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Neutron Dosimetry With Planar Silicon p-i-n Diodes

Anatoly B. RosenfeldSenior Member, IEEEMark Yudelev, Michael L. F. LerchMember, IEEE
Iwan Cornelius Senior Member, IEERPatrick Griffin, Member, IEEEVIadimir L. PerevertailpMember, IEEE
Igor E. Anokhin, Oleg S. Zinets, Vladimir I. Khivrich, Miroslava Pinkovskaya, Dimitry Alexiev, and
Mark Reinhargd Member, IEEE

Abstract—New nonionizing energy losses (NIEL) sensors based
on silicon planar p-i-n diodes of different geometry have been in-
vestigated and their response to fast neutron field compared with
bulk diodes. The possibility of obtaining a wide range of sensitiv-
ities in these NIEL sensors simultaneously with measurements of
IEL has been demonstrated.

Index Terms—Gamma dosimetry, neutron dosimetry, p-i-n C - 1 C _ 2
diode.

Fig. 1. Circular planar diodes C-1 and C-2. For C1, the diameter of the P+
region is 1.5 mm, thickness of n+ ring is 0.5 mm, and the radial base length
I. INTRODUCTION (labeled “a”) is 0.5 mm. For diode C2, = 1.4 mm, the diameter of the P+

. L region is 0.5 mm and thickness of n+ ring is 0.1 mm.
RACTICAL and simple measurements of nonionizing en- g 9

ergy losses (NIEL) and ionizing energy losses (IEL) in neu- . )
tron and proton fields is an important issue for quality assug first to study the neutron response of planar p-i-n diodes
ance in the radiation environment in space and at different radiith different geometry and compare them with a bulk diode.
ation facilities. The best monitor for NIEL in any radiation fieldSecond, this paper studies the possibility of simultaneous IEL
should be based on the same material (Si or GaAs) as the efBgasurements with the same sensor in a mi_xed radiation fie_ld.
tronic devices subject to radiation damage. NIEL are propofD€ authors have developed prototype, multirange planar p-i-n
tional to the bulk radiation damage in semiconductor devices f#odes for NIEL dosimetry and investigated their application
sulting from displacement of atoms from their sites. The chang€ On-line neutron and proton dose monitors with simultaneous
in electrical characteristics acts as a suitable monitor of NIEL [FL dosimetry.
devices affected by such atomic displacement. One can measure
the effects of NIEL by monitoring the change in lifetime, diffu- Il. MATERIALS AND METHODS

sion length, or concentration of charge carriers. Four different types of ion-implanted p-i-n diodes have been
The suitable sensor for NIEL measurements in terms géyveloped and manufactured. The ion-implanted bulk p-i-n
1-MeV (Si) fluence is a p-i-n Si diode. The forward voltaggjiodes with a base length 6f1 mm and cross section of p+ and
of the p-i-n diode increases due to radiation degradation @f 1 2,2 were fabricated from high-purity n-type silicon
the carrier lifetime and the changing resistivity of the matergeferred to herein as the D-type diode). They had similar
[1]-{3]. The sensitivity of the p-i-n diode depends on the initigheometry to the low-resistivity dosimeters studied in [6]. These
Si-material [4], [5] and its geometry [2]. A sensor with a widjiodes were irradiated in a neutron field at the Sandia National
dynamic range of sensitivities is required in applications whe[gporatories (SNL) Pulse Reactor Facility (SPR-IIl), and in a
the neutron dose range is not known. Such a sensitivity ranggt neutron therapy (FNT) facility (Harper Hospital, Detroit).
is almost impossible to achieve in a single bulk p-i-n diode; Tyg types of planar p-i-n diodes were developed: circular
beside that, the manufacturing of long base bulk diodes is b@ffanar p-i-n diodes (Type C, Fig. 1) and planar diodes with a
a time-consuming and expensive process. The aim of this pag&ar array of p+ contacts (Type L and G, Fig. 2). The silicon
wafer thickness was 350m. These diodes were irradiated in
Manuscript received July 22, 2003; revised September 10, 2003. This wdrNT facility in a water phantom and an A-150 plastic phantom

