
w Fermi National Accelerator Laboratory 

FERMILAB-TM-201 3 

Test of DEP Hybrid Photodiodes 

A. Baumbaugh, M. Binkley, J. Elias, J. Freeman, D. Green, S. Hansen, C. Rivetta, 
A. Ronzhin and R. Tschirhart 

Feni National Accelerator Laboratory 

P.O. Box 500, Batavia, Illinois 60510 

P. Cushman and A. Heering 

University of Minnesota 

Minneapolis, Minnesota 

August 1997 



Disclaimer 

This report was prepared as an account of work sponsored by an agency of the United States Government. 
Neither the United States Government nor any agency thereoJ nor any of their employees, makes any 
warranty, express or implied. or assumes any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process disclosed, or represents that its use would 
not infringe private& owned rights. Reference herein to any specific commercial product, process or service 
by trade name, trademark. manufacturer or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation or favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof: 

Distribution 

Approved for public release: further dissemination unlimited. 



Fermi National Acceierator Laboratory 

FERMILAB-TWI-2013 

Test of DEP Hybrid Photodiodes 

A. Baumbaugh, M. Binkley, J.EIias, J.Freeman, D.Green, 
S.Hansen, C.Rivetta, A.Ronzhin, R.Tschirhart 

Fermi National Acceierator Laboratory 
P.O.Box 500, Batavia, IIIinois 60510 

P.Cushman, A.Heering 

University of Minnesota 
Minneapolis, Minnesota 

August 1997 

0 opentrd by hivumba Fbwueh Asaocdh inc. under Canttact No. DE-AC02-76CH03000 with he U&ad Staba 0epukam d hwrg 



Fermi ?Jational Accelerator Laboratory 

FEFWILAB-TM-2[113 

A.Baumbaugh, M.Binkley, J.Elias, J.Freeman, D.Green, 
S-Hansen, C.Rivetta, A.Ronzhin, R.Tschirhart, 

Fermilab 

P.Cushman, A.Heering 
University of Minnesota, Minneapolis, Minnesota 

TEST OF DEP HYBRID PHOTODIODES 

I?JTRODUCTIO?d 

The goal of the measurement was to study SOT?? 
parameters of DEP HYBRID PHOTODIODES (HPD) [l], 3r.d 
to check its performance for CMS calorimetry at LZC 

[21. The principle of the HPD operation is described, 
for example, in ref. [3] The schematic view of the 
HPD is shown in fig. 1. The HPD is vacuum photo device 
composed of photocathode (PC) and a silicon PIN diode 
(Si) as multiplication system in a very close 
proximity geometry. The distance between PC and ,?i 1: 
of the order of several mm and has an electric fielc c: 
13 kV. The photoelectrons emited by the photocat?.ode 
multiply by a factor of several thousand in the 
silicon and the charge is collected on the HPD's 
anode. Several types of HPD's were tested. There was 3 
single channel HED, called "E-type" with p-side of t:-.s 
siliror -\ __ facing :he HFIl's photocathode and two 
multipixel HP6 (DEP) namely a 25 piice HPD and a 7 
pixel HPD. Both were of "T-type" structure with r:-side 
of silicon facing the photocathode. 



SZTUF 

The main part of the setup was a nitrogen lc;.s;er 
with a shifted wavelength of 440 nm, IO Hz frequcr,c;7 
and a pulse d1Jratior-i of 15 ns. The laser light w:s 
transported to the HPD by a 1 mm clear fiber. The 
amount of laser light was changed by rotating wheels 
with fixed light attenuation. The dynamic range c;f '~I-12 
HPD + AMP + AK was about 10013. To make the non 
uniformit; measurement across the photocathode, the 
HPD was mounted on a movable stage under control of a 
computer. The accuracy of the adjustment of the 
fiber acrcss the sensitive area of the tiPD was b;-tter 
than 100 urn. The setup is shown irl fig .2 . No als: us?9 
a blue ..,. v". (4X nm) light emitting diode (LED) with ,- 1 
clear optical fiber transmitting the light to tl-.e ii3!I: 
in part of measurements. The LED light pulse durc.tisr. 
was less than 10 ns. 

