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TEST OF DEP HYBRID PHOTODIODES 

INTRODUCTION 

The goal of the measurement was to study some 
parameters of DEP HYBRID PHOTODIODES (HPD) [1], a~d 

to check its performance for CMS calorimetry at LHC 
[2]. 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 geo~etry. The distance between PC and ~l i= 
of the order of several mm and r1as an electric f~ elc < 
10 kV. The photoelectrons emited by the photocatr,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 a 
single cha~1nel HPD, called "E-type" v,1ith p-side of t'.'-_e 
silica~ facing ~he HP~'s photocathode and two 
multipixel HPD (DEP) namely a 25 pizel HPD and a 7 
pixel HPD. Both were of "T-type" structure with r:-side 
of silicon facing the photocathode. 
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SETUP 

The main part of the setup was a nitrogen la3e~ 
with a shifted wavelength of 440 nm, 10 Hz ::"requ~:---"c~.' 

and a pulse duration of 15 ns. The laser light was 
transported to the HPD by a 1 rrun clear fiber. ThE 
amount of laser light was changed by rotating wheels 
with fixed light attenuation. The dynamic range of the 
HPD + J'IJv1P + ADC was about 10 0 0. To make the non 
uniformity measurement across the photocathode, the 
HPD was mounted on a movable stage under control of ~ 

computer. The accuracy of the adjustment of the 
fiber across the sensitive area of the HPD was b"tte~ 
than 100 um. The setup is shown in fig.2. v.Je als: i~iscod 

a blue (430 nm) light emitting diode (LED) with ~ 

clear optical fiber transmitting the light to tLe H?[; 
in part of measurements. The LED light pulse dur~tic~ 
was less than 10 ns. 

MEJ'l,.S TJREJ',1EllT S 

For each type o: ~PD the following paramete~.3 
were measured: 

1. Gain. 
2. Linearity. 
3. Nonuniformity. 
4. Timing properties. 
S. Counting rate capabilities. 

Some other measurements were performed to check 
possible aging of ~?D's, the influence of a magn~tic 
field on the HPD a:::d crosstalk for multipizel de'·icc:::=:. 
We made some c::stimation of the lowest level of l~ght 
signal which is possible to separate frorr the HP[ 
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 GeV of the energy loss in the calorimetEr, 
can be obsc::c.red. 

The data will be presented in the indicated 
sequence:: for each type of HPD. 
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A schematic view of a single chan~el HPD is 3~c~~ 
in fig. 3. The '.-:PD has a 2 S rrun d:: ameter :'.Jhot:--iocat ::- de 
(PC) and the sa~e size silicon diode with the p-~icie 
facing the PC. The recorrnnended suppl:/ vol tags sere:-:? 
was applied with the o~tput sig~al of negative 
polarity with AC coupling. The signal amplitude as a 
function of the high voltage applied to PC and tLs 
bias applied to the silicon are presented in fig.4. 
The data are consistent with the DEP specificatic.ns. 
They show the threshold caused by the silicon dead 
layer and the linear dependence on high voltage (HV). 
The gain value is around 2000 for HV=B kV. A small 
variation of the gain dependence on the bias voltaae 
(for bias more than 30 V) is also presented, 
indicating full depletion. 

The measurements of the linearity were done 
using the setup designed by N.Hogan and ,J.Krider or 
Fermilab. The observed nonlinearity was less than 
+!- 0.5% for the dynamic range 1-10000 and was largel~· 

caused by the amplifier's nonlinear~ty. 
The timing measurements for the HPD were 

performed by using a very short light pulse from a 
blue LED. The full duration of the pulse was 7 n~ 
10% of the peak amplitude. The value was ~easurec 

- ,__ c_ __ 

using a very fa st timing photot';be. -:!"he fa 11 1=-ir:v0 
;:::; ;;'; 

rise time of the HPJ signal were 10 ns and 20 ns fo~ 
HV=B kV and at full depletion bias voltage. It w::11 t~ 

shown later that there is a strong dependence of 
timing on bias for ::he "T-type" silicon beca'JSe ::-~f -c}-,e 
different charge carrier mobilities (the scale for 
electrons or holes transit time are 15 ps/um and 45 
ps/um) . 