was supported by the Australian Institute for Nuclear Science and Engineerigg well as on a 3-MeV proton beam in free air geometry. The
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1y of 10 um, was used for IEL measurements. This beam is the
most penetrating available at the facility, and it corresponds to

a range in silicon of 10Q:m. The ion beam-induced charge

ZET | 1 (IBIC) setup was used to derive a 2-D image of the median
n I charge collected Q(x,y) at each pixel [10].A beam fluence of

; i R~ i e e approximatelyl 02 ions/s is established in IEL mode to ensure

N+ 0.45 the sample is not damaged during analysis. The maximum scan
— 0.5 size obtained with the microprobe is approximatehy4 mm?.

An IBIC scan was carried out on device C2 with the central

region biased at voltages of 0 ard00 V relative to n+ region.

— 3l e 0,2 0,5
2) — * The experiment was conducted to investigate the response of
l the sensors to NIEL effects incurred by exposure to protons.
™ =) o 7| | The beam was collimated to an arealof= 2 x 2 mm? and
A B C D | the L-type sample mounted on the sample holder. The proton
\D = = = S fluence was controlled by Faradey cap. As the dimensions of
T the device are larger than the beam area, it was necessary to ex-
ol 1 le— pose the device via three separate irradiations. After each irradi-
ation, the forward voltage was measured (using a 1-mA current

g, 2. Planar p-in diode array with type.L labeled (1) and type-G labeled (zsource) betweep™ fingers A, B, C, and D (as shown in Fig. 2)
g.2. p y with typ yp And then* region.

101 1 MeV n/cm? per 1-Gy(Si). A special reader with data IIl. RESULTS
acquisition system was developed at the Centre for Medical Ra-

diation Physics (CMRP), University of Wollongong (UoW), for ,. Measurements using the D-, C-, L-, and G-type silicon pin
on-line measurements of the sensor during the irradiation. T(qu|odes in neutron fields were carried out to understand the effect

diode was connected to the reader via 50 m of cable. The reaﬂgtrhe diode geomet_ry on its re_sponse and compare th'.s eff_ect
mlplanar and bulk diodes. On-line neutron dosimetry with pin

has an RS232 interface that connects to a printer or to a data ¢ . .
jodes was also investigated. Based on these measurements, the

lection computer a}nd aIIovys readout Of. the p-n diode with arB’est geometry of planar multirange pin diode for simultaneous
sequences. For this experiment, the p-i-n diode was read OUtﬁlrEL and IEL were able to be determined

tomatically every 20 s. The tissue-equivalent (TE) neutron dose
rate was~0.15 cGy(TE)'s. A. SPR-IIl Neutron Field

B. FNT Facility . Fig. 3 (solid line) shows the response of the D-type p—i—n
) _diode with a base length of 1.0 mm in the SPR-III neutron field.
The neutron beam was produced using a superconducting ¢z response of the2 x 1.8 x 1.8 — mm® diode under 25-mA

clotron at the FNT facility, Detroit [8]. Neutrons are producedeadout current and fabricated with similar technology based
via 48.5-MeV deuteron bombardment of a Be target. The ayp, low-resistivity silicon(~ 50 — 100 Qcm) [6] is also shown

erage energy of neutrons was about 20 MeV, with maximun&ig_ 3, dashed line) for comparison.

energy 48.5 MeV. . ~_ The diode manufactured from low-resistivity silicon clearly
One of the p-i-n D-diodes was hermetically sealed insidefisp|ays saturation characteristics in its response curve for doses

