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Abstract transformers and the second uses just one inductor. We are eval-
In view of a power distribution scheme compatible with the ryating the possibility of using a non-isolating step-down con-
arter topology called buck. A schematic illustration is shown

guirements of the SLHC environment, we are evaluating th - 1. The buck teri dbvt ¢
feasibility of on-board inductor-based DC-DC step-down colf ~19ureé L. The buck Converter Is composed by two power fran-

version. Such converter should be an integrated circuit and %lggors (Swi a_nd _SWZ In Figure .1)’ an mduc_:tor, a C"?‘Pac"or
pable of operating in harsh radiation environments and in d a control circuit. The two tr_an5|stors work in opposition of
high magnetic field of the experiments. In this paper we presg pse andtttr;]ey_are ?seﬂ as szlwtt(;]he_s ;[jhattalterTnhatell)itcor_\nect ?jnd
results concerning the choice of the technology, the searchqlﬁconnec € input voltage to the inductor. The latter 1S use

the magnetic components and the calculations of the expe(,acgdan energy storage glement, accumulating energy 1n t.he first
efficiency. phase and delivering it in the second one. The capacitor is used

in combination with the inductor in order to filter spurious har-

monics and make the ripple on the output signals smaller. The
|. INTRODUCTION control circuit regulates the duty-cycle of the modulated signal
fhat drives the transistors. This is made in order to provide a

'I_'he d!StI’IbutIOI’l of powerin LHC experlmen_ts faces d.'ﬂ'cuéonstant output voltage even though the current needed by the
engineering challenge, given the global requirements in termgd may be changing

of power needs, available cooling capacity and limited mater-

ial budget. The harsh radiation environment (up to several Mrd

in Total lonizing Dose) and the intense magnetic field (up to J_ . @ T oo

4 T) make conventional switching converters unusable in many = [ o ‘ A
locations. Therefore the present LHC distribution scheme fore- L v = vou < Loa
sees power suppliers outside the detector. The front-end circuits = ‘ Sw@

are reached with long cables that do not guarantee a stable in- T e | o o
put voltage and dissipate power in heat, increasing the cooling j i

O+

SWITCHING

system’s load. In some case linear regulators are placed on in- | conmmorcireur
termediate patch panels to stabilize the input voltage closer to
the load.

In view of LHC upgrades where front-end circuits might re-
quire even larger supply currents at low voltage, it is necessary
to evaluate an alternative power distribution scheme. This could The choice of the technology for the design of the two power
be based on the distribution of higher voltage (12-24 V, in comansistors and the control circuit is dictated by the radiation tol-
parison with the actual solution of 2-4 V) from external powesrance requirements and the need of working with high voltages.
supplies to custom made radiation-hard converters capablerieé two transistors are directly connected to the input voltage
resisting to high magnetic field, installed locally inside the det2 - 24 V) so they need to be able to operate with such voltage
tectors. They will then convert the power to the low voltage aagplied between source and drain. It is also necessary to choose
high current required by the front-end circuits. magnetic components able to properly work in presence of a

In this context we are developing an inductor based swit¢hd magnetic field because of the saturation of all ferromagnetic
ing DC-DC step-down converter. This work focuses on ttigaterials. Another key point in the design is to limit the power
analysis of the different components of the converter to ass@igsipation and to attain the highest efficiency possible. Para-

their availability and the feasibility of a converter matching tH&€ters such as input/output voltage, output current, inductors
above requirements. resistance and inductance, output voltage ripple and transistor
size can be chosen to optimize the efficiency.

II. CHOICE OF THE CONVERTER ARCHITECTURE In the following sections the study of a suitable CMOS tech-
nology, the choice of the inductors and evaluation of achievable

Step-down converters can be divided in 2 classes: isolefficiency will be described. Then, having fixed the specifica-
ing and non-isolating. Isolating converters have no electrid¢i&ns for the power transistors, they were designed, fabricated
path between source and load while non-isolating devices hawe tested. Irradiation results concerning these transistors will
a common ground between source and load. The first class Umepresented.

Figure 1: Basic step-down (buck) converter.



