28 FDSOI Analog and RF Figures of Merit at Cryogenic Temperatures
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Abstract—This work presents a detailed characterization of 28 nm FDSOI CMOS process at cryogenic temperatures. Electrostatic, Analog and RF Figures of Merit (FoM) are studied for the first time to our best knowledge. At cryogenic temperatures, 30-50% enhancement of Id and gm_max values as well as up to 100 GHz fT increase is demonstrated. Temperature behavior of analog and RF FoMs is discussed in terms of mobility and series resistance effect. This first study suggests 28FDSOI as a good contender for future read-out electronics around qubits.
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I.  Introduction
28 FDSOI technology has already demonstrated improved DC, analog and RF performances at room temperature (RT) [1]
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[2]. Our present work extends those studies and investigates, for the first time to the best of our knowledge, the potential of the technology for future cryogenic applications, such as e.g. read-out circuitry of quantum bits (“qubits”) by an integrated control system [3]. Nowadays high interest for quantum computing is motivated by a strong enhancement of computational power at deep cryogenic temperatures [4]. Influence of cryogenic temperature on 28 nm bulk technology was already demonstrated with a main focus on analog parameters and EKV model [4]. In this paper, we investigate electrostatic, analog and RF figures of merit (FoMs) of nMOSFETs from 28FDSOI with different gate lengths in a temperature range down to 77K. Our focus is on the main MOSFET parameters and FoMs, such as threshold voltage (Vth), subthreshold slope (SS), transconductance (gm), transconductance-to-drain current ratio (gm/Id), early voltage, intrinsic gain (Av), and current gain cutoff frequency fT.
II. Device and measurement details
Devices studied in this work come from 28 FDSOI process by ST-M with gate lengths Lg from 25 to 90 nm. The Si film, BOX and the equivalent gate oxide thicknesses are 7, 25 and 1.3 nm, respectively. Channel is left undoped. More process details can be found in [5]. Studied nMOSFETs feature 60 fingers of 2 µm width, embedded in CPW pads for RF characterization. I-V and S-parameters measurements were done down to liquid nitrogen temperature (77K).
III. Results and discussion

A. Electrostatic parameters
Fig. 1 shows typical transfer Id-Vg and gm-Vg plots obtained in linear (Vd =50 mV) and saturation (Vd = 1 V) regimes for 77K and 300K for the 30 nm-long device. Threshold voltage (Vth) is increasing by ~0.1 V with temperature, T, reduction from 300 to 77 K. This is smaller than reported previously for 28 bulk technology [4]. Contrarily to bulk device, Vth variation in fully depleted device is only due to Fermi level potential variation and is shown to be strongly attenuated in ultra-thin devices [6]
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[7]. ΔVth/ΔT is ~ 0.5 mV/°C which agrees well with numbers reported for high temperature variation in thin-film MOSFETs [6]
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[7]. Next to that, SS improves at 77K. However, this improvement is not as strong as one could expect from the theoretical proportionality to T. Moreover, the improvement is lesser in shortest devices, as was already pointed out for the bulk counterparts [4]. Attenuated SS improvement with temperature could be related to the interface traps- and body factor -related effect. 
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Fig. 1. Id-Vg and gm-Vg curves at 77K and 300 K. Lg=30 nm.
B. DC Analogue Figures of Merit
Fig. 2 shows gm/Id as a function of normalized Id extracted at 300 and 77 K for 30 nm and 60 nm-long devices. One can see the gm/Id maximum improvement (directly linked with SS increase) as well as enhancement of Id_norm=Id/(W/L) at a fixed gm/Id (both in moderate and strong inversion regimes). Extraction of Id_norm at a fixed gm/Id allows removing the effect of Vth shift with temperature. Fig. 3 shows Id_norm taken at gm/Id=10 and 5 V-1 (which correspond to ~Vth+0.2 and +0.4 V, respectively) and maximum gm for various gate lengths for 77 and 300 K. Improvement of gm_max and Id_norm is 20 to 70% depending on the gate length and regime of operation. These values are comparable with the observations for the 28 nm bulk technology [4]. There are two reasons for the reduced improvement of gm_max and Id_norm in short channels. Firstly, effect of series resistance, Rsd, (known to increase at lower temperatures) is stronger. This reason is supported by stronger improvement observed for the regimes at which the impact of series resistance is smaller, as e.g. i) Id_norm taken at gm/Id =10 V-1 w.r.t taken at 5 V-1 and ii) gm_max extracted in linear w.r.t saturation regime (Fig.1). Secondly, mobility, µ, improvement in short channel devices is smaller than in long ones, as reported previously [8]. Indeed, short-channel mobility is strongly affected by the presence of defects in the extensions and source/drain regions. Resulting mobility temperature dependence is defined through the balance between the two mechanisms: Coulomb scattering on the defects (with µcoul reduction with T lowering) and phonon scattering (with µph increase with T lowering). Furthermore, improvement rate first slows down with temperature lowering and then drops exhibiting a maximum at ~100 K (not shown due to lack of space).
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Fig. 2. gm/Id vs. Id/(W/L) at 77K and 300K. Lg = 30 and 60 nm.
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Fig. 3. (a) Normalized Id and gm_max vs gate length at 77K and 300K. 
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Fig. 4. Normalized gm versus gain at 77K and 300K.
Fig. 4 shows gm-Av metric widely used for comparative assessment of analog FoM of technology. One can see that temperature lowering results in simultaneous gm and Av improvement (except for the longest device showing almost invariable Av). However, the improvement is smaller in shortest devices for the reasons discussed above.
C. RF FoMs
Fig. 5a shows one of the main RF FoMs i.e. current gain cutoff frequency fT versus gate length at 77K and 300K in saturation and at Vg that corresponds to maximum gm. It is extracted by extrapolation of H21 parameter to 0 dB. This advanced technology node is known to feature very high fT reaching several hundreds of GHz at RT [1] and [9]. Temperature reduction from 300K to 77K results in strong fT improvement (due to µ and, hence, gm improvement). This increase (ΔfT = fT_77K – fT_300K) becomes particularly significant in shorter devices (inset in Fig. 5a). fT temperature dependence for 25 nm device is illustrated in Fig. 5b. Temperature dependence exhibits a maximum at 100 K (similarly to gm_max and Id improvements discussed above). The same trends are observed in “extrinsic”, gme, (i.e. including Rsd), and “intrinsic”, gmi, (i.e. without Rsd effect) values extracted from S parameters measurements [1] (inset in Fig. 5b). As the same shape is observed both in gme and gmi curves, we can suggest that the main reason of such trend is related to the µ(T) dependence, discussed above. 
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Fig. 5. (a) fT versus Lg at 77K and 300K. The fT improvement at 77K, ΔfT =fT_77K–fT_300K vs. Lg is shown in the inset, (b) fT versus temperature for Lg = 25nm. The inset shows gme and gmi versus temperatures. 
IV. Conlusion
Potential of 28 FDSOI MOSFETs for future cryogenic applications has been assessed for the first time. Electrostatic, analog and RF FoM have been considered. Threshold voltage was shown to be more stable versus temperature than in the bulk counterpart. Temperature reduction down to 77 K has been shown to result in improvements of gm_max and Id (30-50%), fT (~100 GHz) as well as stable gain suggesting 28FDSOI as a promising candidate for the cryogenic circuits’ implementation. Analog and RF FoM behaviors at cryogenic temperature have been discussed in terms of mobility and Rsd effect. The work will further be extended to the temperature range down to 4.2 K. 
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