1.2-mm-diameter catheter for direct, in water, application, andi500 rad (tissue) and lower sensitivity under the same base

the other D, C, and L planar diodes were encapsulated in A-1gQgth. The sensitivity of the higher resistivity p-i-n diodes to

plastic with a 10—r_n-|_or_19 cable . Irradiatipn of all diodes was iso photons wag.24 x 10=3 mV /cGy(TE), and for fast fis-

a water tank. An ionizing chamber monitored the total dose. djon neutrons, it was 2.74 mV/cGy(TE). The apparent saturation

paired detector method using a TE ionization chamber (IC) agghhe response, observed above 8000 cGy(TE) in the solid curve

a miniature GM tube was used to separate the gamma and ngig. 3, was due to limitations of the reader and is not related
tron tissue dose. An automatic data acquisition system, deviglthe diode.

oped at the cyclotron facility, was used for the readouh&f¢
of diodes and accelerator beam current simultaneously with f8€ online Measurements on an ENT Beam

frequency of measurements of 10 Hz. The signal from the diodeW h . iiqated th licati ¢ th ‘ dosi
was amplified by a factor of 10. e have investigated the application of the neutron dosi-

metric diode in an on-line mode atthe FNT facility. Experiments
were carried out in 45 x 15 — cm? open radiation field and
a30 x 30 — cm? blocked field (with an equivalent tungsten

Experiments on proton irradiation and IEL studies werdhickness of 93.5 mm in the latter case). All measurements
performed with the Heavy lon Microprobe (HIMP) at thewere done at a depth of 5 cm in water with the diode being
Australian Nuclear Science and Technology Organizatigiiaced inside an A-150 jig of 15 mm diameter and 135 mm
(ANSTO), Lucas Heights, Australia. [9]. For the preseriength. The accelerator current was 8-+1£2. One monitoring
experiment, a 3-MeV proton beam, focused to a beam diamet@it (MU) ~1 cGy atD ., (~0.9 cm in water).

C. Proton Irradiation Facility
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Fig. 3. Solid line shows the response of the p-i-n diode with a base length 3
of 1.0 mm in the SPR-Ill neutron field. The dashed line is the response of
the diode fabricated using similar technology based on low resistivity silicon 25

(~ 50 — 100 Qcm). )
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3 lo2 Fig.6. On-line response of D-type p-i-n diode for neutron dose up to 200 cGy.
@ The beam current was 14A, and the open field size was 15 canl5 cm.
+ 0.1
0 i ; . - - - : : 0 was not observed within the first minute after the beam was
° & ¥ 8 8 8 & ¥ 8 8 8 turned off. It implies that for lower dose rates (0.1 cGy/s in
Time (Sec) the case of blocked field in comparison with 0.5 cGy/s for open
_ _ o _ field), adynamic equilibrium can be achieved between the stable
Fig. 4. Measurements taken using D-type diode in open field. and unstable defects. Equilibrium is achieved via room tem-

perature annealing during the irradiation, which influences the

The blocking of the neutron beam with tungsten will modresponse of the diode in the on-line mode. For more accurate
erate the initial neutron spectra and dramatically increase thesimetry of low-dose-rate neutron fields in on-line mode, the
gamma component of the field. The gamma dose at 5 cm wdiede should be calibrated on-line, in the same neutron field.
8% and 30% of the total tissue equivalent (TE) dose in the To understand this response effect, we investigated the diode
15 x 15 — cm? open field and30 x 30 — cm? blocked field, response (D-type) versus neutron dose rate for accelerator beam
respectively. currents of 1-11.A. Irradiation was in an opefD x 10 — cm?

Fig. 4 demonstrates the results of measurements taken udialgl at a depth of 5 cm. Fig. 5 shows the response of the diode
the D-11 p-i-n diode in the open field. The total neutron dog@\V; increments) in on-line mode versus accelerator current
delivered was 50 cGy during a 90-s exposure in the open fidlat a dose increment of 25 MJ21 cGy at the point of irradia-
configuration. In the blocked field delivery mode, a 16.6-cGtion. Itis clear that fod > 3 A, the response of the diode was
neutron dose was delivered during a 140-s exposure. 26.7+ 0.6 mV, i.e., within 2.2%, whereas for /A current, a

The response of the diode clearly correlates with the acceletear reduction in the response to 24.5 mV, which is presum-
ator current. The integral dose and the neutron dose rate of NI&hly associated with on-line fading during the irradiation. For
can also be monitored. Increasing the gamma dose comporientdose-rate applications, this should be taken into account if
in the blocked field configuration has no effect on the measurealibration has been done under higher dose rate conditions, i.e.,
ment of the neutron dose. for dose rate>0.1 cGyl/s.