A. Technology

NMOS transistors were exposed with either 3.3 V on the
gate and all other terminals grounded, or with 2 V on the gate

Because of the limited number of high voltage technologiggy 14 v on the drain, a condition for which a current of the

available on the market, a 0.36n CMOS technology usually oger of several mA was flowing in the transistors.
employed in automotive applications was evaluated for the de-

sign of the power transistors. The transistors of this technology N the following, for NMOS transistors only results for the
can stand a Y5 of up to of 80V. A study was made to assess te{_ert_lcal devices W|I_I be_ presenteq since their performa_ncg is su-
tal ionizing dose (TID) tolerance of the technology. Tests weP&rior for our application (both in terms of,R and radiation
performed on transistors embedded in a custom developed éﬂkﬁrance).

named Dosetest. Available NMOS transistors in the technology As shown in Figure 2, NMOS transistors with standard lay-
have both vertical and lateral geometry, and samples of the ot suffer from an increase of the leakage current, defined as
were integrated in the test chip. Other than the layout recotine value of pg with Vgg =0 V and Vps=30V, with doses
mended by the foundry (standard), devices with modified layaut to 1 Mrd. Due to the radiation-induced trapping of positive
inspired from the ELT (Enclosed Layout Transistors) technigakarges in the thick lateral oxide, a parasitic leakage path opens
used in low voltage CMOS technologies to enhance radiatioetween source and drain. Above the peak of leakage current
tolerance ([1] [2]) were designed and tested. In this paper thedgch is around 1 Mrd, the leakage current starts to decrease.
transistors will be called MLT (Modified Layout Transistors)This is due to formation of interface states. These defect states
All NMOS transistors have W=8pm. Lateral PMOS transis-at the interface between the thick lateral oxide and the chan-
tors, with foundry-recommended (standard) layout, were alsel trap negative charge (in the case of NMOS transistors), and

included.

tend therefore to reduce the leakage current [3] [4]. This effect

Transistors were irradiated at room temperature and QRly gets visible after some time in our irradiation test, and de-
der bias using the X-ray machine available within the gdgrmines a decrease of the leakage at TID levels above about

group at CERN. The dose rate most commonly used was a

Mrd.

20 krd/min, and irradiation was performed in steps up to TID Due to trapping of positive charge in the gate oxide, the
levels of the order of 30-80 Mrd (SKp. Different bias condi- threshold voltage of NMOS devices decrease with TID. In most
tions were used for NMOS transistors, whilst PMOS transistdested devices the ;Y shift is below 50mV, as shown in Fig-

were always exposed with all terminals grounded.

ure 3. Variations in mobility and on-resistance are measuerd to
be below respectively 20% and 8% respectively.

Leakage (sat) As shown in Figure 4 the modification of the layout in
1E03 the MLT transistors eliminates the source of leakage current
1E04 S, and only a residual increase of leakage due to a decrease in
LE0S t 0 V., and increase of the subthreshold swing (from 86 mV/dec

g & . DD el to 92 mV/dec) is observed. Threshold voltage shift is lim-
g . e ited to about -40mV in all conditions for the range of TID ex-
g O . plored. Mobility variations below 20% and on-resistance varia-
e N tions generally below 10% have been observed.
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Figure 3: Evolution of the threshold voltage for NMOS transistors wi
standard layout. Same conditions as described in Figure 2.
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In PMOS transistors no increase in the leakage current is ob-
served. In this case both trapped charge and interface states are
Rpsitive and contribute to increase the threshold voltage of the
parasitic lateral transistors. As a consequence it is not necessary
to modify the layout of these transistors.

The main radiation-induced degradation in the charachter-



istics of the PMOS transistor is an increase of the thresholal magnetic flux density (up to 4 T) strongly limits the choice
voltage. This can be observed in Figure 5 for transistors wihthe inductor because it prevents the possibility to use conven-
W=80pum. tional magnetic cores. This is due to the saturation of all ferro-

The decrease in mobility is always below 20%. As a Consrgagngtic m_ateri_als. In Tab. 1 some_properties of_ferromagnetic
quence of the V, increase, also the on-resistance has a sligh terials with high value of saturation flux density are shown
larger increase than for NMOS transistors, about 20-25% afted: [61and [7]).
the largest TID. Ferromagnetic materials as permendur and iron can reach
values of saturation flux density upto 2 T (245 Tand 2.15 T
respectively), but at 4 T all the magnetic domains align their

Vth (linear)

09 dominant magnetic orientation in the direction of the applied
o - * magnetic field. In this case the core can make no further con-
06 s oo eomnest tribution to flux growth and any increase thereafter is limited to

S 05 u Al . . .-

£ o4 that provided by the air permeability (roughly three orders of
0 magnitude smaller). Therefore unless new ferromagnetic core
01 materials are found, it will be necessary to use an air core in-
0 ductor. Clearly air core inductrs are limited in the total induc-
pre-rad 1.E+03 1.E+04 1E+05 1E+06 1.E+07 1.E+08 . A A R

D) tance that can be reached with reasonable physical dimensions.

In addition long coils obviously have higher parasitic resistance.

Figure 5: Evolution of the leakage current for PMOS transistors for 4
different chips.