For each t;~pe of ZPD the following parameter.5 
were measured: 

1. Gain. 
2. Linearity. 
3. Monuniformity. 
4. Timing properties. 
5. Counting rate capabilities. 

Some other me,asurements were performed to check 
possible aging of ~~PD's, the influerlce of a magnc tic 
field on the HPD and crosstalk for multipizel de--ice:<. 
We made some estimation =;f the ls~~~est level of light 
signal which is possible to separate from. tl-e HFI' 
noise. The point was to see if the signal for a 
minimum ionizing particle traversing the CMS 
calorimeter which is of approximately 10 phe, or 
around 1 GeTI of the energy loss in the calorim&etcr, 
can be obsnr:rpr: c -L -<I. 

The data will be nresented in the indicated 
sequence for e:lch t;'pe of HPD. 
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SINGLE CHA?IIJ"sL HPD 

A schema+_ic view of a single char.T!e 1 HED is .5 r. :;TJ.iI-l 
in fig.3. The I-IPD has a 25 mm cl: ameter phothocat: de 
(PC) and the same size silicon dicde witkl type p-: id? 
facing the PC:. The recommended sl~ppl;; voltage scE.e~,? 
WZS applied xith the o>Ltput signal of negative 
polarity with AC coupling. The signal amplitude =%s -J. 
function of the high voltage applied to PC and t'r.e 
bias applied to the silicon are presented in fig.?. 
The data are consistent with the DEP specificatic,ns. 
They show the threshold caused by the silicon dead 
layer and zhe linear dependence on high voltage (HY) . 
The gain 'iall,J" is around 2000 for H':=F, kV. A sm;_;ll 
variation of the qa_:Ln dependence on tk~e bias volt a,ge 
(for bias more thin 2? 11) is also presented, 
irldicating fuil depler_ion. 

The measurements of the line,aritT,r were done 
using the setup designed by M.Hoqan arld J.Krider of 
Fermilab. The observed nonlinearity was less thar. 
+/- 0.5% for the dy:namic range l-lOCOO and was largel;, 
caused by the amplifier's nonlinearity. 

The timing meas>urements for the HPD were 
performed b;~ using a :.:ery short li-ght p111se fromi a 
blue LED. Th? full durat.ion of the pulse was 7 1.~5. 25 
10% of the peak smpiitucio. Tkle ~,.:.~:.J~ -/;a~ ::~ir=_-;l~_r~c.: 
using a very fist ziming photot-be. The fall time 2 : c: 

f r -,. rise time of the HE3 signal were 113 ns and 20 ns I,\,_ 
HV=8 kV and at full depletion bias voltage. It wI 11 T,c 
shown later that there is a strong dependence of 
timing on bias for the "T-type" silicon because cf ri--, LLlL 
different charge carrier mobilities (the scale for 
electrons or holes transit time are 15 ps/umt and 45 
ps/um) . 

The repetition rate of the HPD signals was 
explored up to razes more than 39 !4Xz. It ' s impcr far.'- 
to note that this high rate cap,ability is ava;li1ai 1e 
without using special precautiorls such as are L e ,; ; 7~ i y c r ; 

in the case of regular photomultipliers. The cur~~en: 
is delivered directly from the bias voltage power 
supply. Note that the transit time is <7 ns, so there 
is no pulse to pulse charge stored in the device at 
LHC rates. Ye also note that the HPD does not show an;' 
saturation for average output current val.ues up to 17 
mA. 
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The saturacicn effect manifests itself as the 
appearance of a tail in the signal shape for larc-er 
currents. This tail is dependent on the current - 
density of the silicon and also or-I the value of +he 
bias voltage. The effects will k)o discussed in m(re 
detail later. 

