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ABSTRACT

‘Analog VLSI circuits beneﬁr greatly fmm rwmbie .onchip. efererice volt-
ages. such as the electionic polemvome!er fe- por) This paper examines two
vitaf, _feamms of the e-pot. " the ability 1 hold a constant mfcmtcv voltage
and the capability 1o program it guickly: Enrprric‘a! data is présented veri-
Jying fong term voltage storage, and measurements also-show how guickly
the e-pot may be piogrammed as a function of bias voltage.

Dynatnically adjustable veference voltages are a funda-
mental requiremnent of analog, mixed-signal, and neuromor-
phic IC’s. Because pins are a finite tesource, providing all
the necessary analog voltages from off-chip is unrealistic
for a large system. Yet, a user cannot easily mne a tradi-
tional on-chip voltage reference. Furthermore, these refer-
ences are often inadequate because the output voltage they
provide only has a finite number of possibilities (one in the
simmplest case). The electronic potentiommeter, or ¢-pof, has
been presented as a practical, user-friendly alternative in the
selection of a voltage reference [1]: its design is shown
in Fig. 1. An arbiwarily long awway of e-pots consumes a
small number of pins, permits individual addiessing of its
e-pot elemennts, and requires additional power supplies only
while the reference voltages (i.e. the e-pots) ate being pro-
grammmed. The e-pot is small, easily adjustable by a user,
and can supply a voltage range that is nearly rail-to-rail. Trs
storage is non-volatile, and its programming is precise and
reasonably fast. A few features of the e-por are addressed
in this paper. Since it is worthwhile to know how well an

e-pot holds its reference value, the non-volatile narure of -

the e-port is studied as a function of time and temperature.
Also, the progratnming speed is examined, so thar we may
know (a) what supply voltages are necessary to programm at
vettain speeds, and (b) what is the fastest possible speed for
programmingthe device.
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Fig. 1. By swring analog voltages on chip, e-pots allow pins otherwise
used for bias voltages o be freed up for 1/0. (a) This is the schematic of
a single e-pot cell. Charge is removed fiom the floating gate throngh tan-
neling. The tnneling voltage is switched with a high-voltage, differential
amplifier, which is built with lightly-doped-diain nFETs. Chaige is added
to the floating gate thiough hot-election injection. The high-woltage am-
plifier was shown previously [1] (b} This is an array of e-pots: individual
cells are addressed with a shift register. The tunnel, inject, and select lines
cany digital signals. Currently these elements can be nsed in standalone
opetation and are built into our current 1C chip padframe for plug-and-play
capabilities.

1. LONG-TERM RELIABILITY

A good voltage reference must remnain essentially constant,
even after a long titme has passed. So, it is worth study-
ing how much an e-pot’s voltage moves over long periods
of titne. Figure 2 shows the movement of an e-pot array
afrer a long period of time; for this experiment, the array
was programmed to approximately fit a sine function. (The
reader may be interested to know that the e-pot can be pro-
grammed with much better precision than is shown here: o
see a highly accurate fit of a sine function to an e-pot array,
see [1].) As shown in Fig. 2, we programmed thirty-nine
e-pots 1o a given value and measuted them over a period
of fourteen days. Drift of an e-pot’s mean output voltage
over several days is very slight both plots show thar the e-
pots successfully hold their valuesto within a few millivols.
However, satopling an e-pot’s voltage over an imegral num-
ber of days can be misleading, because it hides cyclical vari-
ations of the e-por voltages around a constant mean value.
We have found the frequency of these periodic oscillations
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Fig. 2. This figure shows the valnes of the e-pot aray. They weie pro-
grammed to a rough sine wave to make it obvious that the initial conditions
were not randorm and also 1o show the e-pot’s viability over a range of volt-
ages. The cicles represent the staiting values. The stars represent the
ending values 14 days late: Tt isclear from this plot that the e-pot voltages
do not move very much.
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Fig. 3. AYWe chose one E-pot 1o show aclose up view of its voltage. You
will notice that it varies considerably, however it is highly cowrelated o the
termperature data shown in B). In fact, the cowvelation coefficient is 0.915.
In both cases, we ave plotting data (voltage or ternperatuie) versus day.
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Fig. 4. Thisfigure showsa plot of E-pot output voltage versus terpeta-
tuve. Although thewe is a voltage vaiiance over a paiticular wmpemtul'e, it
is easy to see the trend that theie is a 0.034V change in output voltage for
every degree Celcius change.

to be approximately one cycle per day. Because of this pe-
riodicity, we believe thar the main cause of the variations is
the shift in the laboratory’s air temperature throughout the
course of a day. For the experitment discussed in Fig. 2,
these vatiations can be seen for the voltage of the array’s
twelfth element in Fig. 3.