Fig. 4 also shows the fading associated with room tempera-A test of the dose response in on-line mode demonstrated
ture annealing of unstable radiation defects after the irradiatignod linearity of D-diode for doses up to 1000 cGy. Fig. 6 shows
has stopped. It is interesting to note that under open field contlie response of diodes used in on-line mode is within doses
tions, the observed fading wasl.6% within the first 1.5 min, of interest for medical and radiobiological space applications.
whereas for the 3& 30 blocked field experiments, fast fadingTo understand the nature of the response of these diodes, we
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S +
120 13 400 oo mA +
> —m +
100 ¢ I . 5 200 + ¢«
Ll ® C-2 Diode o o« I=1mA
- alc 0
80 1 .
° . 0 50 100 150 200
8 a
§ 60 Dose (MU)
X e
40 1 ¢ Fig. 10. Neutron response of the C-2 diode.
L]
20 A'.?'
° ° . 10000
3 P o A A
0 T T T T Py ]
0 2 4 6 8 10 1000 6®
Off Axis Distance (cm) S @ee - - | - .
E 100 "
Fig. 8. Measured neutron beam profile using our C-2 p-i-n diode. Tr> -
measurement was made at a depth of 5 cm in a water phantom ir<d | o
10 x 10 — cn? d+Be neutron field. 10 F
investigated the response of the silicon p-i-n diode in buildt !
region where charge particle equilibrium does not exist. 0 500 1000 1500 2000
We investigated the response of the C2 p-i-n diode in a wa Dose (MU)

phantom build-up region, witlb ., at ~9.5 mm for a 10x
10-cm open field and compared it with the neutron dose derivEd. 11. Response of MD-1 p-i-n linear array diode for readout current
from paired method measurements. The diode response urpd%GrmA for first (circles) and second (triangles) and third (squares) diode.
the same radiation conditions in an A-150 phantom did not de-
rive the correct dose in the build-up region. This result clearfyi-n diode. The C-2 diode was employed in an “edge-on” mode
demonstrates that it is impossible to apply the p-i-n diode neafoperation; i.e., spatial resolution is 0.35 mm which is impos-
tron dosimeter for TE neutron dosimetry in a charge particible to achieve with IC.
disequilibrium region. The characteristics of buildup in such Irradiation of all planar pin diodes was done in a water
a region totally depend on the phantom material and neutrphantom using the neutron beam at the FNT facility. Diodes C1
spectrum. The p-i-n diode is always measuring displacememtd C2 were placed in a A-150 TE plastic jig (15 mm diameter
KERMA, which is proportional to neutron fluence in a mediumand 13.5 cm in length) and were irradiated at a depth of 2.5 cm
whereas the absorbed dose is a measure of the ionization pnothe central axis of th&s x 15 — cm? beam. Measurement of
duced by secondary charged particles. For depth® cm, the AV was done immediately after irradiation. The L-type diodes
relative diode response and neutron dose obtained from mere irradiated at a depth of 1 cm in an A-150 plastic phantom.
surements was in good agreement with those obtained using aRigs. 9 and 10 show the neutron response of the C-1 and C-2
IC. planar diodes for depth 5 cm in water for two readout currents
Figs. 7 and 8 shows the resulting beam profile using D-tydeand 20 mA. The sensitivities were 0.14 and 0.30 mV/MU
and C-2 p-i-n diodes, respectively. Measurements were mdde C-1 diode and 0.88 and 3.32 mV/MU for C-2 diode.
at a depth of 5 cm in a water phantom with@ x 10 — cm? (1 MU~1 cGy at the point of irradiation).
neutron field produced from the 48.5-MeV d+Be reactions. The Fig. 11 shows the response of L p-i-n linear array diode for
diode has a spatial resolutionofl. mm, which makes the mea-readout current 0.16 mA for first and second and third p+ pad.
surements of the neutron dose profile in mixed gamma neutrBar each neutron dose, the voltage drop was measured between
field much simpler than methods using a paired detector (T& pad and consecutive p+ pad. The dose increments were
ionizing chamber and Geiger-Muller tube). Fig. 8 shows simi5 MU. The sensitivities for first{*t-A), second 4*-B), third
ilar beam profile measured at the same depth in water using @2 -C), and fourth {-D) consecutive diodes were 0.2, 8.4,
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TABLE |
SENSITIVITY OF PLANAR DIODES TO PROTONS