Several measurements tiere performed to estir-!;:e 
the aging effect of the HPD. The photocathode wa,c 
illuminated simultaneously by 1 aser I.ight (pulse rr:c,,de) 
and by an LED (D.C. current). 
(fig.5). To measure the output current of the HP: 51'15 
zero potential side of the silicon was grounded 
through a 610 C Solid State Electrometer. 
The LED infonsity was adjusted to produce about 7 ~~2~ 
(25 mC/li) 9-C. current from the FIPD. The diameter cf 
PC's illuminated area was 3 mm l~ocated at the 
geometrical center. The laser 032tpi-lt ii!22 slgn.al :-;i 
the same area of illumination was then measured. A F I:- 
photodiode signal was used to normalize the laser 
light pulse which had a spread of +/--3%. The ratio o,f 
the HPD signal over thle PIPI diode signal was meazure!:; 
with better than 1% accuracy. The result of the 
measurement is shown in fig.6. The gain drops after --; 
steady charge of rrLore than 50 mm? is taken off thl< 
diode. 

Another me,asurement of the agl rig was perfor~.~d k-- 
using the setup shoxr. in fig.7. The LZ,D lig?!t (L I 
fig.8) was measured b;. HPD and PMT. The P!4T works--d 

I:!!-:-, 

with a very low gain and used as a reference for ZP:r3; 
pulse. A drop of the F-'PD amplitude was observed ;.:s ;A 
function of collected charge (fig.9). Eoth 
measurements are consistent if we take into account 
t‘h:e illumin,aY ion area xhich v~as of 7 mm diameter ir: 
the latter case. 

Some estimation of the magnetic field influe~~ce 
on the HPD was done. The HFD was installed in 63' g 
transverse magrietic field. The ~_ Jcliri of tzhLe HPD '/rt:S 

measured withol~*z and with magnetic field (fig.?(i) . 1:::, 
x&ill show later :hat tpils clJrx$.re is :,reyy s~r~siti~,.~~ LC; 
the magnetic field and can be used as a tool to check 
such effects. 14any more magnetic field data were 
obtained for ml:itipi::el HPD but this will be the 
subject of a ,' se9arate discussiorl. 
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wp_ lJsc;d a?: amplifier (also ,as L ureampiifier in-, 
part of the measurements) when ~~~ir:rkir:g with a ICI- 
light level signal. T-e jq)C scal3 W,SLS calibra'ed :c 
the nlxnber of photoelectrons with the goals to me;~s:;re 
the lowest level of light which is possible to scr 
with the HPD . The number of the photoelectrons c-:r; :':;r 
e>:tracted from the equati.on : 

DJpe 1,: ,aml. ' cza1r1 :*: HPD gain = 9 of ADC, (1) 

note that we know the gain of the HPD, amplifier ,SFIC 
ADC scale in electrons. The number of photoeloctxI-1s 
can also be obtained by measuring the rms of the 
amplitude spectrum of the HPD Illuminated b:~ TIED. 
A test is tc ccmpare this number with the r:u:rher 

obtained from tI-:e mean value of the spectrum. The 
ratio of the L_-i:s ~ral~es should lx 1 for the fl~ll XPD 
range . Ani7 deviations present some apparatus effects . 

The attempt to see a single pF~oto~l~c+rsn x3.3 
successful (fig.11). ?7e have -used arl ORTEC 

preamplifier Ir: series with an amplifier with mo~;err!:~ 
bandwidth, high gain and low noise. 

ii-: Pat ri:,: 5 2: 
mm. The dist,ar: 
The schematic 
silicon in the 
facing the PC 
positive poi,ar 
W’3S groui?&d f 

c 
J witi, a 
ce Setr;Je 
'.7 i e 7: 3 f 
HPD is 

is T-typ 
it ;' '/,'a s 
or hi,q:r. 

c’,c-aci s~;acs inetweeri them ol 
en pi:,:els ,and PC is 2 . 5 mm!. 
the HPD is given in fig.13. 
oriented SC; that the layer 
me . The electrical signal cl- 
ccllected frsm z?:e p-side -s- 
L-ate D-r,. -- coupled operat1~1~. i 

r ,, 
'J . .' 

--c ,. 
- A .-: 

p, p, : : r. r. I- I- 
LL_ LL_ .,. .,. 

. . 

