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Introduction

• Work in preparation of LHC 
detectors’ upgrades

• Local on-detector V conversion 
allows distributing power at 
higher voltage

• Lower mass
• Less heat to be removed
• Smaller volume of cables to 

bring power inside the 
experiment

• DCDC converter for on-module 
integration has to be radiation 
and magnetic field tolerant
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Target of DCDC development

• Development of a low-volume, low-mass, 
radiation and magnetic field tolerant DCDC 
converter

! Choice of ‘buck’ architecture presented at 
TWEPP08 after a detailed study of a set of 
possible solutions

• Building blocks for a successful development 
have been listed at TWEPP09

• One of the fundamental blocks is a DCDC ASIC 
embedding the control circuitry and the power 
switches

! This requires a CMOS technology with 
radiation-tolerant power MOS
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Chronology of ASIC prototypes

Tech. When LDMOS used

DCDC35B

DCDC25A

DCDC25B

SEBchip

0.35μm Tape-out: 10/08 Lateral NMOS 14V

0.25μm Tape-out: 5/09 Lateral NMOS (22V) and PMOS (16V) 
Generation 2A

0.25μm Tape-out: 1/10
Lateral NMOS (22V) and PMOS (19V)

Generation 3
+ Isolated Lateral NMOS (13V) 

0.25μm Tape-out: 11/09 Test Generation 3 LDMOS for full 
radiation tests

TID and p test of ‘0.35 technology’ completed

TID and p test of  5 candidate technologies completed: choice of 0.25μm

TID and p test of 0.25μm LDMOS Generation 2A and 2B completed : same results
BUT foundry moved to Generation 3 for all MPWs
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How a synchronous ‘buck’ DCDC works
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Embedded functionalities of different prototypes
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DCDC35B DCDC25A DCDC25B Next!

Full control loop

Dead times’ handling

On-chip regulator(s)

Soft Start

Over-I protection

Over-T protection

Under-V disable

✓ ✓ ✓ ✓

Fixed
Adaptive
(QSW)

Adaptive 
(QSW and CCM, 
sharp transition)

Adaptive 
(QSW and CCM, 
smooth transition)

No No ✓ ✓
Simple RC

Simple RC with 
comparators

Full sequence with 
comparators

State machine

No No ✓ ✓

No No No ✓

No No No ✓
!Full design complete at schematic level (including start-up and protection 
features simulated with a behavioral model for the converter)
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DCDC35B

• Lateral HV NMOS transistors are 
used as power switches

• VIN and Power Rail Operation from 
+3.3V to +12V 

• Internal oscillator fixed at 1Mhz, 
programmable up to ∼4MHz  with 
external resistor

• Internal voltage reference 
• Programmable delay between gate 

signals
• Integrated feedback loop with 

bandwidth of 20Khz
• Different  Vout  can be set: 1.2V, 

1.8V, 2.5V, 3V, 5V
• Size: ∼2.7 x 2.7 mm

• Widely used in system tests
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• First prototype in the 0.25μm technology 
• Lateral HV NMOS (low-side) and PMOS 

(high-side) transistors are used as power 
switches - Generation 2A devices

• Internal oscillator fixed at 2MHz, but 
programmable with external resistor

• Voltage reference and regulated voltages 
(2.5V, Vin-2.5V) to be provided from 
outside

• Delay between gate signals 
automatically set (adaptive), but fixed for 
1 transition in CCM

• Compensation network off-chip
• Programmable Vout (from reference)
• Size: 2.8x2.5mm2

DCDC25A
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DCDC25A - efficiency

• Measurements taken at constant Vin (10V), 
Vout (2.5V), Iout (1A)

• Large change of efficiency with L and 
switching frequency - this changes the 
peak-peak current and hence the relative 
losses of conduction, switching and driving

• Peak efficiency at Vout=2.5V and Iout=2A 
is about 84%
! impact of packaging technology is not 

negligible
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DCDC25B
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• 2nd prototype in the 0.25μm technology 
• Lateral HV NMOS (low-side) and PMOS 