The repetition rate of the HPD signals was 
explored up to ra~es more than 30 '.'1Hz. :t 's i_mpc:: 1::.0:.' 
to note that this high rate capability is availatle 
without using special precautions such as are re::~'~ir::c~'i 
in the case of regular photomultipliers. The current 
is delivered directly from the bias voltage power 
supply. Note that the transit ti~e is <7 ns, sc there 
is no pulse to pulse charge stored in the device at 
LHC rates. T;Je also note that the HPD does not shCJw an/ 
saturation for average output current values up to l~ 
rnA. 
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The saturation effect manifests itself as the 
appearance of a tail in the signal shape for laro-er 
currents. This tail is dependent on the current 
density of the silicon and also on the value of ~he 
bias voltage. The effects will be discussed in me re 
detail latr:::r. 

Several measurements were performed to estin~~e 
the aging effect of the HPD. The photocathode wa~ 
illuminated simultaneously by laser light (pulse ~ode) 
and by an LED (D.C. current). 
(fig.5). To measure the output current of the HPE the 
zero potential side of the silicon was grounded 
through a 610 C Solid State Electrometer. 
The LED intensity was adjusted to produce about -
(25 mC/h) D.C. current from the HPD. The diameter 
PC's illu~inated area was 3 mm located at the 
geometrical center. The laser o~tput HPD signal 
the same area cf illu~ination was then measured. h r_, 

photodiode signal was used to normalize the lase~ 
light pulse which had a spread of +/-3%. The ratio ~~ 
the HPD sig~al over the PIN diode signa: was mea~ureci 
with better than 1% accuracy. The result of the 
measurement is shown in fig.6. The gain drops after . 
steady charge of more than SO mC is taken off the 
diode. 

Another measurement of the aging was perfor~~d 
using the setup show~ in fig.7. The LSD lig~t (: E~z, 
fig.8) was measured by HPD and PMT. The PMT work~d 
with a very low gain and used as a reference for H?D 
pulse. A drop of the HPD amplitude was observed as a 
function of collected charge (fig.9). Both 
measurements are consistent if we take into account 
the i 11 uminat ic:: area_ which was of 7 rnrn diameter in 
the latter case. 

Some estimation of the magn~tic field influe~ce 
on the HPD was done. The HPD was installed in 53r g 
transverse magnetic field. The gain of the HPD w~s 
measured without and with magnetic field (fig.10). 
will show later ~hat this curve is very sensitiv~ to 
the maanetic field and can be used as a tool to check 
such effects. Many more magnetic field data were 
obtained for multipi~el HPD but this will be the 
subject cf a separate discussion. 



We used an amplifier (also as preamplifier-~ 
part of the measure~ents) when working with a le:· 
light level signal. ~he ADC scale was calibrated :c 
the number of photoelectrons with the goal to me;,s~~r.c:::: 

the lowest 2-evel of light which is possible tc scP 
with the HPD. The nu1'.1ber of the photoelectro:1s c :r: 
e:-.:tracted from the .:::::q1Jat ion: 

Npe aml. oa:::_n HPD gai~ = Q of ADC, ( ~ ) 

note that we know the gain o~ the HPD, amplifier and 
ADC scale in electrons. The number of photoelect::: eris 
can also be obtained by measuring the rms of the 
amplitude spectrum of the HPD illu~inated by LED. 
71 t- Pc· t ~ 0 +- r- l'"mp - Y'P +- n l

0 

c; fll 1-.vibp r ''Jl
0 

+- h t- }-JP I· 1J•·n~p .,-.L~ ~ ~ 0 ~ _l_ ....__) '......- ...._ _ _) -.__,, \._,,- - d _..___ ·-~ I~ J. l ...___, ...___... '. l _. > L- ......- ~· ...... ' J. L Lk • ...I ·_. ...!..__ 

obtained from the mean value of the spectrum. Th~ 

ratio of the two values should be 1 for the full ~?D 
ra;;ae. l',w,· deviations Dre sent sorv:C' aoDarc.tus eff;::_cts. 

__.) _, ..... ..... .L 

The attenpt to see a single photoelectron was 
successful (fig .11) . ~-;e have used an ORTEC: 
preamplifier in series with an amplifier with mo:<erat" 
bandwidth, high gain and low noise. 

