Pis’ma v ZhETF, vol. 82, iss. 2, pp. 82 { 85 © 2005 July 25

Strongly asymmetric single-electron transistor operating as zero-biased electrometer

V. A. Krupenin^{1)}, D. E. Presnov^+, V. O. Zalunin, S. A. Vasenko, A. B. Zorin^{+∗}

Laboratory of Cryoelectronics, Moscow State University, 119899 Moscow, Russia

+Nuclear Physics Institute, Moscow State University, 119899 Moscow, Russia

�Physikalisch-Technische Bundesanstalt, 38116 Braunschweig, Germany

Submitted 6 June 2005

We have studied a strongly asymmetric Al single-electron transistor with R1 ≪ R2 and C1 ≫ C2, where R1;2 and C1;2 are the tunnel resistances and capacitances of the ˛rst and second junction respectively. Due to asymmetry in its electric parameters, leading to strong asymmetry of the nonlinear I-V curve at zero bias (V = 0), the transistor demonstrated remarkable current response to ac signal at the values of gate charge Q0 close to (n + 1/2)e, where n is integer. A rather delicate regime of the transistor operation (V ≪ e/CΣ) being important for unperturbed measurements was examined. The measured curves are in good agreement with a model based on the orthodox theory of single electron tunneling. This speci˛c zero bias regime of asymmetric transistor opens new opportunities for single-electron transistor as ultra-sensitive charge/˛eld sensor.

PACS: 73.23.Hk, 73.40.Rw

Introduction. The single-electron tunneling (SET) transistor is a device consisting of two small tunnel junctions connected in series. Due to close location of these junctions they form a small common electrode (island) which is equipped with a capacitively coupled gate electrode [1]. Due to remarkable correlation of SET events in these junctions, governed by the Coulomb blockade effect, the current through the transistor periodically (period is equal to elementary charge e) depends on the charge induced on its island, so the SET transistor can be used as an extremely sensitive electrometer (see, e.g., Refs. [1, 2]). Due to requirement of high yield in their manufacture, the metallic SET transistors are usually fabricated with tunnel junctions having almost equal areas, so the transistors are nominally symmetric.

Recently, some useful features of asymmetric SET transistors were found experimentally by Weis et al. [3] and Walliser [4], who modelled the behavior of such transistors by numerical methods. One of these useful features is the possibility for asymmetric transistor to operate as a sensitive electrometer even without any dc voltage bias when a current response is generated by ac or noise signal. In this paper we applied a special technique for fabrication of strongly asymmetric SET transistors [5] allowing formation of the transistor junctions not only with different areas, but also with different transparencies of their barriers. Using this technology we fabricated and measured an asymmetric

1)e-mail: vkrup@cryoc49a.phys.msu.ru

Al/AlO_x/Al SET transistor in the regimes of small dc and ac bias which are important for delicate measurements. We modelled the transistor behavior applying the orthodox theory of SET [6]. Some of the transistor characteristics are expressed in a simple analytical form, while others are calculated numerically and presented graphically.

1. Sample fabrication. The Al structures (Fig.1) were fabricated on a Si substrate buffered by a sputtered 200 nm thick AlO_x layer. The traditional shadow evap-

Fig.1. Asymmetric Al SET transistor manufactured by the three angle shadow evaporation technique. (a) Top view: arrangement of the metallic layers forming the bottom electrode (grey), island (light grey) and top counter-electrode (white); (b) SEM microphotograph of the transistor structure

82 Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 1 { 2 2005 oration technique and e-beam lithography were used in the fabrication process. The suspended mask was used to perform in-situ three successive depositions of Al at different angles: first for the bottom electrode, second for the island and third for the counter-electrode. Two oxidation processes were performed in between to form tunnel barriers (see for details Ref. [5]). The design of the structures was nearly the same as developed earlier for the stacked SET transistors which demonstrated very low noise of background charge [5]. In this paper the efforts were focused on study of operation characteristics of a device with strongly unequal junctions. Since the junctions were formed at different fabrication steps, the effect of shrinking the orifices and slits in the mask after each evaporation step resulted in a reduction of area of the second (top) tunnel junction, as shown in Fig.1a.