Material patB=2mT Max. u Sat B (T)
All these studies were made on high voltage transistors, but Cold rolled steel| 180 2,000 2,1

also low voltage transistors will be used in our application for| Iron 200 5,000 2,15
the control circuitry working at 3.3V. NMOS transistors need to| Purified iron 5,000 180,000 | 2,15
have enclosed layout (ELT) and guardrings because they sho4% Silicon-iron | 1,500 30,000 | 2,0
a sharp increase of the leakage at 160-200 krd (from pA to teng 4> Permalloy | 2,500 25000 |16
of uA). ELTs show no increase in the leakage and shifts of the_HiPemik 4,500 70,000 | 1.6
threshold voltage limited to below 40mV. At the same time, vari- gg&zggur 5’00000 25(;880 ;’25
ation in mobility was measured to be below 10% for all doses : ’
up to 10Mrd and the increase in subthreshold swing was typi 2V Permendur_| 800 4,500 24

Hiperco 650 10,000 2,42

cally from 85 (prerad) to 89 mV/decade. Low-voltage PMOS
transistors, as for high voltage applications, do not require de#lle 1: Permeability (11) and saturation flux density of magnetic ma-
icated layout to achieve good radiation tolerance. The threshgléhis

voltage increases (in absolute value, in reality it gets more neg-

ative) with TID, to reach a maximum of about 150mV after 10

Mrad. This is a relatively large shift, and requires to be carefully Air core inductors between 500nH andH are foreseen as a
taken into account in the design of circuits operating in a radieod balance between these constrains. They are commercially
ation environment. At the same time, the mobility decreasssilable with a range of resistance that can vary betweef? 6 m
by about 30% whilst the subthreshold swing does not charige90 n1) with a volume of 39 crfiand 0.27 cr respectively
significantly from its pre-rad value of about 86-88 mV/decaddobviously smaller inductors have bigger resistance).

In conclusion, the results obtained on the Dosetest vehicle o )
show that using dedicated layout techniques this technology isC. Efficiency evaluation
suitable for applications in a radiation environment. It is possi-
ble to integrate NMOS transistors, both low- and high-voltaq?,l

showing no increase in source-drain leakage with irradiation - :
9 9 {2 circuit due to the presence of non-ideal components. After

to §evera| tens 9f Mrd and a ngghglble ch_ange in the. \The having found the analytical formulae for each source of power

main problem with PMOS transistors, that instead do not require . S : .

any special layout, is the increase of,Wwith dose (and de- 0Ss, a model of the power losses in the circuit which takes into
Y Sp yout, h o aFcount the major components responsible for these losses has

crease of mobility and transconductance). For the specific ap en written. The program compuites the overall efficiency as

cation of the DC-DC converter, the best high-voltage transisto . ' ;

appears to be the vertical NMOS. Compared with the P|\/losai{unctlon of the most important system parameters such as the

X l’?ﬁ:istances of the transistor and inductor, the large gate capaci-
allows for smaller on-resistance, more stable performance "{Bhce of the power transistors, the controller and driving circuits
dose (the PMOS has a significantly largey, ghift and increase ' '
in on-resistance) and additionally also smaller gate capacitanceFor example the use of this program is illustrated in Figure 6

with V;,,=24 V and \,,,;=2.5 V and for different values of out-
B. Inductors put current. In the following W is the width of the transistor, L
the value of the inductance ;R the resistance of the inductor.
The magnetic elements within a switching power suppfhoosing an inductor with L=538 nH and, =6 m2 we can
play a cornerstone role in its operation. The very high extestimate the efficiency of the DC-DC converter as a function

After having characterized the technology and the inductors
s now possible to carefully investigate the power losses of



of W. Some other parameters as the switching frequency or 488 ym and an area of around 54%m? (69 umx79 pm) for
duty cycle are automatically calculated by the program. the cell. The 0.1 m width transistor is hence composed of 264
unit cells. This gives a dimension of 1606n x 869 um.

N — j:ﬂ:;jgi;gf . ;}é}% This rectangular shape was chosen because two switching
*x*'*/*V,:,E.,,,,E./—af*}"E”E“’E” o transistors are necessary for the buck converter, and the stack
N 7 of two transistors of the chose shape occupies a nearly square
I/ area of 1656:m x 1739um. To minimize parasitic drain and
il source resistance all four metal layers have been used. The fore-
SN seen R, resistance is around 33(trand the foreseen gate ca-
R pacitance is 150pF. To prevent ESD damage to the gate oxide,
ol ——lout=0.25 A | . . .
k3 lout=05A [1 protection diodes have been added to the gate pad. Adding the
oolout=1A ] external wells and pads, the occupied area is around 4 ffihe
m‘ bt resulting layout is shown in Figure 7.
101 —=lout=5A
—<—lout=8 A
Y
Figure 6: Efficiency vs W with V,=24 V, V,,;=2.5 V, R,4=6 mQ2 D1

and L=538 nH, and for different values of,t

From Figure 6 it is possible to conclude that an efficiency
close to 90% could ideally be achieved, in particular for output
current larger than 1 A, but this would requires very large tran-
sistors (the dimension of W is expressed in meters!). Figure 6 5
also shows that the parasitic resistance and capacitance of the
power transistor have a big impact on the overall efficiency of
the converter. If the dimension of the transistor is small (less
that 0,1m) the dominant power dissipation is on thg.RIn-
creasing W, we can see that the efficiency increase till a certain Figure 7: Layout of the two power transistors
value (for0,1 < W < 0,2) and than it remains constant or
decreases, depending on the output current value. This is due to
gate capacitance that is increasing as well, determining a bigger IV. POWER TRANSISTORS TESTS
power dissipation on it during the switching phase.