Toensure small vatiations in ane-pot’s voltage as shiown
above, therunneling junction’s voltage must be handled prop-
erly when not being programmmed. Figure 5 presents several
possible states forthe tunneling capacitor. Electrons rapped
in the wnneling capacitor’s dielectric can be thermnally ex-
cited to the oxide’s conduction band edge and escape the
810, [2]. When they ate wapped, these electrons ate partt
of the stored negative charge that dictares the e-pot’s output
voltage. If they all escape to the floating-gate (as shown in
Fig. 5 (b)), then they temain part of the stored charge; there-
fore, the e-pot’s state should be minimally affected. Onthe
other hand, any electrons that escape to the tunneling junc-
tion ate lost to the capacitor and subsequently alter the out-
put voltage of the e-pot. In Fig. 5 (a), (c), and (d), detrapped
electrons ate less likely to be kept by the floating-gate. The
final possible state proposed in the figure is the least desire-
able: not only are electrons in shallow traps released, but

also electrons in deep traps can be eleased to the mnneling
junction and the floating-gate charge is further increased as

electrons tunnel off of the gate.
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Fig. 5. Elections in shallow traps in the tunneling oxide (Cuy in Big.

6) may be removed by thermal excitation[2). If they are removed from the-

oxide while the e-pbt is in & non-programming state, the e-pot’s reference
“value may be adversely affected. (&) No applied oxide voltage. Electrons
in shallow oxide traps ae equally likely to go to the floating gate or the
tanneling junction. (b) Elections are move lilcely to go to the gate when
it is at a higher voltage than Viun. (c) Electrons are more likely to go to
the tunneling junction because it is at a higher voltage than V. (d) Ther-
mally exicted elections ae far mote likely to go to the tunneling junction.
Also, becanse these conditions are favorable for electron tunneling, elec-
tons tunnel from the floating gate and deep election traps in the oxide.
When it is not being programmed, it is most desirable for an e-pot to be in
state (b), because its detrapped electrons ate kept on the gate and remain
part of the total charge at the capacitance Ciyn -

C¢

Viun —I
Ciun + I

o Vo ut
&2 Vref +

bias

Fg. 6. Consisting of a floatinggate p-channel MOSFET, a tunneling
Jjunction, and an op. amp., this stiuctare is nsed to measue how quickly
an e-pot’s eference voltage can be changed. Election tunneling provides
a positive Iy thiough Ciun that lowers Vaue, while hot-election injection
from the drain to the gate of the pFET genevates a negative Iy that raises
Vout-
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Fig. 7. We measure how quickly election tunneling can lower Voue in
Fig. 6. (a) At an applied oxide voltage Viyyn — Vrey = 8.890V, aconstam
tunneling carent of 332 fA results. The tunneling cuwent can be detived
from the rate of voltage change, which is |dV,y./dt| = 410mV/s. (b)
We present the rate of reduction of Vo, as a fuction of Vo2, which is the
programming ate for lowering an e-pot’s voltage.

2. PROGRAMMING SPEED

We use the imegating structure in Fig. 6 to test the time
necessaly 1o program an e-pot’s output voltage. This struc-
ture is at the core of the e-pot. The voltage Vout is the e-
pot’s reference voltage. Note the value of the flcating-gate
voltage is explicitely set by V..z.

When a large voltage is placed across the oxide of the
tunneling junction (i.e. Viun — Ve is lacge), electron mn-
neling provides a substantial current in the otientation shown
as Ir. Assuming an ideal op-amp in Fig. 6, the cuwent Iy
flows through the feedback capacitance Cy, and the voltage
Vout will be the integral of the current:

L
Vou =~ j L) dt, 0

whete ¢ is elapsed time. As long as Viun — Viuy is held
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Fig. 8. We measure how quickly hot-election injection can raise Vi, in
Fig. 6. (a) Applying aduain voltage 5.15V below V, and V} generates a
constant injection cuivent of 123 f A. The injection curient can be devived
from the rate of oltage change, which is [dVoy./df| = 150mV/x. (b)
Plotting the rate of increase of V,, as a fuction of duain voltage, defined
as|Vg — Va|, presents the programming rate for raising an e-pot’s voltage.

constant, the current will be fairly constant, and (1) can be
represented as

I
Vout = —C—ft + Vout, initind » (@
4

where Vout,inztim represents an offset voltage due to the ini-
tial charge on the floating gate. It is evidem that Vi, falls
as a function of the runneling curvent. Fig. 7 (a) shows an
example of loweting the e-pot’s reference voltage at a par-
ticular oxide voltage. In Fig. 7 (b), we measute the speeds
ar which we can lower an e-pot’s voltage for a wide range
of oxide voltages.

When the drain voltage is much more negative than the
source and bulk, then hot-electron injection will provide a
substantial cuctent in the divection opposite Iy as it is shown
in 6. Inthis case, V;.q tises as a function of injection currem
according to (2), because Iy is negative (Lin; = —Iy). In

voltage is raised for a particular drain voltage. In Fig. 8,
we characterize the speeds at which we can aise ane-pat’s
voltage as a function of drain voltage.

This data was extiacted from a 0.5um process. I is
noteworthy that as process ditnensions decrease, the oxide
and dain voltages necessary to obtain these programming
rates will decrease. Paut of our furure work on this project
is to obtain some of these programming speeds using the
structuce in Fig. 6 on a 0.25pm process. We also will fur-
ther expand our testing to incorpotate programming rates.
It is worth noting that the highest rates shown in Fig. 7 and
8 are not the fastext thar the progratnming can be accom-
plished; rather, these ceiling rates are litnitations in com-
puter data acquisition which we need to address with amote
sophisticated experimental setup.
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