Thp ~~~~~~ F;;-~c! 1JSln i fSygitr7 of 

(figs& E) 
-1 

'L?ults 

-]-;e r,i:.Tels w62r.c t .zctc.c-: 

-. L _- 
- - '- - 4 _- . .* 

7.7: + '- .,i - 'L 2 . \fv~j-lic~. ,a?' IrA T.Ter;T gocr: 
agreement with the specifications . The outp72t si'c:r,a?. 
dhes not show any saturation for signals ‘;p to 1!C 
mV/50 Ohm in amplitude. 

The timing properties of the HE3 were also 
studied. The output pl~lse shape is strongl;? deper.de:r*-I 
on the bias voltage. The rise time and ful-1 time (3: 

the 1eveL 9.1 and Q.3 cf the output signal peak 
amplitude) dPs~TldeI-iCl+?S ,are ShsQin in fig.15. 

5 



The rate dependence of the device was studied 
from 30 Hz to 30 MHz as shown in fig.17. Little rate 
dependence is observed indicating that the devic' ~',a!-~ 
work in the LHC environment. 

In fig.18 is shown the amplitude spectrum for 
different light levels up to lO?ij phctoelectrons. A 
non-gaussian high side tail evident ir! all spectr.;-;. Irl 
fig.19 the spectra at fixed ligklt intxnsity as a 
function of HV are displayed. Clcarl;~ as HT/ incrr as-=: 
the high side tail bec,omes more r>roncunced. In r'j 7.21 
we show the crosstalk starting frcm light on tfle flf-m-!l 
pixel in a row and moving to the first pixel irl the 
row and plotting the spectrum obtained from the fiftlj! 
pixel in all cases. The signal crosstalk falls oif 
very rapidl:J as the illumination moves away indic:t Ing 
that the tail is due t'o localized sources. 

Note also that the high side tail was much 
reduced in a sec'2r.d 25 pi::el de-.iice which was ter,tsl. 
In addition, the fractional area taker: h;i tail WIT: 
largest at small values of incident light intens::;;. 
This beha-,Tior is what is o::pected if there are a b;i 
vacuum in the device. 

7 PIXEL HPD DEF 

The gain, linearity, uniformity, timing and 
counting rate pararr!e:ters look very similar to ti-:?, 2:; 
pixel HPD and ,aro in x.rer;i good agreement wit4 
specifications. 

The amplitude spestra for this HPD are ~e-;i 
different from 25 pi:.:els HPD (fig.21) . TJo high: s 1. dc I 
tail is obserl/ed in the <amplitude spectra under 
different HV (fig.26). However, this spectrum is still 
asymmetric, indicating :hat the effect is not wh:,ll;- 
absent. The reslll+c. cf AA -4 the moasrirements will be 
discussed helo~a;. 

DISCUSSIOI! 

We haT.re attempted to understand the H'JD operation 
by collecting a full se+ of e:,:perimentai data an:: b,~ 
makinq model cdc~.htiA5 [4]. 
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We will discuss i=y.lo:iyi the i,s;qeF sf cl i rect_ 

relevance to tt-le future HPD app! I c?tion for the I':,.? 
HCAL. 

Our concerns now are abo:lt the f-1 i.o:iing : 
l-Timing. 

We plln to work with an HPD c f the T-type . T.x 
advantages are the follcwing. The output signal Is -- -1 I 
ground so the readout is easy both for DC and puIse 
mode measurements. Fe have to use .bot?~ these m!oC~, t-r; 
accommodate wire so;jrc:e calibrattion. The T-t-ljce z,:' YF-1: 
is also stated by the manufacturer to be more- st:hlE!. 
The long term gain losses can a1.so he corrected bj;j 
increasing the high voltage. 

The timing properties of the HPD are cieterm<~*-.ateri 
by the type 'of charge carrier which are holes. T1-.e 
holes are less mcbile than t:he electrons by a factcr 
of approximately 3. The outpllt signal dllration is 
around 30 ns for I<<) '!olt bias. For the Cl;:3 
application it shcald be less than the b~~x:?, crc,: sir.:; 
t ime 0 f 2 5 !T: s . _ _ d I<Ylio:~! T+ ' c that 13 ke!] phc+op 1 -r-t v c;n, A----_ 

