LIMITED DISTRIBUTION NOTICEThis report has been submitted for publication outside of IBM and will probably be copyrighted if accepted for publication. It has been issued as aResearch Report for early dissemination of its contents. In view of the transfer of copyright to the outside publisher, its distribution outside ofIBM prior to publication should be limited to peer communications and specific requests. After outside publication, requests should be filled onlyby reprints or legally obtained copies of the article (e.g. payment of royalties).IBM Research DivisionAlmaden ¥ T. J. Watson ¥ Tokyo ¥ Zurich ¥ AustinRC20590(91238)10/18/96Engineering and Technology10 pagesResearch ReportRoom Temperature Operation of a Quantum-Dot Flash MemoryJ. J. Welser, Sandip Tiwari, S. Rishton, K. Y. Lee, Y. LeeIBM Research DivisionT. J. Watson Research CenterP. O. Box 218Yorktown Heights, NY 10598

2RoomTemperatureOperationofaQuantum-DotFlashMemoryJ.J.˚Welser, Sandip˚Tiwari, S.˚Rishton, K. Y.˚Lee, and Y.˚LeeIBM Research DivisionT. J. Watson Research Center, Yorktown Heights, NY 10598AbstractA flash-memory device has been fabricated and demonstrated at room temperature by cou-pling a self-aligned, sub-50˚nm quantum dot to the channel of a transistor on a sili-con-on-insulator substrate. Large threshold voltage shifts of up to 0.75˚V are obtained for smallerase/write voltages (£˚3˚V) at room temperature. At 90˚K, evidence of single electron storage is ob-served. The small size of this device is attractive for achieving high packing densities, while therelatively large output current (mA�s), low off-state current (pA�s), and simple fabrication, requir-ing only minor variations in standard processing, make it suitable for integration with currentsilicon memory and logic technology.

3I. IntroductionThe ultimate limit of a conventional electronic device is one that functions by controlling asingle electron. This can be achieved by a device which transmits an electron through a smallvolume (a low capacitance island) coupled to two external reservoirs by a barrier whose resistanceis larger than the resistance quantum. Such a device exhibits a Coulomb blockade, and gating ofthe electrochemical potential of the island allows control of the current (see e.g. [1] and [2]). Com-plementary [3] and clocked [4] logic schemes have been proposed to utilize these devices. However,the large impedance mismatches and low currents (nA�s) inherent to these devices limit theircompatibility with current technology.In another approach, the charge quantization effects can be electrostatically coupled to thechannel of a transistor in a flash-memory device. Such devices have been demonstrated inpoly-crystal [5] and single-crystal [6, 7] silicon. The latter device uses multiple nano-crystals cou-pled to the channel of a conventional MOS transistor, which minimizes offset charge problemsand allows »˚3˚V operation with mA currents and 100˚nsec write times. Here, we demonstrate thelimit of this device � a single quantum-dot coupled to a channel. The result is an extremely smalldevice which is compatible with the electrical and process requirements of current silicon logicand memory technology.II. Device Structure, Results, and DiscussionA schematic of the device together with cross-sections is shown in Fig.˚1. The layers whichwill form the quantum-dot floating gate (2.5˚nm tunnel oxide / 8˚nm amorphous Si / 9˚nm controloxide) are deposited on a silicon(˚»˚30˚nm)-on-insulator (SOI) substrate, which allows for easydevice isolation. The quantum-dot island is formed self-aligned to the silicon channel, and thegate and source/drain regions are doped simultaneously by As implantation.In a coupled quantum-dot structure, small dimensions lead to both a small capacitance whichaffects the charging energy, and size-quantization which affects the eigenenergy of the storedelectrons. Table˚1 emphasizes the qualitative magnitude of these effects by estimating parameters

