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Abstract—Full waveforms of single-event transients were 

measured under focused heavy-ion micro-beam irradiation. The 
influence of changing supply voltage from subthreshold to 
nominal level on SET forming and propagation was investigated 
and discussed. 
 

Index Terms—Analog on-chip measurement, charge sharing, 
CMOS, heavy ions, single-event effects, single-event transients.  
 

I. INTRODUCTION 

S technology progress pushes scaling of integrated 
circuits further, the increased transistor density, along 

with smaller operating voltages have led to increased 
susceptibility to single-event effects (SEEs). An energetic 
particle passing through silicon close to a circuit node can 
induce a single-event transient (SET), which can propagate to 
a memory element, and create a single-event upset (SEU). 

Since high transistor density and low supply voltage are 
very desirable for cost and energy efficient designs, it is 
important to understand how these properties affect the SEE 
sensitivity of circuits. Bringing sensitive nodes closer together 
has been shown to increase SEU rate in conventional 
radiation-hardened circuits, such as dual interlocked cell 
(DICE) flip flop, due to charge sharing effect [1], [2]. 
Decreasing the supply voltage has also been reported to 
negatively affect the radiation hardness of a circuit [3]-[5]. 
Even small fluctuations below the nominal supply voltage 
were shown to cause considerable increase in the SET pulse 
widths, and consequently the SEU rate [6]. 

However, intentionally enhancing the charge sharing effect 
can also be utilized to reduce the SET sensitivity. If multiple 
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collecting nodes are made to react in the opposing manner, the 
individual node contributions can cancel each other out, as 
proposed and demonstrated in [7]-[10]. It has been shown in 
simulations that charge sharing can also be observed under 
low voltage operation [11]. Even though struck nodes show 
increase in produced SET pulse widths when the supply 
voltage is decreased, authors in [12] suggest that pulse widths 
of propagated SETs may actually decrease, thanks to the 
charge sharing effect. 

II. RELATED WORK 

SEEs have been studied in deep sub-µm nodes, either in 
simulations, or by subjecting fabricated circuits to ionizing 
particles in experiments. Most of these experiments utilized 
pulse-width measurement techniques [13], [14] to obtain the 
SET cross sections and pulse width distributions of digital 
SETs in chains of inverters [3], [6], [7], [15]. These 
approaches are proven well and provide valuable insights into 
the characteristics of resulting SETs. However, the 
investigation of SETs directly at the origin of the pulse, as 
well as the details of analog SET shapes, is important for 
distinguishing different underlying collection and propagation 
phenomena. In the present literature, such investigations have 
been predominantly carried out using simulations [6], [7], 
[10]-[12], [16], [17]. 

In our previous work we have presented a different 
approach to SET measurements, where full analog waveforms 
of pulses are being captured [18], [19]. For each ion hit, we 
can capture a SET waveform directly at the struck node, after 
propagation through subsequent inverters, and the resulting 
SET at the output of the targeted inverter chain.  

In this work we utilize our SET measurement solution to 
directly observe influences of varying supply voltage (VDD) 
and circuit spacing to SET properties. As the supply voltage is 
decreased, observed SET widths span several orders of 
magnitude, making it difficult to perform measurements 
across the whole range of supply voltages with a single circuit 
[5], [13], [14]. As our approach allows measuring SET widths 
ranging many orders of magnitude, we are able to investigate 
SETs from sub-threshold to nominal supply voltage. 

Experimental Investigation of the Joint 
Influence of Reduced Supply Voltage and 
Charge Sharing on Single-Event Transient 
Waveforms in a 65 nm Triple-Well CMOS  

Mladen Mitrović, Student Member, IEEE, Michael Hofbauer, Member, IEEE, Kay-Obbe Voss, and 
Horst Zimmermann, Senior Member, IEEE 

A



RADECS 2017 Proceedings – [Insert here your paper identifier] 
 