(high-side) transistors are used as power 
switches - Generation 3 transistors

• Isolated Lateral HV NMOS used as well in 
the circuit

• Internal oscillator fixed at 2MHz, but 
programmable with external resistor

• Voltage reference and regulated voltages 
(2.5V, Vin-2.5V) generated on-chip

• Delay between gate signals automatically 
set (adaptive) in all conditions

• Compensation network off-chip
• Programmable Vout (from Rbridge)
• Size: 2.8x2.5mm2
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DCDC25B efficiency

• Efficiency measured in the same 
conditions as for DCDC25A for 
comparison
! Efficiency generally higher, 

notable increase at small 
values of inductance (in QSW)

! This improvement is due to 
higher performance LDMOS, 
faster switching, and shorter 
dead times
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A bad surprise

• Although working well at first, DCDC samples destructively failed with no 
warning when switching conditions were modified (Iload, Vin)

• Failure happened more easily at higher switching frequency

• Circuit features had an impact on the failures:

! Over-current circuitry contributed to failures, since it was inappropriately 
detecting over-current events and put the converter in a ‘dangerous’ state

! Change in load to bring the converter in the transition between QSW and 
CCM also contributed to failures, since it introduced oscillations in the 
converter output

• BUT failures happened also with the above features disabled, and sometimes 
after hours of successful operation.... 
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Specificity of a synchronous buck converter

control

lo
ad

Vin Vout

+
 -

Regulator

3.3V

IL

t
I=0

The drain of the LS transistor goes 
below gnd and a diode substrate-
drain is forward biased. This is the 
base-emitter part of a bipolar NPN. 
Similarly, a PNP can turn ‘on’ for the 

HS transistor (in QSW operation).
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Danger of a forward-biased junction in a 
synchronous buck

LS HS

phase

Vingnd
Vin-2.5

V2.5
Node going below gnd

Latch-up is a real threat with large 
switching currents!
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Evidences confirming the latchup

• Visual inspection of damaged samples: location of the 
‘signature’ of hot spots

! in positions with highest R to power source

• Behavior of the regulator (Vin-2.5V)

• Addition of a schottky diode in parallel to the drain-substrate 
parasitic diode (NLDMOS)

• Observation of consequences of a forced injection of current 
from the substrate to the drain of the NLDMOS

• Measurement in test structures of the collection of charge at 
neighbor n-diffusion pockets, after injection of charge in a 
forward-biased n-substrate junction

• Techniques to protect agains latchup problems in 
synchronous converters exist
! their need and effectiveness have to be specifically 

evaluated in each technology
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Other threatening radiation effects: SEB and SEGR

• These Single Event Effects can lead to 
catastrophic failure of power devices

! SEB happens as a consequence of 
a particle strike when the power 
transistor is off (at high Vds), and is 
due to avalanche multiplication of 
carriers in the high field region

! SEGR appears as a gate current 
increase that can lead to device 
failure (gate breakdown)
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Testing for SEB and SEGR

• Although they can happen in a hadron radiation 
environment, testing with proton beams is not adequate to 
confidently exclude their occurrence in the real application 
(statistical problem)

• Heavy ion beams, where the energy deposition by each 
particle is known, are a much better tool

! Need for the choice of appropriate HI LET and 
penetration

• Tests were performed at CRC (Louvain-la-Neuve, Be) using 
their high-penetration HI cocktail (min. range 80μm) up to 
the maximum LET of 31 MeVcm2mg-1
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will face the harsh LHC conditions, the radiation
hardness of PbWO4 crystals has been extensively
studied over the last decade [4–9]. These studies
have mostly been done at g-irradiation facilities,
complemented with some neutron tests at reactors
[10]. At LHC, however, calorimeters will also be
exposed to a large fluence of high-energy hadrons,
resulting from up to 8! 108 s"1 minimum bias pp
interactions at

ffiffi

s
p

¼ 14TeV:
Although the radiation damage caused by

minimum-ionising particles in PbWO4 has been
thoroughly studied by the g-irradiations, this
cannot be considered sufficient for LHC applica-
tions. In particular, the fundamental difference
between few MeV photons and energetic ha-
drons—the effects of nuclear interactions in the
crystal—has not been investigated in detail so far.
Some pion irradiations have been performed
[11,12] but no systematic study has been extended
up to the full integrated hadron fluences expected
at the LHC, although the necessity of this has been
advocated long ago [13].