penetrate into the sillcon by or!l;i 1 urn [3] . Theref::r~z 
the thickness of zhe silicon car: be significantl;- 
reduced without loss of HPD performance. Limitatlcns 
which exist noT/J cn the alloTJred thickness are onl;; 
technical. To irnpr~~ve the HPD timing it's possible t'; 
use 200 UT* silicon Instead of Z"(j urn in HPD. Ye 

believe it's r~csslbl~ 7~2 satisf;, :-he C!G timing 

requirements b;- sllqt-.tl;~ changing :?.e e:,:istirIg 
technclcg>-. 
2. Another issue is Cole high side t_ail in the 
amplitude spectra. 
Recall the - shape of the single photselectror~ 
distribution (fig.11). The tail of the distriblAtIor. 
corresponds to se:~eral tens of a photoelectrons. Ti-,ls 
looks like a "sho:~~er" produced by the original single 
photoelect:sn. Let 's consider possible reasons for 
this. The data d'o not favor mechanisms like optical 
feedback prod:lced b;~ lox energ;' gaymas from, elect ror., 
scattering or! tI-,e surface of t-k!? sili.con. Such, g;:mm,.=.:: 
should prcd'jce a :.~er;i different angular di.stribu: ior. 
than that indicated ir, fig.29. Tj-!G I effect is 11s: 
difficult to ezplaln b;r the backscattering of the. 
secondary electrons f xm the Si s~.lrface. 
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A reas onable e:,:zlaFation wo:l!ld be poor ~THC~'::TI r:? 
the HPC as illustrated in fig.23. Ti^ic ph~,ttelecr'~.,.~.- . ^ 2 A ., v r\ r, -' 

can ionize the resid>_:al gas in a collision betwecr. ?<J 
and silicon. The ionization potential is of ~rc~f=~ + =I~ i-*/I I _.. 
eV so the initial photoelectrons do not lose 
significant energ:'. The produced positiT.Te ion will 
accelerate Ian the electric field and car1 knock o!:t 
several additionll photoelectrons depending on tlAe 
energy of the ion (around 10 for 10 keV ion enerq, 
[5]). PA time jitter of around 1C ns corresponds to t.1Y.e 
signals wl~irh produce the high side tail in the 
amplitude spectrum. In contrast, the gaussian pa:: ::-c‘ 
a time jitter of abcut 1 ns. The calculations .sh:>~: 
that the 19 keV electron's transit time for 3 mm 
distance d (fig.23) is around 11?17 ps. A transit time 
of the ion will be more than 4.5 ns. The transit time 
of an o>:;igen icn will be 18 ns. ?ence the calcul-ticns 
and the e>:perimental data are r'~y,q: sten: with thE io- ~dL_j.c A 
feedback model. 

There is r-lo getter in the HPD. 'nevertheless a 
getter will be introdaced in the final HPD desig:. to 
avoid the possibility of outgassing just as ir. t!e 
case of regular phototubes. 

The data obtained were simulated by !/lonte Carlo 
method. We fit the single photoelectron spectrum 
(fig.11) by a polynomial corresponding to the tail 
plus an exponential distribution mostly responsihle 
for the main part of the single photoelectron 
distributioFi (SPD, fig.24). The obtained curves for 
different photseleczrons are in gccd agreement w:'th 
the e:,:perimental data (fiq.25). For the SPD the ratl:: 
of the area under the tail to the fl:ll area of t?.e 
spectrum is 0 ?S The c~:t between the tall- ,and tk.e .-10. 
rest of the spectrum is shown as the arrow in fig.24. 
The analogical cuts were applied on the spectra y/-i:!. 
the observed tails for different amount of 
photoelectrons. The ratio of the tail to total a:ea as 
a function of the mean number photcelectrons is shorJrr. 
iri fig.27. 

It's ~~ceGlll to note +-hat the SPD shape can b.3 "d-&- 
used as x7e11;~ sensitive tool to check the HPD x,/acl;l;n 
and we intend zo use that shape in sorting the 
delivered IIPD. 
3. We have observed a clear mip separation from1 
pedestal b;r using HPD irl a beam test of an HEAL 
prototype module [63. We also cari demonstrate a sir,= -' if= - ., 
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photoelectron spectr1.m here. O::r task :!;!oT~z is to -.;-.cz 
slJ.ch & dr?it,3 'ditt.1 "Q3JTFJ" [7j roz;,ci:;lit 'r-r t i-, A,.,...,, f 9 :p D '^ I: : f-i 
pulse mode. 
A detailed descriptlcc of the klP3 stady in a 5 T~sl-; 
magnetic field will be the subject of separate nc,tcl. 
Our data show that the HPD car! operate in the CM:: 
magnet. 