Sensitivity
(mV/10" protons cm™) A B C D

Device L 18.6 | 1348| 1462| 1440
Device G 71 1010f 1289| 1120

9.4, and 8.6 mV/cGy, respectively. All experiments were done
at a depth of 1 cm in A-150 plastic phantom.

The circular and planar p-i-n diodes demonstrated high neu
tron sensitivity. Similar as in D-bulk diodes, the sensitivity is
increasing with increasing planar base length and readout for
ward current. For C-type diodes, initial voltage drop and sen-
sitivity depends on the radial base length as defined in Fig. 1
For a high injection current of 20 mA, the ratio of sensitivities
is about 11 for diode C-2 and C-1, which is proportionatip
where t is the radial base length, similar to the bulk diode [2].

For planar L-type p-i-n array diode, it is possible to achieve
wide range of sensitivities. The small difference in sensitivities
between second and third diodes is related to small injection o _ _ _ o
current and geomelry af* pads. The lower sensiliviy of the 5% 12 Theseanarea s ustatedine whitesavae o g 1 Ontcaimage
fourth consecutive diode is most ||ke|y related to the Complln IBIC analysis is shown by the superimposed white square.
cated geometry of the diode array.

400 V

.. e I gy F- 1]

C. Proton Irradiation and Study of IEL Response of Neutron 0.2
Irradiated Diodes 0.4

The L and G-type planar p-i-n diodes were irradiated using | g:g
3-MeV protons up to a fluence af7 x 10'! p/cm®. Table | s 0
shows the sensitivity for first (A), second (B), third (C), and 1.2
fourth (D) consecutive diodes. Similar to the trend observed 1.4
with neutron irradiation of the L-type diode array, the sensitivity 1.6

of the fourth diode (D) is slightly less than the third diode (C). 0.1 MeV s 3.0MeV
To investigate the effect of any NIEL damage on IEL mea-
surements with the same planar p-i-n diodes, we studied
charge collection in C-2 diode before and after irradiation with a
neutron dose of x 10'! n/cm?® at the FNT facility. For this in- 0.018

13. IBIC image of median energy event at each pixel of scan for device
at reverse bias of 0 V and 400 V.

vestigation, we used the IBIC technique described earlier. The Oy
C-type diodes displayed excellent current voltage characteris- oot
tics after neutron irradiation. We were able to apply more than 0.014 1
500 V of reverse bias without breakdown occurring. The current 0012 |
at 500 V was 20 nA. Fig. 12 shows an optical image of one of 5ot |
the C-type diodes with th2 x 2 — mm? IBIC scan area super- ) '
imposed. 0.008 |
Fig. 13 shows an image of the median energy E(X,y) for the 0.006 |
IBIC scans. For 0-V, charge collection events are only regis- 0.604 | !
tered for beam located close to the centralregion. At a re- {
verse bias of 400 V, the lateral depletion region extends approx- %% '&! A i
imately 0.5 mm from the ™ region. The reverse current at this 0 et
4 S 500 1000 1500 2000 2500 3000
operating voltage was measured at 20 nA. There was no signif- Energy, E, keV
icant difference in the scan imaged between the nonirradiated
and irradiated planar diodes. Fig. 14. Energy event spectra for IBIC scan of C2 device at reverse bias of 0 V