25 PIXELS HFD DEP 

The frc~t ~ace of t~e E?D ,- shown i~ fig.12. -
pizel size is 

' ' ~ 

i r: rr.a tr i :-: =i z 
~,. 3 rrTn. 11 :--1~ pi:~:els 

dead soace between 
ar·e a2::'~-.~~-.J-=~1 

t 1--: err~ o :' 'J • / 

mm. Tl-'1e dis-t:=.a:--:ce betr."Teen pi:~:els ,3nd PC is 2. 5 rnrn. 
The schematic vie'd of the HPD is given in fig. 13. ~.~cc 

silicon in the HPD is oriented so that the layer 
facing the PC is T-type. The electrical signal c~ 
positive polarity was collected ~rem ~he p-side 
was grounded fo~ high rate D.C. coupled ope~aticr. 

The g;c1i:1 a~Ki 1Jnifc~mity of ~J:c: pi:·:els '.tiere t·::ste'J 
(figs.14, 1:,) '.·vit:---: res'...llts v,'hicr· a~e ir: vec/ gocc: 
agreement with the specifications. The output siana~ 
does not show any satu~ation for signals ~p to lCC 
mV/50 Ohm in arr.plitude. 

The timing properties of the HPQ were also 
studied. ':''.le output pulse shape is strongly deperde~:+= 
on the bias voltage. The rise ti~e and ~ull time (at 
the level J.l and 0.9 cf the output signal peak 
amplitl:de) dl?Dendencies -:«re shoT1'n in fig.16. 



The rate dependence of the device was studiej 
from 30 Hz to 30 MHz as shown in fig.17. Little rate 
dependence is observed indicating that the devic;:c car, 
work in the LHC environment. 

In fig.18 is shown the amplitude spectrum for 
different light levels up to 1000 photoelectrons. A 
non-gaussian high side tail evident i~ all spectra. Ir1 
fig.19 the spectra at fixed light intensity as a 
function of HV are displayed. Clearly as HV incr~ase~ 
~he hi'g~1 °io'p tai' 1 bPr~mPS mo~P YJ~oro1 1 r1rpo' Tri F~~ ~---- l .::i _.._ ___, ' ....L ·--- .._,. '--Jl l ---- l, _;,_ ,__. ~ .L l l ~ '/ - • .~ ...L - ·= • .:.::_ -
we show the crosstalk starting from light on the f~f~t1 

pixel in a row and moving to the first pixel in the 
row and plotting the spectrum obtained from the fifth 
pixel in all cases. The signal crosstalk falls o~f 
very rapidly as the illumination moves away indicat~ng 
that the tail is d~e to localized sources. 

Note also that the high side tail was much 
reduced in a second 25 pizel de~ice which was te~::.e~. 

In addition, the fractional area taker1 by tail '1E.cc 

largest at small values of incident light intens~tJ. 
This beha'tior is what is e:·:pected if there are 0 'c;=1ri 
vacuum in the device. 

7 PIXEL HPD DEP 

The gain, linearity, uniformity, timing and 
counting rate oarameters look very similar to th~ 25 
pixel HPD and are ir-; ,_,er~' good agreement with 
specifications. 

The ampli-::-_11de spectra for this HPD are 'rer~r 

different from 25 pL:els HPD (fig.21). lJo high s~_de 

tail is observed in the amplitude spectra under 
different HV (fig.26). However, this spectrum is sti~J 
asym.111etric, i::dicating ::.hat the effect is not whc 11~' 
absent. The results of ::.he measurements v,,.rill be 
discussed below. 

DISCUSSIOP 

We ha~e attempted to unders~and the HPD oper3t~s~ 
by collect i:--1g a full set of ezper imc:ntal data and b/ 
makinq model calculations [4]. 
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l/Je wi 2- l discuss De _:_0'1J the is sue::: of di re ct 
relevance to the future HPD app1ication for the 
HCAL. 

Our concerns now are about the following: 
l.Timing. 

We plan to work with an HPD cf the T-type. ~~e 

advantaaes are the followina. The out0ut sianal ~s A~ 
~ ~ ~ ~ 

ground so the reado~t is easy both for DC and pu=se 
mode measurements. We have to use both these mod~ to 
accommodate wi:::--e source cali'oraxion. Thr~ T-tjpe c.: '-F:; 
is also stated by the ~anufacturer to be more st2ble. 
The long term gain losses can aJ_so be corrected by 
increasing the high voltage. 

