High-endurance bulk CMOS one-transistor cryo-memory
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ABSTRACT — Previously we reported a compact
one-transistor (1T) 180 nm bulk CMOS cryo-
memory with a high 107 I;/I, memory window and
long ~800 s retention time based on impact-
ionization-induced charging of the transistor body.
Here, we present the endurance and retention
characteristics of our 1T memory obtained from
high-speed measurements at 7= 7 K. We observe
excellent endurance, with no visible degradation
over 10° write ‘1’/write ‘0’ cycles. The measured
retention time varies with the memory window and
the leakage current, but it exceeds 10 s for a 30X
11/Ip memory window and would be even higher in
a device with no substrate contact.

I. INTRODUCTION

Most proposed solid-state quantum sensing and
computation schemes require cryogenic operation,
often at liquid He temperatures and even lower [1,
2]. Furthermore, any large-scale quantum circuitry
will require integration with local control, storage,
and data processing, ideally based on high-
performance mixed-signal CMOS circuitry. This
has led to an upsurge of research into cryogenic
operation of CMOS devices [3, 4].

At low T, CMOS transistors obey standard
theory, but with higher mobility, sharper
subthreshold swing [5], and enhanced impact
ionization (II) [6]. Recently, we reported on a
compact 1T cryogenic Il-based memory in bulk
CMOS transistors [7]. The technology node was
180 nm, with SiO,-based gate oxide of ~3.5 nm
thickness, Lg = 0.18 to 1.44 um, and separate body
contacts giving access to the body potential V.

II. 1T CRYO-MEMORY MECHANISM AND
QUASISTATIC PERFORMANCE

Figure 1 summarizes the operating principle of
the memory implemented in an NMOS transistor.
As shown in Fig. 1(a), at sufficiently high Jp > 1.5
V, as Vg is swept above V1~ 0.5 V, II at the drain
creates both electrons that leave the channel with /p

and holes that charge the body to a potential Vs and
cannot leave without a low-impedance path to
ground. The body potential causes a threshold shift
to a lower voltage, creating positive feedback that
switches /p to a high value. Sweeping Vs back to
zero traces out a hysteretic loop, see Fig. 1(b), with
a high ~107 I1/I; ratio available at a readout V= 0.3
V within the loop. The retention time t, extracted
from the decay of V3 in Fig. 1(c), exceeds 10 min.
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FIG. 1. (a) Schematic diagram of impact-ionization-
induced charging of NMOS transistor body with holes
for Vp > 1.5 V; (b) corresponding hysteretic loop in the
In(Vg) at T=3 K and Vp = 1.8 V; (c) =10 minute long
decay of body potential V5 measured with a >10'* Q
input impedance electrometer. The device dimensions
were Lg = 1.44 pm and W= 10 um (adapted from [7]).



at 3 K in quasistatic measurements, where Vg was
measured with a high, >10' Q input impedance
electrometer. Similar hysteretic loops were
measured in PMOS transistors, which required
slightly larger |V'p| to begin the II process [7]. The
same mechanism has been used for one-transistor
capacitorless memory in partially-depleted SOI
devices at room temperature, with body charge
storage maintained by the buried oxide [8]. Our
devices reported here provide high retention and
endurance in simple legacy bulk CMOS transistors
at low 7.

III. HIGH-SPEED MEASUREMENTS AND ENDURANCE

To test the endurance, speed, and retention time,
devices were characterized at T'~7 K with fast time-
domain measurements [9] in a low-T probe station
with 50 Q terminated probes and ~10 ns rise-time
voltage pulses, as shown in Fig. 2, together with the
write/sense pulse sequence. The fast measurement
noise floor was ~0.15 pA, as compared to low pA
range in quasistatic measurements, markedly

reducing the memory window compared to Fig. 1(b).
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FIG. 2. Schematic high-speed measurement set-up in a
cryostatat T~ 7 K. The write'l' ('p=2.1,Ve=1V)//
sense (Vp=1, V5=0.3 V) and write '0' (V'p=1.5, Vo =—
1 V) // sense pulse sequences are illustrated in the insets
(adapted from [9]).

Even so, a 100 cycle test program yielded a
memory window of >1000 X above the noise floor,
as shown in Fig. 3(a). Figure 3(b) shows long-term
endurance: continuous write 'l'/write '0' cycles were
applied for 10°~10° cycles, interspersed with the
same 100-cycle memory test program. Setting the
memory window at 250 X the noise floor, we find
the device does not visibly degrade over 10° cycles.
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FIG. 3. (a) Raw cycling data for 1T NMOS cryo-
memory at =7 K (Lg = 0.18 um, W = 10 um), with I,
sense current exceeding the ~0.15 pA Iy noise floor by
>1000 X; (b) long-term endurance cycling with
continuous multiple write 'l'/write '0' cycle blocks
ranging from 103 to 10° in order of magnitude steps
followed by 100-cycle memory test program as in (a).