CONCLUSIOII 

The HPD's are ck~oser; as photodetectors for +:-!e 
H!::I:-L suhs;~st~~~, cf 2.E. Scme irmro~.romszt ~--,ust be <::;y-.e 

^ for the fi;xl transducer. 

We appreciat? i~s?fi~1 discussion?: r;rity, 'i.Kuhar~v~-~~, 
and also the Monte '3arlc res1~l.t~ c,'rjtairlc-d by A.??< I!;c,~r. 
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Figures. 

l.The hybrid photodiode schematic view. 
2,Setup to measure gain, linearity and nonuniformity of tI-1' 
HPD. HPD - hybrid photodiode, WLS - wave length shifter, PII: - 
photodiode, AW - attenuation wheel, LED - light emitted dl.c:-je, 
ADC - analog digital converter. 
3.Schematic view of the single channel HPD. 
4.The dependence of the HPD's amplitude on: a) photorathsdc 
high voltage, 'b) silicon bias. 
S.Setup for aging test. LED is working in DC mode. 
G-The HPD relative gain vs integrated output charge. 
7.Setup to measure aging in pulse mode. HP gen. - HEI/-LET; 
PACKARD generator, PMT - photomultiplier. 
8.The oscilloscope traces of the HPD and HP generator's sigr-:-;l-:. 
9.Loss of the HPD signal d>Ae to the integrated o:Atpu?. clharge. 
lO.The HPD amplitude vs high voltage with and withour ma.gr:e:ir_: 
field. 
ll.Single photoelectron spectrum. 
12.Front view of the 25 pi;,:el HPD DEP. Pixel's size Is 
3.3x3.3 mm2. 
13.The schematic view of the 25 pixel HPD DEP. 
14.The amplitude of the pixel of the 25 pixel HPD DEF TJS 

high voltage. 
15.The spread of amplitude of the pi:T:els. The fiber Ins e-z;,p--'. _ . _..s - _ 
in the geometrical centre of the each pi>:el. 
16.The rise time and the full time of the output HPD sign?l.s 
dependencies on bias T.ioltage. High voltage fi;<ed as -8 k-,:. 
17.The oscilloscope traces of the HP3 signals under 30 iiz 
and 30 YHz of frequency. 
18 a,b. The amplitl:de spectra of the 25 pixel E:PD under 
different light illumination. 
19.The amplitude spectra of the central pixel of 25 pixel GE: 
vs high voltage. The number of the photoelectrons is arol2r.d C:.-. 
20.The amplitude spectra of the pixel #5d for fiber & c s i '- i c I-. e ,-: 

on pixels ##5d,4d,3d,?Zd,ld. Each picture shows two m<,asu~em,e:~- .s: 
one witI- light illumination and another, one without illumira- i-t 
21.The amplitt;de spectra of the 7 pi:<e1 HPD urlder differe7.t 
light illumination (for central pi:.:el). 
22.The amplitl:de spectra of the central pixel of 7 pixel __i _ L: 9 r ; 

vs high voltage. The number of the pI-!stoelectrons is arr:,::-.c: i- . 
23.Picture iilllstratinq ion feedback in the ZPC. 
24.Approximated single-photoelectron distribution (flg.ll). 
The cut is shown by the location of the arrow. 
25.The amplitude spectra of the 25 pixel HPD (DEP) ci~za,ir.ec~ b., 
Monte Carlo simulation. 

. . . 



26.The dependence of area ?Jnder the tail over the fl:ll ~:~~~;, 
in the spect rum on the number of photoelectrons. The ~.';y:,~-y -,: 
photoelectrons is defined by the IGCf3tiOri of %he naz;r:-::- 35 . I .z 

amplitude spectra. 
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