The timing properties of the HPD are determi~ated 
by the type o: charge carrier w'.'-':ich are holes. Tf-.e 
holes are less :::cbile tha::J the e::_e:::ctrons by a fac:tc:::-
of approzimately 3. The output signal duration ~s 
around 30 ns for l~O Volt bias. For the C~S 
applicatio'.: it should be less th3n the b'1r:ch crc::: si;.~; 
time of 25 ns. It's know::J that 10 keV photoelect!ons 
penetrate into the silicon by only 1 um [3]. The~efcr~ 
the thickness of the silicon can be significantl~
reduced without loss of HPD perfor2ance. Limitat~cns 
which exist now on the allowed thickness are onl~ 
technical. To improve the HPD timing it's possib=e to 
use 200 uw silicon instead of 300 um in HPD. We 
believe it's ocssible ~o satisfy ~he CMS timing 
r p qu i' r p rn p rl t- C h r ~ ~ l ~ ,-.., f.-~. +- I "[ : ~ l- --. f' g 1 r1 r--r ..,.__... 1,.-. p p ~ /. -: S t ~ r1 g - _,_,_, -~· ~j ~~~~"'---'-_] _110 l' ~·-"=1 -!.- ___ J..~-~-' 

technology. 
2. Another issue is the high side tail in t~e 
amplitude spectra. 
Recall the shape of the single p~otoelectron 
distribution (fig.11). The tail :::::=: the distribut::o:-~ 

corresponds to seve:::--al tens of a photoelectrons. Thi~ 

looks like a "shO'vJe:::--" produced by the original sj ng_:_e 
photoelectron. Let's consider possible reasons for 
this. The data do not favor mecta~isms ~ike optical 
feedback prod~iced b~' lo'"! energ~1 ga'.'"':Ttas ::rom electro:::c: 
seat ter in(J r)n the surf ace of th!=' silicon. Such gr:rrm:--:.c 
should prcd~ce 3 very di:ferent angular distribu:ic:-. 
than that indicated iD fig.20. The effect is alsr 
difficult to explain by the backscattering of th~ 
secondary electrons from the Si S'Jrface. 
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A reasonable e:,:plar:atior. wcilld lY:: pcor 'Iaci;:~:n ~,

the HPD as illustrated in fig.23. The photoelec~rons. 
can ionize the resid~al gas in a collision betwecr. ?~ 
and silicon. The ionization potential is of order te~ 

eV so the initial photoelectrons do not lose 
significant energy. The produced positive ion wi=l 
accelerate in the electric field and can knock 01;t 
several additional photoelectrons depending on t~e 
energy of the ion (around 10 for 10 keV ion energy, 
[5]). A time jitter of around lC ns corresponds tc t~e 
signals which prod~ce the high side tail in the 
amplitude spectrum. In contrast, the gaussian pa1 t :-::c,:::: 

a time jitter of about 1 ns. The calculations shew 
that the 10 keV electron's transit time for 3 mm 
distance d (fig.23) is around 100 ps. A transit time 
of the ion will be more than 4.5 ns. The transit time 
of an oxygen ion will be 18 ns. Hence the calculations 
and the experimental da~a are ccr.sistent with the ior. 
feedback model. 

There is no getter in the HPD. ~evertheless a 
getter will be introduced in the final HPD desig: to 
avoid the possibility of outgass~r.g just as i~ tre 
case of regular phototubes. 

The data obtained were simulated by Monte Carlo 
method. We fit the single photoelectron spectrum 
(fig.11) by a polynomial corresponding to the tail 
plus an exponential distribution mostly responsible 
for the mair. part of the single photoelectron 
distribution (SPD, fig.24). The obtained curves for 
different photcelec~ror.s are in good agreement w~th 
the e~<perimental data (:ig.25). F·C)r tl-1e SPD t:--~~ ra.t=--·~~ 

of the area under the tail to the full area 0: tr:e 
spectrum is 0.3%. The c~t between the ta~l ar.d tt.e 
rest of the spectrum is shown as the arrow in fig.24. 
The analogical cu~s were applied cm t::.he spectra 'i'i~:-. 

the observed tails fer different amount of 
photoelectrons. The ratio of the tail to total a~ea as 
a function cf the mear; number photoelectrons is .co:ho'JJr. 
in fig.27. 

