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Absrracr 

Results are presented showing the radiation response 
of AC-coupled FOXFET biased nticrosuip detectors and 
related test pauerns to be used in the microvenex detector of 
the CDF experiment at Fenni Natiooal Laboratory. Radiation 
toleran~ of detectors to gamma and proton irradiation has 
been tested and the radiation induced vari.tiODS of the OC 
electrical parameters have been analysed. Lon, tenn past­
irradiation behaviour of detector clwacteristics have been 

irradiation (dose rate; temperature; magnitude, polarity and 
frequency of bias), and fUllI results CanDot be forecasted in 
advan«. 

In this paper we pmlCDt the main y and protoQ 
radiation effects measured aD the FOXFET biased detectors 
and test patterns, .Iso discussio. lhc implications of these 
results for deteclOt' operation. For sake of simplicity, devices 
have been kept unbiased durin. irradiation and during the 
subsequent post·irradiation long tenn storage. The bias 
dependence or the observed etT«:ts is currently under 

studied, and the relevllDt room temperature annealing investigatiOD. 
phenomena have been di.scussed.. 

L IN11!.ODUcnON 

In the FOXFET biased microstrip detectors used for 
the CDF experiment, tnicrostrip bias is achieved by usillg an 
PET with gate aod dn.iD cootacts both common to all the 
strips (11. The FET fcablRS. thick Field OXide (1 pm) UDder 
the gate metal, from which the FOXFET aaonym derives. 
Such a chip design could ill principle expose the detector 
performance to .u the radiation illduced instabilities and 
degradation problems affectillg the MOS devices [2, 3]. These 
effects are well known to depend on many faclOrs: iIItel'Dlll 
parameters (oxide thickness and quality, layout and 
processing characteristics) and external parameters during 

n. DEVICES AND ExpERIMENTAL PROCEDURE 

In this worle we have used 4 inches <Ill> n·type 
silicon warers supplied by W.cker, with electrical resistivity 
p>4 k1lcm. corresponding to • nominal doping level 
Nd,S,IOI2cm·3. FOXFET biased microstrip detectors have 

been rabricated by Micron Semiconductor, Ltd. (UK), 
rollowing the schematic layout and cooss·section reponed in 
Fig. I, wbcre the detector region dose to the FOXFET is 
sbown. 

Microsuip detectors feature 256 or 384 p + ·implanted 
strips 12 pm wide, with • pitch or 60 pm and connections for 
both OC and AC signal readout. AC coupling is achieved by 
using MOS capacitors fabricated over the strips. FOXFET 
channel length is 6 pm and gate oxide thickness is I pm, 

(5) Pmnanenl address: University of New Merico. Albuquerque, while strip oxide is 0.2 pm thick. Gate and strip oxides were 
NM 87lJI -1l56. USA grown at different fabrication steps, both of them lhrough a 
(*) On leave from Joint Institute for Nuclear Research. Dubna, P.O. 
Box 79, Head Post Office, 101000 Moscow, Russia 

s team process. 



TC3t pe.UC:rDs (1'P) fabricated wilh the detector 
process on the same wafers or detectors (0) feature a 1 cm2 

MOS cat-citor with 1 Jim thick gate oxide, a FOXFET with 
cbannc:l dimensions W{L of LO/' jJm, and a I cm2 area p+.n 
junction with a p + guard rina. 

AC pad source 

bulk n...si 

~ p+ mplont 
_ n+ implant 
_ metal 
~ oxide 

n+ backside . 

Fig.l Schematic layoul and cross·section of the microstrip delector 
in the FOXFET region (figure not in scale). 

The DC electtical cbaracteri.stics of detectors and 
test·t-tterns have been mc:asutM by using. computer driven 
HP4142B modular DC source/monitor and • microprobe: 
station. Capacitaoce·vohage measurements have been taken 
by using a HP4284A LCR meter in the Rs-Cs mode, due to 
hiail series resistance of Si substtate. A HP4140B voltage 
source was used for external biasing and for quasistatic 
measurements. Both inslrUrnents were part of a computer­
conuolled measuring system. 