2. Results and discussion. All measurements were carried out in a dilution refrigerator at temperature T_{bath} = 25 mK. Magnetic field of 1 T was applied to the sample in order to suppress superconductivity in Al electrodes of the transistor. The parameters of the transistor were evaluated as follows: R_1 = 60 kΩ, R_2 = 0.6 MΩ, C_1 = 0.26 fF and C_2 = 0.03 fF. Its I-V curve is shown in Fig.2. In this strongly asymmetric sample (R_1 ≪ R_2 and C_1 ≫ C_2 ≫ C_g , where

Fig.2. Experimental I − V curve of the studied transistor (solid line) and its theoretical ˛t with the parameters presented in the text

C_g = 0.2 aF is the gate capacitance) at zero voltage bias and around the gate charge Q_0 = C_g V_g ≈ e/2 + en (n is integer and V_g is the gate voltage) we observed the dc current response as small antisymmetric peaks. These peaks can be explained by the effect of rectification of the unavoidable voltage noise due to strong asymmetry of the transistor I-V characteristic at V = 0 (see also

Ref. [3]). Similar behavior of the transistor was observed when an ac signal, V = V_{ac} sin ωt, was applied to the transistor. Moreover, the amplitude of the current peaks strongly depended on the degree of asymmetry (R_2/R_1 and C_1/C_2) and on the amplitude V_{ac} of the ac signal. The transistor current response measured in such regime at V_{ac} = 20 μV and frequency ω/2π = 500 Hz is shown in Fig.3. Some small discrepancy between experimental and fitted curves in Fig.3 can be explained by

Fig.3. Experimental (points) response curve of the asymmetric SET transistor at harmonic voltage bias with amplitude Vac = 20 μV. The ˛tting curve (solid line) was calculated for the experimentally evaluated parameters of the transistor and the signal amplitude of 23 μV. E¸ective electron temperature T was assumed to be 40 mK

the presence of the nonzero voltage noise applied to the transistor. It means that in the experimental case we measure the total action of applied ac and noise signals, the noise effective level V_{noise} can be estimated to be about of 10 μV. Analogous measured and calculated responses in dc voltage bias regime for studied transistor at the same value of Q_0 are shown in Fig.4.

To fit the experimental curve for not very fast ac signals (ω ≪ I/e, where I is SET current) we applied the orthodox theory of SET [6]. Presenting the gate charge Q_0 in the form Q_0 = e/2 + en + δQ_0, we expressed appropriate tunneling rates Γ^±_i through the ith junction in positive (+) and negative (−) direction as

Γ^+_i = k_B T e^2R_i γ_i e^{γi} − 1

, Γ^−_i = e^{γi} Γ^+_i , i = 1 and 2,

where

γ_{1,2} = e C_Σk_B T

(δQ_0 ∓ C_{2,1}V_{ac} sin ωt),

and C_Σ = C_1 + C_2 + C_g , the total capacitance of the island.

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 1 { 2 2005 6^�

84 V. A. Krupenin, D. E. Presnov, V. O. Zalunin et al.

Fig.4. Experimental (points) and calculated (solid line) modulation curves of the asymmetric SET transistor in dc bias regime at Vdc = 20 μV

The SET current across the transistor in the twocharge-state approximation, applicable in our case of not very large signals, is expressed as (see, e.g., Ref. [7]) I = Γ^−_2 Γ^+_1 − Γ^+_2 Γ^−_1 Γ^+_1 + Γ^+_2 + Γ^−_1 + Γ^−_2 e. Assuming |γ_i| ≫ 1, i.e., sufficiently low temperature T , we simplify the expression for the current, which finally reads I = k_B T e γ_1γ_2 γ_1R_2 + γ_2R_1

[exp (−|γ_1|) − exp (−|γ_2|)] .

The dc component ⟨I(δQ_0)⟩ of the SET current I is obtained by averaging this equation over the voltage v = v_{ac} sin ωt with the weight

P (v) = 1 π √ v_{ac}^2 − v^2 . Notice that the weight function P (v), which can be considered as a probability density to find a value of the voltage within the interval (v, v + dv), equals to the ratio of the time-interval dt = 2dv/v_0ω cos ωt, when this event happens, to the period 2π/ω. The resulting dependence is shown by solid line in Fig.3. One can see a good agreement between the experimental data and theoretical fit.