4for spheres of silicon embedded in SiO2 and separated from the gate by a 7˚nm control oxide in anidealized structure. The actual structure and dimensions of the fabricated device differ fromthese, but the table serves to stress that even under conditions when the quantum-dot chargingenergy is only comparable to thermal energy, a large threshold voltage shift occurs.Figure˚2 shows the hysteresis in the drain current of the device as a function of the initial gatevoltage for the smallest device. Due to lateral implant straggle, this device is normally-on (i.e.has a negative threshold voltage), but larger devices are normally-off and exhibit similar mem-ory effects. The device exhibits low off-currents (pA�s) and silicon-logic compatible on-currents(mA�s for VDS˚»˚2˚V), limited here by source/drain resistances, not device physics. The thresholdvoltage shift is large (»˚0.75˚V), and the retention time is significantly longer than the time-scaleof the measurement (seconds). Thus the charging/discharging process is inefficient nearVGS˚=˚0˚V (i.e. flatband conditions), but becomes efficient near 3˚V (approximately the electronbarrier height at the SiO2/Si interface), which is desirable for a memory device.Note that the threshold of the device in Fig.˚2 is higher after charging the quantum-dot atVGS˚=˚-3˚V, indicating electrons have been stored, which is the opposite of what would be expectedfor a planar device with electrons tunneling between the silicon channel and the floating island(such as in [6]). However, the gate in this device wraps almost around the channel (Fig.˚1(c)), sothe inversion layer electrons are effectively being gated by both a front and back gate. Due to thelarge effective dielectric thickness of the top gate stack compared to the thin channel silicon andsidewall oxide, the electric field from the back gate is stronger, resulting in the polarity reversal ofthe charging gate voltage.At low temperature (90˚K), single-electron charging of the quantum-dot is observed. In Fig.˚3,as the gate voltage is swept slowly (to allow the number of electrons in the quantum-dot to reachequilibrium with the channel) from -3 to +3˚V, the drain current exhibits staircase plateaus with aperiodicity of DVGS˚»˚0.7˚V as electrons tunnel off the quantum-dot. The cumulative number ofsteps (˚»˚7) corresponds to the number of electrons stored in the dot prior to the sweep. Some of theplateaus are less pronounced, possibly indicating a second-order effect being caused by discretelevels in the silicon channel itself. These levels could be due to dopant atoms, or the channel may

5also be unintentionally constricted near the source/drain region due to pattern-dependent oxida-tion at the back SOI interface[8]. This could also be a cause for the reduced drain current at 90˚K,though the majority of this reduction is attributable to dopant freeze-out.Referring to Table˚1, DVGS˚˚»˚0.7˚V corresponds to a control gate capacitance on the order of0.25˚aF. This is consistent with the observed device geometry, taking into account the opposingelectric fields caused by the gate wrapping around the channel. The Coulomb charging energy forthe quantum-dot (d(effective)˚»˚30˚nm) is 12˚meV, consistent with the 90˚K observation tempera-ture. Room temperature observation of these steps requires further size reduction.While discrete electron effects are observable in this structure at lower temperature and arewashed out at room temperature (similar to [7]), its beauty is in still being functional at room tem-perature with a small, finite number of electrons, making it significantly more immune to offsetcharge and Poisson size distribution effects than a standard single-electron device. In addition,the dimensions of this device are approaching the perceived limits for conventional silicon fieldeffect transistors, yet efficient current drive and control has been maintained.IV. SummaryWe have reported the room-temperature operation of a small (sub-50˚nm) flash-memory devicewhich utilizes a silicon quantum-dot coupled to a conducting channel. The most significant fea-tures of this device are its use of low voltages (<˚3˚V for write/read/erase), large threshold-voltageshifts (»˚0.75˚V), large drive currents (100�s˚nA�s˚-˚mA�s), and low off-state current (pA�s), result-ing in an effective low-power memory, compatible with current silicon logic technology. Furtherscaling of the quantum-dot dimensions is expected to yield single-electron control at room tem-perature, while maintaining this compatibility.AcknowledgmentsWe thank Arvind Kumar, Charles Black, Paul Solomon, and members of the silicon labora-tory for discussions and help with fabrication.