In this study, Si detectors and test patterns have been 
imldiated with y rays and protons without any external 
biasing. 

Irradiations with y rays were perfonned at room 

temperature by usin& two Co60 Nordion y-«Ils with dose 

rates of 120 rad(Si)ls and S rad(Si)/s at the CNR·FRAE 
Institute, Bolop. The devices were inscncd between two 3 
mm thick polystyteDC layers and placed in the middle: or a 
cylindrical radiatioo field. 

Proton irradiations were carried out at the CN Van 
der Gruff accelerator at the Lahoratori Nuionali di Lcgnaro­
INFN, Padova. Devices were imdiated in air: the: proton 
beam crossed an alwninized mylar film window at the: end of 
a vacuum line and was collimated on the device to irradiate 
homogeneously a I cm2 square area. Imdiations over larger 
areas were perfomed in subsequent steps. The resulting 
energy of protons impinging the devices was 6 MeV. 

Different radiation damage: experiments were 
performed on various sets of samples: i) single step imdiation 
to a predetennined dose; ii) accumulation of radiation dose 
during subsequent irradiations. Tune between subsequent 

irradiations was minimized to limit anac:alillg phenome ) 
After each imdiation step, devices were measured within a 
fixed lime interval (5 hours) and subsequently during a period 
of several months to detect room·temperature recovery 
effects. Devices were kept unbiased also during the long term 
storage. 

m. RESULTS AND DISCUSSION 

A. FOXFET Biased DetectoT>" 

Before iUuslrating the experimental results, a short 
swnmary of the principles of operation of the FOXFET biased 
detectors is given in the following; a more detailed discussion 
could be round elsewhere [I, 2J. Basically, the loog p+ suips 
are biased through the p-cbannel FOXFET (see Fig.l): the p + 
drain contact, common 10 all sttips, and the guard ring are 
grounded while the: n + backside: contact is positively biased. 
The aate voltage can be set to a desired value. This ensures 
reverse biasing of the p+(sttips)· n(subslrate) sttip diodes, 
which should be driven in full depletion for best charge 
coUection. 

In opcnlting conditions, signals are collected at the 
AC pads and .U strips (Le., sources) are left floating. They 
automatically reach the voltage nc:c:ded to drive the reverse 
current of the sttip diodes to the: grounded drain termi 
across the: FOXFET channe:l. We have: measured source: 
voltale: Vs as a fuoction of the gate voltage V g at lixed 
backside and drain voltages, Vb-30 V and Vd-O V 
respc:dive:ly, as shown in Fil. 2. A:J • conductive channel is 
fonned due to the increase or the: gate negative bias, the 
voltale Vs required to drive the strip diode reverse curreot 
across the FOXFET is lowered as well. The Vg value (Vgo) 
extrapolated at Vs-O V .UOM to evaluate the gate bias 
corresponding to short-circuiting the source and drain 
contacts. Vs evaluated at Vg-O V (Vso) indicates the suip 
self·bias in opet1Itina condition. 
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Fig.2 FOXFET source voltage Vs as a function of the gale voltage 
Vg measured at Vb"30 V, Vd"O V. ) 

The voltage difference Vb..vso represents the reverse 
bias of the strip diodes, and therefore it detenn ines the 
extension of the detector depleted region. Once Vso is known. 
which is determined in tum by the detector geometrical and 
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electrical properties, the Vb bias can be set to achieve the 
detector full depiction. 

Given the low substrate doping, source and drain 
space charge regions already merge at zero bias, allowing for 
bulk punch·through conduction even before a surface 
conductive p-cbanncl is established (I]. FOXFET electrical 
properties have been elucidated by ,using computer 
simulations [4]. The conductive channel between source and 
drain is formed below lhc Si surface, and extends toward the 
surface as the gate bias becomes more negative 

Experimental results are grouped in two sections: I) 
radiation effects; 2) room temperarure Innealing. 