The designed transistors were fabricated in a Multi-Project
In the next section, a practical integration of the switch tragyafer (MPW) run. Measured electrical parameters and irradi-
sistors is described, where a W of 0.1 m was chosen as the B&gh results are presented in this section. The measuggd R
compromise between efficiency and occupied area. resistance, one of the most important parameters for these de-
vices, has been estimated to about 330, walue closed to the
1. DESIGN OF THE POWER TRANSISTORS nominal 3SQ nf. The estimate _took i_nto accounf[ the parasitic
resistance introduced by bonding wires, ceramic package and
Power transistors have to be especially designed in ordemeasurement socket, since measurements were performed on
be radiation tolerant; additionally their area is limited by yielgszackaged parts.
related considerations. Given the large current flowing (Up 0 ransistors were irradiated in the same conditions described
4 A) its layout was studied to minimize the resistance betweg@fore, but at a larger dose rate of 68 krd/min. The maximum
input and output terminals. The layout was also estimatedyig) eve| reached during this tests was 170 Mrd. Three differ-
maintain low gate resistance. ent bias conditions were used during irradiation of the different
Multiple unit cells have been used for the design of thesamples exposed to X-rays. In the first condition the source and
large transistors. This allows a more uniform distribution of tlirain are grounded and 3.3 V applied to the gate (MOS 1 in the
current over the different cells, hence a more efficient usefigiures). In the second condition (MOS 2) the drain is instead
each cell. It also has the benefit that many more drain contamianected to a 0.5 A current generator, hence a current is flow-
are available, which improves the possibilities for routing arayg in the device. In the third condition (MOS 3) the gate and
increases substantially the yield of the circuit. source are grounded and 20 V are applied on the drain.

The choice of the dimensions of the unit cell is driven by the Leakage current, threshold voltage shift and on-resistance
necessity to compromise the occupied area and the time pragrsus the total ionizing dose are reported in the following fig-
agation of the gate signal. With this technology the resistanges. The points indicated as “post-rad” refer in fact to mea-
of the polysilicon and the gate capacitance set the maximumsiirements taken after annealing of, respectively, 9 hours,1 day,
mensions of the width of each transistors finger ap/B0in or- 1 week and 2 weeks after the end of the irradiation sequence. It
der to have a gate rise-fall time below 1ns. The optimum chogleould be noted that the second week of annealing took place at
of 8 fingers for the unit cell, each with W=50m, yields a W of a temperature of 160C. This procedure, common practice in



the study of radiation effects on semiconductor devices, allows V. CONCLUSIONS

to estimating the long-term annealing of the radiation-induced ) o

defects. Itis in fact commonly assumed that this procedure sim-/N vView of power distribution in the SLHC detectors, we
ulates annealing for 10 years at room temperature. have studied the possibility to integrate a simple DC-DC step-

i i ) , down converter to achieve an efficiency above 75-80%. In this
Figures 8 to 10 evidence that the switch transistor does Raher e addressed the research of solutions leading to a con-

suffer significa_nt degradat_ion after irradiation. The leakage CYErter able to cope with the radiation and magnetic field require-
rent does not increase (Figure 8), the threshold voltage shiftsnis of the SLHC environment.

always limited below 50 mV (Figure 9), a value well acceptable ] ] ] o
for our design, and the on-resistance does not increase after £NY air-core inductors can operate in the 4T magnetic field.

dose of 170 Mrd (Figure 10). This is a very good result ind§uch component; are commercially available and imply an in-
cating that the layout modifications we implemented are effég€@se of the switching frequency of the converter to about
tive in eliminating any leakage current path, and confirming thafMHz, which is cqmpatlple with the performange Pf the high-

these vertical transistors are excellent candidate for the intedf@l{2g€ technologies available today. The radiation response

tion of the switching transistors of the buck converter. of different devices in a CMOS high-voltage technology orig-
inally developed for automotive application has been measured.

With dedicated layout techniques, the high-voltage transistors in
this technology demonstrated tolerance to TID levels exceeding
170 Mrd.

The full circuit design is now ongoing aiming at a monolithic
solution including the control circuit.

Leakage (sat)
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