi, S.-J.; Kim, J.-Y.; Ko, S.-W.; Kim, M.-S.; Oh, J.-S.; Lee, G.-S.; Kang, M.-H.; Kim, Y.-S.; Kim, J.-W.; et al. Highly endurable floating body cell memory: Vertical biristor. In Proceedings of the IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 10–13 December 2012. [Google Scholar]

	



Moon, D.I.; Choi, S.J.; Kim, S.; Oh, J.S.; Kim, Y.S.; Choi, Y.K. Vertically Integrated Undirectional Biristor. IEEE Electron Device Lett. 2011, 32, 1483–1485. [Google Scholar] [CrossRef]

	



Shin, J.S.; Bae, H.; Jang, J.; Yun, D.; Lee, J.; Hong, E.; Kim, D.H.; Kim, D.M. A Novel Double HBT-Based Capacitorless 1T DRAM Cell with Si/SiGe Heterojunctions. IEEE Electron Device Lett. 2011, 32, 850–852. [Google Scholar] [CrossRef]

	



Pillarisetty, R.; Chu-Kang, B.; Corcoran, S.; Dewey, G.; Kavalieros, J.; Kennel, H.; Kotlyar, R.; Le, V.; Lionberger, D.; Metz, M.; et al. High Mobility Strained Germanium Quantum Well Field Effect Transistor as the P-Channel Device Option for Low Power (VCC = 0.5V) III-V CMOS Architecture. In Proceedings of the IEDM, San Francisco, CA, USA, 6–8 December 2010. [Google Scholar]

	



Moon, J.-B.; Moon, D.-I.; Choi, Y.-K. A Bandgap-Engineered Silicon-Germanium Biristor for Low-Voltage Operation. IEEE Trans. Electron Devices 2013, 61, 2–7. [Google Scholar] [CrossRef]

	



Kumar, M.J.; Maheedhar, M.; Varma, P.P. A Silicon Biristor With Reduced Operating Voltage: Proposal and Analysis. IEEE J. Electron Devices Soc. 2014, 3, 67–72. [Google Scholar] [CrossRef]

	



Lee, S.; Shin, J.S.; Jang, J.; Bae, H.; Yun, D.; Lee, J.; Kim, D.H.; Kim, D.M. A Novel Capacitorless DRAM Cell Using Superlattice Bandgap-Engineered (SBE) Structure With 30-nm Channel Length. IEEE Trans. Nanotechnol. 2010, 10, 1023–1030. [Google Scholar] [CrossRef]

	



Toh, E.-H.; Wang, G.H.; Chan, L.; Lo, G.-Q.; Samudra, G.; Yeo, Y.-C. I-MOS Transistor with an Elevated Silicon–Germanium Impact-Ionization Region for Bandgap Engineering. IEEE Electron Device Lett. 2006, 27, 975–977. [Google Scholar] [CrossRef]

	



Han, J.-W.; Ryu, S.-W.; Kim, S.; Kim, C.-J.; Ahn, J.-H.; Choi, S.-J.; Choi, K.J.; Cho, B.J.; Kim, J.S.; Kim, K.H.; et al. Energy band engineered unified-RAM (URAM) for multi-functioning 1T-DRAM and NVM. In Proceedings of the 2008 IEEE International Electron Devices Meeting, San Francisco, CA, USA, 15–17 December 2008. [Google Scholar]








[image: Micromachines 12 00899 g001 550] 





Figure 1. (a) Process flow of the fabricated vertical Ge biristor with the p+-n-p+ structure by use of CMOS process technology. (b) Schematics of fabrication process for the vertical-type Ge biristor with open-base (floating) structure. 
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Figure 2. SEM images of the as-fabricated vertical Ge biristor and analysis data of the elementary components. (a) Top view SEM photograph. (b) Cross-sectional view SEM photograph. Diameter (Dpillar), height (Hpillar), and open-base length (LB) of the Ge pillar are 280 nm, 330 nm, and 180 nm, respectively. (c) Ge pillar after blanket etch-back of the PE-TEOS. (d) Energy dispersive spectroscopy (EDS) of the Ge pillar and PE-TEOS layer. The inset shows an SEM image of the deposited PE-TEOS on the Ge pillar. 
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Figure 3. Hysteresis of the I-V characteristics ((a) linear scale, (b) semi-log scale) of the fabricated vertical Ge biristor for different reading directions (forward mode: collector side and reverse mode: emitter side). The bi-stable state is only observed for the forward mode. The counterclockwise loop has a VLU of 4.3 V and VLD of 1.5 V. 






Figure 3. Hysteresis of the I-V characteristics ((a) linear scale, (b) semi-log scale) of the fabricated vertical Ge biristor for different reading directions (forward mode: collector side and reverse mode: emitter side). The bi-stable state is only observed for the forward mode. The counterclockwise loop has a VLU of 4.3 V and VLD of 1.5 V.



[image: Micromachines 12 00899 g003]







[image: Micromachines 12 00899 g004 550] 





Figure 4. The asymmetric doping profile of the vertical Ge biristor from (a) measured SIMS data and (b) SILVACO simulation data. 
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Figure 5. The energy band diagrams along the depth direction of the vertical structure with the different bandgap energies of Ge (red solid line) and Si (gray dashed line). In is the electron current injected from the base into the emitter, Ip is the hole current injected from the emitter into the base, Ir is the base recombination current, and IS is another recombination current within the forward-biased emitter-base depleted region. 
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Figure 6. 2-D SILVACO device simulation data showing e-field near the collector region of the Si and Ge biristor. 






Figure 6. 2-D SILVACO device simulation data showing e-field near the collector region of the Si and Ge biristor.



[image: Micromachines 12 00899 g006]







[image: Micromachines 12 00899 g007 550] 





Figure 7. Measured ION and the VLU compared with the reported I-V characteristics from the Si biristor. The filled symbol indicates the Ge-based vertical biristor in this work, while the blank symbol represents reported Si-based planar and vertical biristors. 
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