B. Radiation Effects 

B./ Detector Leakage Current 

Leakage current induced by radiation damage bas 
beeD studied flrs t of all on test pattern p + -0 diodes with guard· 
riDg. After a 10 krad protoD irradiation, the diode reverse 
cwrent increases by • factor of 100, as shown in Fig.3. 
Correspondingly. the t· V forward characteristics show. pre­
exponential factor increased approximately by the same 
factor. On the contrary, p+ -njunctions y irradialed at the same 

10 krad dose sbow negligible variations of the diode I-V 
characteristics (not shown). 

In these p + -n junctions, current is much more 
sensitive to the 5i bulk properties than to surface effects. 
Hence. the different effects of y and proton irradiations 
depend on the amount of bulk damage. Bu lk damage, which is 
expected for proton irradiation, induces the creation of deep 
levels in the space charge region of the p+·n diode [S ] . 
Consequently, the hole lifetime in the bulk n-Si is reduced and 
the diode reverse current increases. Instead, the low level of 
lattice damage induced by y rays leads only to negiiaib1e 
varia tions of the diode i-V curves. 
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Fig.} I-V characteristics of a p +·n junction before and after 
a 10 krad proton irradiation. 
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One of the basic dfects of ionizing particle 
irradiation on our detectors is the increase of the total leakage 
current Ib. Ib is measured at the backside contact by 

grounding gate, drain and guard ring and kccpinl all source 
floatinl. wbile the backside contact is reverse biased. Each 
strip approximately contributes the saDie current Is to the total 
current Ib, as measured groundinl sinlle strips through an 
ammeter, and Is-Ib/(oumher of strips). The Ib increase with 
the Co60 cumulative y dose can be observed in Fig.4, without 

any apparent saturation effect up to an integrated dose of I 
Mrad. 

< .. 
• 

, 
Ill! /r iff.) 

, ... 
,.S 

"" 
25 • 

•• 
, , 25 

Vb (V) 

Fig.4 Total leakage current Ib of a y irradiated detector 
at different cumulative doses. 
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An increase of Ib by a factor of S has been measured 
at Vb- 30 V on a 30 bad proton irradiated detector, that is, 
similar to that measured after a much tarler y dose ( 120 krad). 
In general, the detector leakage current is higher after p + than 
after y irradiations, for a fIXed dose. 

The leakage current variations in a proton irradiated 
detector are much less than in the test pattern p +·n junctions. 
Moreover, the single strip leakage current Is is of the same 
order of magnitude of the diode reverse current, even though 
the test pattern diode p+ region covers an area (I cm ~) about 
100 times larger than the strip. Thi.s indicates that the detector 
current Ib is controlled by the surface leakage contribution. 
According to previous literature data, Si/Si02 interface 
damage appears as the dominant origin of the Ib increase in y 
irradialed detectors [6], while bulk damage contribution is not 
negligible after proton irradiation. 

B.Il FOXFET 

Being an MOS device, the FOXFET is sc nsitive to 
radiation induced oxide charges. FiI'S shows the variations of 
VIO as a function of cumulative y and p+ doses. The Vgo 

growth follows the square root of dose, without any saturation 
effect in the dose raole up to I Mrad. The growth rate is the 
same for both y and p +, on both detector and to.! st pattern 
FOXFETs. Alternative evaluations of the FOXFET switching 
(threshold) voltage from the output characteristics of the 
device (i.e., source current vs. Vg), indicate Ih~ same growth 
rate, even thoulh a much larger data dispersion is 'lh ... crved. 

The Vgo variations upon irradiations ,!en\"<: from 
both accumulation of positive charge in the moJo.! iJycr and 



formation of localized sta(e5 at the SijSiOz inlerface (7]. In 
irradiated MOSFETs the contributions of oxide charge (~Vot) 

and interface states (~Vit) to the threshold voltage shift 4. Vt 

can be evaluated by analyzing the subthreshold output 
characteristics (8 ). In FOXFETs this method is questionable 
due to the massive punch-through contribution to the output 
current and it is not possible to specify what is the dominant 
contribution to 4. Vgo in Fig.5. Moreover, in MOS structures 