IV. RETENTION TIME

The quasistatic retention time presented in Fig.
1(c) for the NMOS transistor reaches 800 s (and
similar retention time values were measured for
PMOS transistors [7]), These t values were
obtained from Vg values measured with a high-
input-impedance electrometer which confirm that
the memory effect is arising from the II base
charging mechanism [7] and not from defect
charging. Figure 4 shows the retention time
extracted from /; current sensing measurements as a
function of hold time after write '1' in the high-speed
measurement apparatus (note that the '0' state has an
uncharged body and is inherently stable).

The Ii/lp memory window is determined by the
noise floor of the measured /o, which is ~0.15 pA,
and the retention time is in part determined by the
memory window specification. If the required /i//o
window is set at 250 X, the retention time t > 1 s,
whereas at 30 X ©>10s. These retention times are



long on the quantum sensing or computation time
scale (a comparable FD-SOI 1T memory using
GIDL body charging [10] used a memory window
of 2 X), but shorter than the t obtained in the
quasistatic measurement of Fig. 1(c). This
discrepancy arises from variations in leakage
through the resistance and capacitance associated
with the measurement setup. This leakage
dependence is confirmed in Fig. 5, which shows the
decay of the body potential Vs measured
quasistatically by using a standard parameter
analyzer supplemented with an added input load
resistor Ry.
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FIG. 4. Lower bound on retention time t extracted from
I sense measurements after hold times of 100 pusto 10's
in order of magnitude steps.
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FIG. 5. Measured retention time t dependence on the
input impedance of the measurement system with an
added load resistor Ry, the solid lines are exponential fits
to the measured Vg(f) values as the body is discharging.

The rate at which substrate charge dissipates
from the transistor body to the circuit ground is
determined by the effective resistance and
capacitance between them. This leakage determines
the retention time 7 of a given 1T memory cell. By

connecting a large known resistance Ry to the body
contact, the retention time, can be modified as
illustrated in Figure 5. The measured 7t is
significantly shorter for smaller Ry assuming the
capacitance of the measurement setup remains
constant. Furthermore, by integrating the total
current that flows through the resistor as the
substrate is discharged, the total charge, Qs,
originally stored in the body, can be experimentally
derived by integrating the current through Ry

Os(t) = (Vs(t)/Ry) dt

Experimentally, Vp(f) decreases exponentially in
time with a time constant t, see Fig. 5. The fully
charged body potential Va(f =0) ~ 1 V is set by the
low-temperature pn source-body junction built-in
voltage [7] and is the same regardless of the
measurement apparatus used to monitor the Vg
decay. Since the total trapped body charge is the
same each time the device is fully charged, the t/R¢
ratio should be invariant for all the retention
measurements. As shown in Table 1, t/Ry falls
within the 4-10x107'° s/Q range as Ry is varied over
two orders of magnitude. On the other hand, when
Ry is set to > 100 TQ by using the high input-
impedance K602 electrometer, the t/Rp ratio is
significantly smaller, suggesting that the intrinsic
internal leakage resistance of the device is between
100 GO and 100 TQ. Presuming a similar
capacitance for both measurement approaches, the
effective leakage can be estimated by using the
experimentally observed t =800 s and the ©/Ry ~ 6
x 101% s/Q ratio seen in Table 1. We find the
intrinsic leakage resistance of this FET to be
approximately = 1.3 TQ.

Apparatus Ry (QY) T (5) /R (s/Q)
Preamp-+scope 1G 0.45 5x 1010
Preamp-+scope 10G 3.6 4x 10710
Preamp+PA 10G 10 10 x 10710
Preamp-+PA 100 G 56 6x101°
K602+PA >100 T 800 <8 x 10712

TABLE 1. Decay time as a function of substrate current
leakage as determined by the added load resistor Ry.
Body voltage Vg(f) was monitored by measuring the
current drop across Ry with a voltage preamp or by using
a high-input-impedance Keithley K602 electrometer in
series with either an oscilloscope or a parameter analyzer
to measure Vp.



Thus, in a 1T memory with no substrate contact,
sufficiently long retention times are expected to
make our 1T memory essentially nonvolatile on the
time scales associated with quantum sensing or
computation [11]. While we have not performed
extensive variability measurements, several devices
of different Lg yielded consistent results by using
the same operating pulse sequences [9]. These
devices are simple bulk 180 nm technology FETs
and not designed or optimized for use as 1T
cryomemory cells. The ease of the economical bulk
CMOS process is an attractive feature; however, by
designing FET devices with better substrate
isolation, the retention time could be improved. The
leakage could be limited to the current between the
charged body and the source/drain regions which is
minimized at cryogenic temperatures.

CONCLUSIONS

We have addressed the reliability of our II-based
1T bulk transistor cryo-memory, demonstrating an
impressive endurance of > 10° cycles without
compromising a high /i/lp memory window. We
have also addressed the internal leakage limiting
the retention time, t. This t could be dramatically
increased for devices without a substrate contact
whose design is optimized for cryomemory
applications by minimizing the body-source/drain
leakage.
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