Inelastic nuclear interactions break up the target
nucleus and thus create impurities and distortions
in the crystal lattice. These effects, however, are
expected to be negligible at LHC fluences, since
the natural impurity concentration of the crystals
is relatively high. Another unique feature of
hadronic interactions is the very dense ionisation
of the created heavy nuclear fragments, which can
have a range of up to 10mm: Along their path they
displace a large number of lattice atoms, but also
ionise much more densely than a minimum-
ionising particle. In PbWO4 the fragments with
highest ionising dE=dx are known to come from
fission of lead and tungsten where the cross-section
for such reactions exceeds 100mb [14]. Typical
fission fragments, like Fe and Zr in Fig. 1, have
energies up to 100MeV. It can be seen from Fig. 1
that the dE=dx for such fragments is four orders of
magnitude larger than for minimum-ionising pro-
tons, indicated by the solid dot in Fig. 1. Since the
thresholds to induce fission are several hundred
MeV, tests with reactor neutrons or low-energy
protons are not suitable to probe this regime.

An irradiation test of PbWO4 with hadrons is
more complicated than a standard g-irradiation.
The production of nuclear fragments causes the

crystals to become radioactive, up to a level which
does not allow handling them for several weeks
after exposure. Any front-end electronics or
optical system, like photomultipliers, laser or fibre
is also susceptible to damage in the hadron beam
and would make the determination of an effect in
the crystal itself more complicated. Therefore our
aim was to make the simplest possible test we
could imagine. We irradiated bare crystals and
measured the light transmission after irradiation.
Our study was targeted at stable or very slowly
recovering damage after a proton fluence of up to
5! 1013 cm"2:

2. The crystals

For our studies we used PbWO4 crystals
produced by the Bogoroditsk Techno-Chemical
Plant (BTCP) in Russia for the electromagnetic
calorimeter (ECAL) of the CMS experiment [1].
The crystals have the shape of truncated pyramids
with nearly parallelepipedic dimensions of 2:4!
2:4 cm2 transversely and 23 cm length. All crystals
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Fig. 1. Simulated ionising energy loss of different fragments in
PbWO4. Non-ionising energy loss is not included, but even for
heavy fragments it is negligible above $10MeV: This is
quantified for lead fragments, where the total dE=dx is
indicated by the dot–dashed line. The dashed circle shows the
typical dE=dx-values of fission fragments at the beginning of
their track.

M. Huhtinen et al. / Nuclear Instruments and Methods in Physics Research A 545 (2005) 63–8764

Simulated ionizing energy loss of fragments in PbWO4 (after 
M.Huhtinen et al, NIM A 545 (2005) 63-87).

In Si, the dE/dx is approximately 40% of the one in this plot.
Fe and Zr are fission fragments from W, and could possibly be 

generated by interaction of hadrons with the W in a Si integrated 
circuit (extremely rare event, also because of the small amount of W). 

In Si, this would lead to a maximum LET of about 43 
MeVcm2mg-1 - but these fragments would have very short 

range
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Radiation tolerance - DCDC25A and B

• Only a few working samples available for 
DCDC25A, and hermetically packaged: no 
radiation test done

! LDMOS used in DCDC25A have been 
individually tested for TID and displacement 
damage, and were OK

• For DCDC25B, radiation test were mandatory 
because of the use of ‘new’ Generation3 LDMOS 
transistors (N, P, and isolated N)

! These transistors had not been measured for 
radiation effects before

• TID irradiation was performed with X-rays -
difficult because it required the DCDC to reliably 
work for several days (latchup problem...). The 
converter was switching at 1.5MHz, regulating 
2.5V (0.5A) at the output from 10V input
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TID result for a DCDC25B sample, up to 78Mrad 
(1.5MHz, 220nH, Iout=0.5A). After that, latchup-
induced failure occurred. Another sample was 

functional up to 171Mrad before failure.
Efficiency is low since the beginning in the 

chosen test conditions, which were taylored at 
decreasing the probability of latchup to occur 

(without much success...) 