~ Vot grows sublinearly with dose as electron recombination 

with trapped holes becomes an efficient process (9]. In thick 
oxides, as in our FOXFET, such condition is likely established 
already after a few krads. 00 the other band, 4. Vit can follow 
a sublinear dose dependence and is upected 10 be much 
larger in thick field oxides than in the conventional thin gale 
oxides (IOJ. 
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Fig.S Variations of Vgo measured at Vb-30 V 
with Y and proton radiation dose. 
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After irradiation Vso is only slightly allered up to I 
Mrad as shown in Fig.6, whUe the FOXFET output current 
measured at Vs- Yso strongly increlSC$ with dose. This may 
seem contradictory with the increase of the FOXFET 
switching voltage with dose, but in this low current regime, 
corresponding to the subthreshold region in MOSFETs, only 
minor increments of Vso arc sufficient to drive superlinearly 
growing currents to the dnin (Z ). 
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Rg.6 Variations of Vso measured at Vb-30 V wjlh '( dose. 

One well-known effect of ionizing radiation , 
MOSFETs is the degradation of subthreshold cbancteristics 
{II] due to build-up of SijSiOZ inlerface states. Even in 
FOXFET we have measured a slope decrease in the 10g(ls)·Vg 
curves at smalllY gl values with increasing y dose. as reported 
in Fig.7. 
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Fig.7 FOXFET subthreshold characteristics measured 
on a single strip at various y doses. 

Another fundamental detector parameter strongly 
affecled by ionizing radiation exposure is the dynam' ­
resistance Rd-dVs/dIs. In our devices Rd has be. 
experimentally eViluated at various Vg values at Vb .. 30 V, 
Vs-o.I V and Is-O A, corresponding to the forecasted 
operational conditions in the COP detector. Results are 
reponed in Fig.8 for different y doses. 

The high-low abrupt transition of Rd whicb occurs at 
gale voltages between ·Z2V and -26V in the unirrndiated 
device, that is, around V go, corresponds to the onset of a 
conductive p-cbaonel. After irradiation such transition is 
shifted to more negative Vg values and occurs also over an 
increasingly larger gate bias swing. As before, oxide charge 
accumulation and increase of the inlerface state density are 
responsible for these modifications. The Rd decrease at low 
gate bias, i.e., IVgl<20 Y, measured after irradiation is due to 
increase of the detectote leakage current (IJ . 
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Fig.S Detector dynamic resislance measured al Is - O, \ ... . .. ) \'. for 

different y doses. 
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8. III MOS Capacitors 

Radiation induced modifications of the FOXFET 
characteristics can be correlated to the results obtained on the 
test pattern MOS capacitor-;;, Pre-irradiated capacitors show 
negligible hysteresis and frequency dispersion belWtell 1 kHz 
and 300 kHz. Experimental and computed flat-band voltage 
deduced from C- V measurements agree within 0.$ V, 
indicatina that the Del positive charge induced in the oxide by 
lhe fabrication process is less than about 1010 cm-2. 
Capacitance difference between accumulation and inversion 
corresponds to a doping level Nd-1012 em-] in agreement 

with the Si supplier specifications. 
Capacitance-voltage curves obtained at "300 kHz for 

different y doses are reponed in Fig.9. At increasing y doses 
C-Y curves shift toward more negative voltages and sU'etchout 
grows, as expected (12]. 
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Fig.9 Degradation of the MOS C-V characteristics with y dose. 

Capacitance measuremcllts after 
irradiation have been elaborated to obtain 
density Oit and oxide uapped charge Qot. 

low dose y 
interface uap 
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Fig. to Density of interface states for y irradiated MOS capacitor al 
different doses. Emg: midgap energy; Efb: flat-band energy. 