6References[1]Y. Takahashi, M. Nagase, H. Namatsu, K. Kurihara, K. Iwdate, Y. Nakajima,S.˚Horiguchi, K. Murase, and M. Tabe, �Conductance oscillations of a Si single electrontransistor at room temperature,� in International Electron Devices Meeting, 1994, p. 938.[2]D.C. Ralph, C.T. Black, and M. Tinkham, �Spectroscopic measurements of discrete elec-tronic states in single metal particles,� Phys. Rev. Lett., vol. 74, no. 16, 1995, p. 3241.[3]J.R. Tucker, �Complementary digital logic based on the �Coulomb blockade�,� J. Appl.Phys., vol. 72, no. 9, 1992, p. 4399.[4]T. Ohshima and R.A. Kiehl, �Operation of bistable phase-locked single-electron tunnel-ing logic elements,� J. Appl. Phys., vol. 80, no. 2, 1996, p. 912.[5]K. Yano, T. Ishii, T. Hashimoto, T. Kobayashi, F. Murai, and K. Seki, �A room-tempera-ture single-electron memory device using fine-grain polycrystalline silicon,� in Interna-tional Electron Devices Meeting, 1993, p. 541.[6]S. Tiwari, F. Rana, K. Chan, H. Hanafi, W. Chan, and D. Buchanan, �Volatile and non-volatile memories in silicon with nano-crystal storage,� in International Electron De-vices Meeting, 1995, p. 521.[7]S. Tiwari, F. Rana, K. Chan, L. Shi, and H. Hanafi, �Single charge and confinementeffects in nano-crystal memories,� Appl. Phys. Lett., vol. 69, no. 9, 1996, p. 1232.[8]Y. Takahashi, T. Ishiyama, and M. Tabe, �Counter-oxidation of superficial Si in single-crystalline Si on SiO2 structure,� Appl. Phys. Lett., vol. 65, no. 23, 1994, p. 2987.

7Quantum-DotDiameter, 2r(nm)Capacitance,C˚»˚4peoxr(aF)ChargingEnergy, e2/2C(eV)Ground StateEigenenergy(eV)Control GateCapacitance,CCG (aF)SingleElectron DVT,e/CCG (V)

306.510.012»˚0.0034.100.039

204.340.018»˚0.0072.110.076

102.170.037»˚0.0300.630.255

51.080.074»˚0.1040.170.924

30.650.123»˚0.2900.072.460

20.430.185»˚0.6000.03> 5

10.220.369»˚2.6000.01> 20

Table˚1Approximate self-capacitance, charging energy, and ground state eigenenergy due toquantum confinement for a silicon sphere of given diameter embedded in an oxide. Assuming acontrol oxide thickness of tCG˚=˚7˚nm (conformal to the sphere), the effective control gate capaci-tance is computed as C

CG ≈ 2πεoxr2 / t CG + ε_{ox} εSiε_{ox} εSi r

The resulting threshold voltage shift due tosingle-electron storage is also computed.Figure˚1 (next page)(a) Schematic of a quantum-dot coupled flash-memory device.Transmission electron micrographs show the device in cross-section (b) along the channel and (c)along the gate. Note the quantum-dot island is unintentionally not visible in (c). The gate is»˚30˚nm in length, and 100˚nm in height.

n n n+ Polysilicon gate

101010101010-3-2-1

Drain current, I

(A)Gate voltage, VGS (V)DS=0.2V290 KDV

» 0.75 V

(write) = -3 V

(erase) = +3 VFigure˚2Room temperature drain current hysteresis in a small device (W˚x˚L˚»˚50˚nm litho-graphically) showing the threshold voltage shift after charging of the floating gate. Write/erasegate voltages indicate the voltage applied to the gate for 10 seconds prior to sweeping the gate voltageto produce each curve shown.

101010101010-3-2-1

Drain current, I

(A)Gate voltage, VGS (V)

DS=0.2V90 KDV (plateau) » 0.7 VFigure˚3Low temperature drain current showing �staircase� structure as gate voltage is sweptquasi-statically. Indicated transitions are associated with single electron charging of the quan-tum-dot embedded in the gate oxide.