Fig. 14 shows the spectrum of energy events obtained frdfflid line) and 400 V (dashed line).
the ADC of the data acquisition system for IBIC scans on de-
vice C2. The spectrum at 0-V reverse bias is characterized binaharge collection being dominated by diffusion, and hence,
peak situated at approximately 1500 keV with a tail extending &wvents are subject to high recombination. The spectrum at 400 V
low energies. This is due to the thin depletion region, resultingcharacterized by a sharp peak situated at 3000 keV, indicating
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complete charge collection and, hence, a depletion region thidk¥0% charge collection from depletion area on a 3-MeV proton

ness greater than the range of protons (10(). beam.
Both diode types are more than suitable for use as IEL sen-
IV. DISCUSSION ANDCONCLUSION sors, beam abort sensors in high-energy physics application or

- for space radiobiological applications for personal gamma-neu-
The response .Of the bulk pin d!ode (D-type) and F"a”"ﬁfon dosimetry. For low-dose-rate gamma radiation, the sensor

p-i-n diodes of different configurations (circular and l'neaEan be used in count mode for gamma dosimetry and forward

array), based on high-resistivity silicon were investigated %Itage measurements for neutron dosimetry.

fast _negtron anq 3—MeV proton f_|elds._Two falspect.s .‘?f the The best pin structure for neutron and gamma dosimetry, or

application of p-1-n dlodes. were |nvest|gated.. ppss[blhty %IEL and IEL, using the same sensor will be the C-type p-i-n

TE neutrgn QOS|metry for biological do;e monltqung N SPACKLcture with concentrip™ regions to cover a wide neutron

and appllc_anon fpr '\.“EI.‘ "’_‘”d IEL m_onlt_ormg with the SaMose range to make possible full depletion and tolerance to

Sensor. This appl|cat|or_1 |s_|mportant |n_h|gh-er_1_ergy physics fRﬁEL in terms of constant sensitivity to IEL.

radiation damage monitoring systems in the silicon tracker. Further work will be done on investigation of multirange sen-

CForcljD—éyps diodes, a”wu:e %c.’l.ste rtangevl\ias d(imonst{sted. ngPs with concentric p+ regions that appear to be optimal for
E a? Id )f ?l(l?re')r(ﬁe end_adl 'ty to vgor ond— |fne n te nzuéimultaneous NIEL and IEL measurements. Such structures,
rog dle 0 ; - 'hese 'Ot es caT € usel' ?r nelgror;' 9%&sed on high-resistivity silicon, can be implemented on par-
and dose rate measurements in on-iine applications. Ln-lin€ g, g getectors working in harsh radiation environments.
plications allow for the reduction in the error in the dose mea-
surements associated with fading and temperature. Calibration
should, however, be done in similar operating conditions as any _
on-line measurements. The changing neutron dose rate of 0.3he authors wish to thank the staff of SPO BIT/Detector for
to 0.1 cGy/s showed a variation of response withi2% in the manufacturing of p-i-n structures and useful discussion. They
case of on-line measurements with D-diodes. also thank the staff of supercon_ducting cy_clotron and, in partic-

At any point in the medium, the response was shown to béar, J. Brandon of the FNT facility (Detroit) for support of ex-
associated with damage KERMA only, i.e., neutron fluenc@€riments with electronic DAQ. Furthermore, they thank S. Mao
The on-line application of planar diode in edge-on mode w&SLAC)_for support of measurements on the reactor.
shown to be useful for steep neutron dose-gradient measure-
ments. The spatial resolution is limited by the thickness of the REFERENCES
diode (0.35 mm). Planar p-i-n diodes, both circular in shape (C1[1] A.J. Houdayer, P. F. Hinrichsen, A. L. Barry, and A. Ng, “GaAs LED
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