2 

III. TEST CHIP AND EXPERIMENT SETUP 

The target inverter chains have been designed and placed on 
the test chip and connected to the on-chip analog multiplexers 
used for sensing [20]. The chip was fabricated in UMC 65 nm 
CMOS low-leakage low-k technology. The target circuits have 
been placed in a common deep n-well/triple-well area. The 
layout of the test circuit is given in Fig. 1, and the relevant 
device dimensions are given in Table 1. Data presented here 
was collected during two experiment sessions at the micro-
beam facility in GSI in Darmstadt, Germany. Two chip 
samples were irradiated with a focused heavy-ion beam, one 
with 48Ca ions (LET = 17 MeV·cm2/mg), and the other with 
197Au (LET = 95 MeV·cm2/mg). The beam control and data 
collection system is described in [18], [19]. Acquisition of 
waveforms was done by two high speed real-time 
oscilloscopes. Inverter chains form Table 1 were scanned with 
the ion beam at various supply voltages. In the Ca experiment, 
voltages used were 0.4 V, 0.6 V, 0.8 V, and 1 V, whereas in 
the Au experiment, used values were 0.3 V, 0.4 V, 0.6 V, and 
1 V. The ion beam scan steps were in the range of 200-450 nm 
in the Ca experiment, and 450-970 nm in the Au experiment. 

IV. RESULTS 

Our measurements allows simultaneously capturing the 
response of multiple nodes for every ion hit, as well as to track 
the ion hit location. This allows us to replicate a scenario 
similar to that used in previously reported 3-D simulations [7], 

[11], [12], [16], where both the response of a node that is hit 
(active node), and the subsequent node in the inverter chain 
(passive node) are being observed. We will refer to SETs from 
these nodes as “direct-hit” and “indirect”, respectively. 

In each of our targets circuits, with the exception of DUT1, 
we have the access to two active-passive node pairs – we can 
either take OUT2 node as active, and OUT3 as passive, or 
OUT3 as active and OUT4 as passive. Notice that OUT1-
OUT2 nodes also represent an active-passive node pair, but 
since the first inverter in the target chain is driven externally, 
it is expected to exhibit different behavior. On the other hand, 
OUT2-OUT3 and OUT3-OUT4 pairs are being driven by a 
preceding inverter, and are expected to behave consistently. 
Unless noted otherwise, collected SETs from these two pairs 
are combined and presented as such. 

For each SET detected at a particular node we can 
determine if it was a direct-hit (SET not present on the 
preceding node for the same ion hit event), or indirect type 
(SET larger than VDD/2 is detected on the preceding node). In 
Fig 2. we present box plots of measured Full Width at Half 
Maximum (FWHM) distributions for direct-hit SETs at nodes 
OUT2 and OUT3, for the logic state “1” at these nodes. Only 
SETs higher than VDD/2 are taken into account. The smallest 
pulse widths, around 175 ps, are recorded in the Ca 
experiment at VDD = 1 V, whereas largest widths reach 
520 ns in the Au experiment at VDD = 0.3 V, which represents 
a span of nearly 3.5 orders of magnitude. At supply voltages 
down to 0.6 V, there is an exponential increase of pulse widths 
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Fig. 1.  Layout of inverter cell used in targets. 

TABLE I 
INVERTER DIMENSIONS AND SPACING IN TARGET CIRCUITS. 

 NMOS PMOS PWc NWc 
W [nm] 480 650 170 240 
L [nm] 60 60 450 450 

DUT DUT1 DUT2 DUT3 DUT4 
Spacing [µm] 0.12 0.25 2 4 

Monitored 
outputs 

OUT1 - 
OUT3 

OUT1 - 
OUT4 

OUT1 - 
OUT4 

OUT1 - 
OUT4 
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with decreasing VDD, and pulse width distributions of OUT2 
and OUT3 nodes do not differ substantially. At lower VDD 
values, transistors are operating in the subthreshold region, 
and a more drastic increase of pulse widths is observed.  

The pulse width of a typical SET is determined by three 
components: i) a fast leading edge, which is independent of 
the circuit speed, ii) plateau, determined by the strike location, 
particle energy and LET, and iii) latter edge, which gets 
slower with decreasing VDD [4], [18]. In the Fig. 3 the 
average pulse widths for each target are displayed as a 
function of the supply voltage, again for direct-hit SETs when 
the active node is in state “1”. 