The interface uap distribution has been evaluated by 
measuring the higb frequency and quasi-static C- V curves 
with a ramp rate of 0.1 VIs [13]. This method was ChoseD 

because DODunifonn doping effects are cancelled ouL The usc 
of a 300 kHz sianaJ for high frequency measurements was 
dictated by the high series resistance ot me Si substrate, which 
made unreliable the usual 1 MHz curves. Typical Oit values 
art shown in Fi,.IO for an MOS capacitor before and after 
low dose y irradiations, j,e,. when the quasi-stadc capacitance 
dip was clearly detectable and not largely deformed. The 
interface state density in pre-irradiated sample is continuous 
throughout the Si forbidden energy gap, with aU-shape 
monolODically increasing with energy toward the band edges 
from a minimum near midgap. The Oit curve is steeper above 
midgap: an asymmetrical Oit distribution is frequent for a 
< III > substrate [14] , After imdiatiOD, Oit increases with 
dose and a broad peak gets visible, conesponding to a 
characteristic interface trap peak in the lower hall of Ihe Si 
band gap (Emg-O.OS tV) (IS] . 
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Fig.11 Positive charge trapped in Si02 at low ydoses . 

The amount of positive trapped oxide charges ~Qot 
in irradiated MOS devices is shown in Fig.ll , and it bas been 
evaluated as [16] : ~Qot·COX·d Vmg. where Cox is the oxide 

capacitance and.d Vmg is the midglp capacitance vo ltage shift 
after inad.iltion in the high-frequency C-V curves. The 
conventi01lal assumptions are made that: (a) nearly all of the 
radiation-induced oxide-trapped charge is localed at the 
Si/Si~ interflce; (b) interface states are neutral al midgap 
capacitance:; (c) .d Vmg is determined primarily by hole 
trapping in the oxide. 

As shown in Fig.ll, dQot appears to line.:ll'ly grow 
with dose. indicating that in this low dose range the electron­
hole recombination process is Dot active (9J . The 
conespoodina voltage shift d Vmg closely follows the 
measured Vgo variations (see Fig.!5), which hence must be 
attributed 10 oxide charge accumulation up to 10 krad. 

C-V measurements perfonned at 100kHz .lpparenuy 
indicate a midgap voltage shift, dVmg, of about ·--:0 V and 

midgap-to-Oatband sltttchout less than ·20 V 31 I ~rad y 
dose. Thus, 70·80% of the total radiation-induced 'h lt"t in the 
C-V curve seems due to oxide-trap charge. However. '-Dr such 
a high dose the evaluation of Vmg becomes in..: rcasingly 
uncertain due to the interface state accum ul au"n whlch 
contribute to the C-V curve shifts and frequenc y di'rer.;ion. 



C. Room Temperature Anneali1lg 

Room temperature time decay of electrical 
characteristics of irradiated devices have been morutored 
during several months after irradiation; during the long term 
storage, the devices were kept unbiased. Devices selected for 
this study have been irradiated in a single step 10 the rmal 
dose of IMtad, to minimize the annealing effects occurring 
during sequential irradiations. Such effects could affect the 
~lts shown in paragraph 3.1, as no correction procedure 
was applied. 
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period. Such deep traps are located in bulk Si and, mainly, ) 
the Si/Si~ interface. The long tenn stability of these 
interface traps is confumed by analyzing the "subthreshold" 
characteristics of the 1 MRad 1 imdiated FOXFET, whose 
slope stays stable during several months after imldiation. 
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Fig. 13 Room temperarure annealing of FOXFET dynamic 
resistance after 1 Mrad y irradiation. 
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Long term behaviour of interface traps has been also 
1000 studied on MOS capacitors, as shown in Fig. 14. 

Fig. 12 Room lemperature recovery of Ygo. The Slraighlline is the 
least-squares til of the elL:pcrimen1ai data. 

Tune variations of Vgo for 1 and proton irradiated 
lest patterns and devices are reported in Fig.12, showing a 
linear correlation between 6,Vgo and log(time}. Such a 
behaviour has been explained in tenns of removal of holes 
trapped in the oxide near the SilSi02 interface by thermally 
excited electrons, tunneling from the Si conduction band into 
the oxide [17]. As a consequence of the tunneling­
recombination process. the annealing reproduces the spatial 
variation of the positive oxide charge distribution. The 
experimental linear dependence OD log(t) indicates that the 
oxide trap density is uniform in space in the region we are 
sampling. 