The observed feature of an asymmetric SET transistor demonstrates that it can be used as a noise level sensor for the bias and signal lines of a measuring setup. For example, the sensitivity of the studied transistor to noise signal in the bias lines was roughly estimated as 20 nV/Hz^{1/2} in the frequency range from Δf = 0.1 ÷ 10 kHz. The amplitude of the observed current peaks in our setup was about 0.1 pA, i.e. limited by resolution of the current preamplifier.

Moreover, the asymmetric SET transistor can also be used as a radio frequency driven electrometer operating in a linear regime. The maximum current-to-charge ratio of the device, η = |dδI(Q_0 = 0)/dδQ_0|, for given sample and V_{ac} = 20 μV (see Fig.3) is about 0.3 nA/e. This value is of the same order as that of typical SET electrometers. For example, in the traditional regime of the same amplitude of dc bias (V_{dc} = 20 μV) this electrometer has slightly better value of η, i.e. 0.7 nA/e at I = 8 pA (see Fig. 4). The current-to-charge ratio η can also be found from analytical expression for ⟨I(δQ_0)⟩ as corresponding derivative ⟨(∂I(δQ_0)/∂δQ_0)_{δQ0=0}⟩. The analytical expression for this average is rather cumbersome, but easy for numerical calculations. In this way we found the current-to-charge ratio numerically as a function of T and the dimensionless parameter of asymmetry C_2/C_Σ. Figure 5 shows the dependence of η on the value of C_2/C_Σ calculated for several values of the transistor

Fig.5. The current-to-charge transfer coe‹cient η in SET transistor versus asymmetry ratio at di¸erent temperatures. Vac = Vdc = 20 μV. (a) { dc regime; (b) { ac regime

temperature in ac and dc regimes. Lower current-to-charge ratio in ac regime can be understood from the fact that the effective action of ac signal on η is more than two times weaker than the action of dc signal of the same amplitude.

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 1 { 2 2005

In some experimental situations (for example, RF- SET sensor) the zero bias regime with ac or noise pumping can be considered as more convenient for SET transistor operating as electrometer. Such a regime of the electrometer operation has presumably weak back action on the background charges located in dielectric around the island [8] and, therefore, the device is less subject to the drift of the offset charge bias.

3. Summary. In this paper we explored a rather delicate regime (V ≪ e/C_Σ) of the transistor operation which is important for unperturbed measurements. The obtained results demonstrate the remarkable nonlinear characteristics of the strongly asymmetric SET transistor which can operate either as a linear electrometer or as a sensitive nonlinear noise detector useful for characterization of an experimental setup. Further investigations of such SET transistors in different regimes and especially their noise characteristics are clearly needed. The available technology makes it possible to fabricate these transistors with very high degree of asymmetry.

We would like to thank Roland Schäfer for sending us paper Ref. [4]. The present work has been supported by Russian Fund for Basic Research, Russian Program “Physics of Solid State Nanostructures” and Russian Ministry of Science.

1. K. K. Likharev, IEEE Trans. Magn. 23, 1142 (1987). 2. T. A. Fulton and G. D. Dolan, Phys. Rev. Lett. 59, 109 (1987).

3. J. Weis, R. J. Haug, K. v. Klitzing, and K. Ploog, Semicond. Sci. Technol. 10, 877 (1995).

4. C. Walliser, Dissertation, Karlsruhe: Forschungszentrum Karlsruhe GmbH, 2002.

5. V. A. Krupenin, D. E. Presnov, A. B. Zorin, and J. Niemeyer, J. Low Temp. Phys. 118, 287 (2000).

6. D. V. Averin and K. K. Likharev, in: Mesoscopic Phenomena in Solids, Eds. B. L. Altshuler, P. A. Lee, and R. Webb, Amsterdam: Elsevier, 1991, p. 175.

7. G. L. Ingold and Yu. V. Nazarov, in: Single Charge Tunneling, Eds. H. Grabert and M. H. Devoret, New York: Plenum, 1992, Chap. 2.

8. A. B. Zorin , F.-J. Ahlers, J. Niemeyer et al., Phys. Rev.

B 53, 13682 (1996).

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 1 { 2 2005