At 1 V supply voltage the distinction between SETs from 
Ca and Au experiments is clearly seen. The 197Au ions deposit 
more charge in the well, which enhances the bipolar 
amplification, and it takes more time to restore the well 
potential. This results in a longer plateau and larger pulse 
widths than for 48Ca ions. As the supply voltage decreases, the 
average pulse width increases in both experiments, in 
agreement with results reported in other works [3]-[6], [11], 
[12], [17]. As VDD is decreased, the pulse width is more and 
more determined by the latter SET edge, while the difference 
due to plateau decreases. As a result, the difference between 
Au and Ca experiments in Fig. 3 is getting less pronounced at 
lower voltages, which was also seen in simulations reported in 
[17]. The difference between targets is also apparent at 
VDD = 1 V. Targets with dense inverter spacing (DUT1, 
DUT2) show ~40 % smaller average pulse width in the Au 
experiment than targets with large spacing (DUT3, DUT4). 
We observed the same behavior in our previous work [19], in 
which we presented data from separate experiment sessions 
performed on dedicated chip samples. The effect is less 
pronounced in the Ca experiment, with 24 % smaller average 
pulse width for DUT1 compared to DUT4. The differences 
between targets also diminish with reducing VDD, suggesting 
that denser inverter spacing helps to reduce the plateau 
duration in direct-hit SETs by stabilizing the well potential. 

In the subthreshold regime, the direct-hit SET width is 
determined completely by the latter edge decay rate, while the 
plateau duration is the major contributor at 1 V VDD. 

Therefore, we can estimate the pulse width as: 

	
	 ,

	,             (1) 

Where tpt is the duration of the plateau, CL is the node 
capacitance, ID,avg is the average drain current of the on state 
transistor as CL is discharged from VDD to VDD/2. Fig. 3. b) 
shows the values obtained by this approximation for two 
values of CL (taken from [20]) and tpt, with ID,avg values 
obtained from simulations with PDK transistor model. 

Fig. 4 shows the cross section for both direct-hit and 
indirect SETs, with state “1” at the active node. The direct-hit 
cross sections in both Au and Ca experiments are slightly 
decreasing with VDD for DUT3 and DUT4, whereas it stays 
rather constant for DUT1 and DUT2. At first, this looks 
contrary to [3], [6], which reported cross section to be 
increasing as VDD decreases. However, in both papers SET 
cross section was measured indirectly, by measuring the SEU 
rate in DICE flip flops, caused by the incoming SETs, 
sampled at a fixed clock frequency, which might not have 
represented real SET count on all voltages equally. At higher 
VDDs, SETs are several orders of magnitude shorter than at 
subthreshold, and a large number of them can miss the DICE 
window of vulnerability. The decrease of indirect SET cross 
sections is more pronounced, and especially strong at 
subthreshold voltages. While it has been confirmed that pulse 
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Fig. 4.  Direct-hit (full lines) and indirect (dashed lines) SET cross sections,
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quenching [7] occurs at higher VDD values [19], it is not 
entirely clear if the cross section reduction compared to direct-
hits is also due to pulse quenching at lower voltages as well 
[11], [12], or just caused by the decreased ability of inverters 
to propagate signals before the thermal equilibrium is 
reinstated at the originating node. 

It should be noted that, because we placed NMOS 
transistors in a p-well of the triple-well, they are more 
sensitive to ion hits [21] in our test circuits. Interestingly, the 
direct-hit cross sections for state “0” at the active node, i.e. 
when PMOS is off, shows an increase of cross sections with 
decreasing VDD (Fig. 5). This could be due to a combination 
of larger collecting area of the PMOS drain-well junction and 
decreased driving strength of subthreshold NMOS transistor, 
making it unable to remove the excessive charge fast enough. 

V. CONCLUSION 

In this paper we employed our new measurement approach 
to simultaneously capture analog SET waveforms directly at 
the struck node and at the subsequent nodes. This enabled us 
to investigate influences of supply voltage and charge sharing 
to SET pulse widths and cross section, distinguishing between 
SET generation mechanisms and effects of their propagation 
through the circuit. To the best of our knowledge, such 
investigation could be performed only by simulations [6], 
[11], [12], [16], [17]. A simple method was introduced for 
estimating the range of SET pulses at reduced VDDs, and it 
matches well with measurements. At higher VDDs we 
observed influence of different LETs and inverter spacings, 
whereas in subthreshold region pulse widths are strongly 
influenced by process and load capacitance variations. The 
presented information can be used to supplement the currently 
available simulation and experimental data. 
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