Relatively slow recovery occurs in these samples 
which indicates that the oxide charge distribution eXlends far 
into the bulk of oxide, which is characteristic for sofl oxides 
[17J. 

Another detector parameter sensitive to room 
temperature long term annealing is the dynamic resistance Rd., 
as shown in Fig. D. The high-low transition voltage of the I 
Mrad single step imdialed detector shifts to less negative Vg 
values as a consequence of the annealing of the positive 
charges trapped in the oxide. 

Instead, no recovery of the maximum value of Rd is 
observed. Rd is controlled by the detector total leakage 
current., wbich does nOI vary over a period of 4 monlhs . Thus, 
no annealing of the generation-recombination centers 
responsible for the radiation induced increase of the leakage 
current can be expected at room temperature even over a long 
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Fig.14 Room lemperarure modifications of high-fTequcncy 
c-V curves after 1 Mrad y irradiation. 
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The shift of the C-Y curves toward less negative 
voltages is due to the annealing of the positive charges 
trapped in the oxide, as previollSly discussed. The midgap 
shift d Vmg measured at 100 kHz changes with time from 
about ·70 Y (I day after irradiation) to -20 Y (116 d..1ys after 
imdiation). This should indicate that hole removal bas taken 
place in aD oxide region containing about 70% of the entire 
trapped holes. On the other hand., .o.Vgo changes from -32 V 
to -12 V during the same period of time, i.e. much k-ss than 
the shift of C-Y curves. Such a discrepancy ~IHluld ) 
at tributed to an inexact evaluation of the midgap \ "1 1:J~e . due 
to the interface state contribution at 100 j..H/. C-Y 
measurements at higher frequencies should be ,k -Ir;lb le to 
overcome this problem but are not routinely J\' ] !i J h k un a 
high resistivity substrate. 
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Ali shown in Fig.14. while slight changes of the I 
kHz C· V curve shape are ob5erved during room temperature 
storage. the 100 kHz curve becomes noticeably steeper as 
time is elapsed. Moreover, the frequency dispersion decreases 
after a 116 days storage. This behaviour could suggest a 
decrease of interface state density. but interface trap annealing 
is nol expected at room tempera~ U,8]. The observed effect 
could be attributed to annealing-of lateral non unifonnities in 
the oxide trapped charge [19], but in lhis case no frequency 
dependence should be observed {131: Lateral nOll uniformities 
annealing could be responsible only fOf that part the time 
variations of the C-V curves common to all frequencies. We 
believe that the observed effect is due to an interface state 
redistribution over the forbidden gap, observed also in case of 
low dose irradiations [18]. 

IV. CONCLUSIONS 

The main radiation damage effects after ganuna or 
proton irradiation of FOXFET biased microstrip detectors 
consist of an increase of the total leakage current, while hom 
me detector dynamic resistance: and FOXFET swilching 
voltage decrease. The swilching voltage growth rate follows 
the dose square root, independently of the radiation source. 
Noticeably, no radiation inducro variation of the strip self 
bias Vso is measured up to 1 Mrad y dose. 

The variations of the detector electrical parameters 
are mainly due to the generation of Si/Si02 interface traps 
and positive charge accumulation in the oxide film, as 
confumed by C-V measurements on MOS capacitors. For 
proton irradiation, the increase or the detector leakage current 
can be supponed also by bulk damage contribution. 

A recovery of the pre·imdiatioo characteristics is 
seen only for the FOXFET switching voltage upon loog term 
room temperature annealing, due to removal of oxide trapped 
boles. No annealing effects have been observed for electrical 
parame~ cootrolled by the SjJSi02 interfacial states and 
bulk damage, such as leakage current and dynamic resistance:. 

These radiation tests, perfonned 00 unbiased devices, 
have identified the detector electrical parameters more 
sensitive to me radiation damage, showing mat the most 
appealing operating region for our FOXFET-biased detectors 
lays at low IVgl values, where Rd suffers tolerable 
modifications during irradiations. 
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