25



F.Faccio - CERN/PH/ESETWEPP 2010

Proton irradiation of DCDC25B

• Proton irradiation performed at CERN IRRAD1 
facility (24GeV/c), on unbiased samples

! 5 samples irradiated at fluences of 1, 4, 7 and 
10 1015 p/cm2

• None of the samples was working after irradiation - 
already the on-chip pre-regulator was not providing 
the correct voltage

• Measurement of test LDMOS transistors (of the 
same Generation3, in the SEBchip test structures) 
confirmed that these transistors are heavily 
damaged by protons, in particular:

! PLDMOS: very large increase of Ron and 
decrease of current capability

! INLDMOS: their capability of holding large Vds is 
compromised
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SEB and SEGR test results (0.25μm generation3)

• SEB (measurements on individual transistors)

! A large number of SEB events has been 
observed for N LDMOS

" Protection network prevents 
permanent damage of the transistors 
and allows for computation of the 
cross-section (sigma)

" Sensitivity observed for Vds as low as 
8V and for Heavy Ion LET as low as 10 
MeVcm2mg-1

! No event observed for PMOS during the 
full test (up to 13V)

• SEGR

! No measurable increase of the gate 
current during irradiation or PIGS
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Limit cross-section, no SEB observed
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Conclusion on DCDC25B

• With respect to the former prototype DCDC25A, the differences that led to relevant 
consequences were:

! The change of N and P LDMOS to the ‘new’ Generation3 transistors

! The use of Isolated NLDMOS transistors

! The integration of the on-chip regulators and duplication of the buffers driving 
the switches (all other layouts that might contribute to the observed problems 
remained unchanged)

• As a result, the converter suffers destructive failures due to latchup and is not 
tolerant to the required level of displacement damage

• Moreover, NLDMOS transistors suffer SEB potentially leading to catastrophic failure 
in the DCDC (we ignore whether this would be an issue for Generation2 transistors)

• Further design of a full DCDC converter in the 0.25μm technology has to wait until 
an appropriate set of LDMOS transistors has been qualified and brought to a 
sufficient level of maturity

28



F.Faccio - CERN/PH/ESETWEPP 2010

Radiation effects - DCDC35B

• While the main emphasis was on the 
design of ASICs in 0.25μm, radiation tests 
have been made ‘in the background’ on 
the DCDC35B prototype

! TID at high dose rate (∼3Mrad/hour) 
induce increase of leakage current, 
leading to efficiency losses. This will be 
much less relevant at the low dose rate 
of the real application

! proton irradiation does not influence 
the converter’s performance

• These results indicated that the 0.35μm 
‘backup’ technology could be an adequate 
substrate for the converter’s design - but 
SEE test needed to be run to uncover 
possible sensitivity to SEB
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SEB test of DCDC35B

• HI irradiation test performed 2 weeks ago at 
CRC (Louvain-la-Neuve), again with their high 
penetration cocktail

• Measurements done on both:

! Individual NLDMOS transistor with protection 
resistor in series (and external comparator)

! Full switching DCDC35B converter 
(increasing Vin from 6 to 12V, Vout=2.5V, 
f=1MHz, L=500nH, without load or with 0.5A 
load in some conditions). 2 samples exposed.

• No SEB observed in any of the tests with LET of 
21 or 31 MeVcm2mg-1, up to a maximum Vds of 
12V

• The 0.35μm technology is fully radiation qualified 
and adequate for the integration of a DCDC 
converter
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Conclusion

• Three prototype DCDC converter ASICs, with increasing complexity, have been 
produced and tested

! The chosen circuit solutions have been verified and improved leading to higher 
efficiencies and getting closer to a final complete design (with all protection 
features)

! The design methodology has been improved with the addition of a behavioral 
simulation approach considerably shortening simulation time (and allowing study 
of system stability)

• With the introduction of ‘new’ LDMOS transistors, and of increased on-chip 
functionality (regulators), the most recent prototype in the 0.25μm technology has 
problems incompatible with a final reliable and radiation-tolerant design

! Further developments in this technology have to wait the qualification and 
maturity of a set of LDMOS transistors

• Meanwhile, the successful full radiation qualification of the DCDC35B DCDC in the 
0.35μm technology indicates a safe path for the rapid development of a radiation-
tolerant converter
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