It's use~ul to note that the SPD shape can be 
used as \rer~' sensiti'Ie tool to check thr:::: HPD vac 1.~urr 

and we intend ~o use that shapr:::: in sorting ~he 
delivered HPD. 
3. We have observed a clear mip separation from 
pedestal by using HPD in a bea~ test of an HCAL 
prototype ~odule [6]. We also can demonstrate a ~i~ole 
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phOtOelect_rOfl SfJeCt~r·l1IT~ ri~re. C)~Jr ta~;}< ~lC~,T;"7 iS tJ --~ 2:<::~ 

such a data with "QJE" [7] readc111t b-:;c.h fo: DC ;=;: ·~; 

pulse mode. 
A detailed descriptic~ of the HP~ stJdy in a S Tesla 
magnetic field will be the subject of separate ncte. 
Our data show that t~e HPD can operate in the CM~ 
magnet. 

CONCLUSIOP 

The HPD' s are cho.se:-1 as photodetectors for t 'e 
HCAL subsystem cf CMS. Some 
for the final tra~sducer. 
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Figures. 

l.The hybrid photodiode schematic view. 
2~Setup to measure gain, linearity and nonuniformity cf the 
HPD. HPD - hybrid photodiode, WLS - wave length shift er, PI'.- -
photodiode, AW - attenuation wheel, LED - light emitted djc 
ADC - analog digital converter. 
3.Schematic view of the single channel HPD. 
4.The dependence of the HPD's amplitude on: a) photocathode 
high voltage, b) silicon bias. 
S.Setup for aging test. LED is working in DC mode. 
6.The HPD relative gain vs integrated output charge. 
7.Setup to measure aging in pulse mode. HP gen. - HErLE~~ 

PACKARD generator, PMT - photomultiplier. 
8.The oscilloscope traces of the HPD and HP generator's signa~2. 
9.Loss of the HPD signal due to the integrated output charge. 
10.The HPD amplitude vs high voltage with and without mag~et~c 

field. 
11.Single photoelectron spectrum. 
12.Front view of the 25 pizel HPD DEP. Pixel's size ~s 
3.3z3.3 mm2. 
13.The schematic view of the 25 pixel HPD DEP. 
14.The amplitude of the pixel of the 25 pizel HPD DEF vs 
high voltage. 
15.The spread of amplitude of the pixels. The fiber is exac~'.

in the geometrical centre of the each pixel. 
16.The rise ti~e and the full time of the output HPD signal3 
dependencies on bias '!Oltage. High voltage fixed as -8 k'/. 
17.The oscilloscope traces of the HPD signals under 20 Hz 
and 30 MHz of frequency. 
18 a,b. The amplitude spectra of the 25 pixel HPD under 
different light illumination. 
19.The amplitude spectra of the central pixel of 25 pixe~ -~ 
vs high voltage. The number of the photoelectrons is arouLd s. 
20.The amplitucie speGtra of the pizel #Sci for fiber pcsi+::.~c-.e·: 

on pixels ##Sd,4d,3d,~d,ld. Each picture shows two measureffie~- 3: 

one with light illumination and another, one without illumi~a-i~~. 
21.The amplitude spectra of the 7 pixel HPD under differe~t 
light illumination (for central pixel). 
22.The amplitude spec'::.ra of the central pixel of 7 p~xe_:_ '.-:PL 
vs high voltage. The nurnber of the photoelectrons is arc ~::ei r 

23.Picture illustrating ion feedback in the HPD. 
2 4. Approximated sing le photoe lectron di st r ibut ion (fig.::.~-) . 
The cut is shown by the location of the arrow. 
25.The amplitude spectra of the 25 pixel HPD (DEF) c1ri"':E:.=-:--~E~ci n·. 
Monte Carlo simulation. 
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26.The dependence cf area under the tai~ over the fu=~ ~rea 
in the spectru:n on the number of photoelectrons. The :-.·~~c: "·r 
photoelectrons is defined by the location o:: the ;r,az~:T.~:' :::):
amplitude spectra. 
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