NETAL SEM CONDUCTOR METAL PHOTODETECTORS Field of the Invention 'I%S)OOJE G
i nventi‘on concerns silicon netal -seni conductor-netal photodetectBTHP R COF/
Bac\lgground of the Invention The nonolithic integration of a photodetector

wi tth~ silicon electronics is very attractive fromthe standpoints of cost

and yield. Mnolithically integrated ﬁl]lCOﬂ receivers, that is silicon

phot odi odes, on the sane chip as CMOS*Circuits, is an attractive

alternative to hybrid receivers, e.g., InGAs photodi odes bonded to 10

CMOS or &As ciMﬂDﬁESEMONDﬂCT@RMFIMEPMGDETE@T@R&rS can be

fabri cat ethaal Eﬁieg gﬂdard silicon processes and therefore are expected
to be the hybrid designs. Mtal-sem conductor-net al

(MSM) phot odi odes Tiis invepliemeancems silidon metakisemidondyctof-mitadi | i con Very Large
Scal e I nt gﬂbﬁfdbﬁ&ofsVLS') However, 'Si phot pdetectors have typically slow

response eto carrier, life 15 (~1-10 [err]) and | ow absorption .
coef fi cP e d(glmlmh%/ gynyentionght . Sunmary of the |nvention

The monolithic integration of a photodetector with silicon electronics is

very attractive from the standpoints of cost and yield. Monolithically integrated !
silicon receivers, that is silicon photodiodes, on the same chip as CMOS circuits, is
an attractive alternative to hybrid receivers, e.g., nGaAs photodiodes bonded to
10 CMOS or GaAs circuits. The monolithically integrated receivers can be fabricated
using the standard silicon processes and therefore are expected to be of lower cost
than the hybrid designs. Metal-semiconductor-metal (MSM) photodiodes offer
planarity and compatibility with silicon Very Large Scale Integration (VLSI).
However, Si photpdetectors have typically slow response due to long carrier life
15 (~1-10 ps) and low absorption coefficient (~10-100/cm) of light.
Summary of the Invention

: This invention embodies MSM photodetectors fabricated on a silicon
substrate. The MSM photodiodes are produced using implanted n-type Si and
interdigitated electrodes. The implantation process decreases the carrier lifetime by

20 several orders of magnitude and increases the absorption coefficient at photon
energies lower than band gap of Si. By implanting silicon with such ions as fluorine
or oxygen, the bandwidth is increased relative to unimplanted MSM photodetectors.
The implanted detectors exhibited 3-dB bandwidths which were faster by an order of
magnitude compared to their unimplanted counterparts. The detectors are thus

25 compatible with multi-gigabit per second operation and monolithic integration with
silicon electronics.

Brief Description of the Drawing
FIG. 1 is a top view of an MSM-photodetector;

: FIG. 2 is a side view, in cross-section, of the MSM photodetector taken
30 along line 2-2 in FIG. 1; and
FIG. 3 are plots of frequency response for MSM photodetectors
fabricated with different implantation doses.
Detailed Description
In FIG. 1 is shown a top view of an MSM photodetector, 10. In FIG. 2
35 is shown a side view, in cross-section, of the MSM photodetector, taken along line

2-2in FIG. 1. T A § SR :
T % - i., '- ’ig g} g,s o

L%



This invention enbodi es M5M phot odetectors fabricated on a silicon
substrate. The MSM phot odi odes are produced using inplanted n-type Si and
Pnterdigitated el ectrodes. The inplantation process decreases the carrier
lif-etime by 20 several orders of magnitude and increases the absorption
coefficient at photon energies | ower than band gap of Si. By inplanting
silicon with such ions as fluorine or ®xygen, the bandwi dth is increased
relative to uni npl anted MSM phot odet ectors. The inpl anted detectors

exhi bi ted 3-dB bandhed$M phiotadhtestor embadying thginventiondrcludss amainoft ude
conpared t ' [ : e j 25
compat bl et Foltaip, g Tp e N BRALS clectbucstI PRAPLE relpbahl”

i nt egr at i oftlhglectrodes on-ene contast £@n i bare dpnatad hysthe same nymber (18hwhilg awi ng FI G
1 is a topeléttydesbn afothEr\dontiet, e 3612 r® denddd by theistme difféient\hufiter | N

cross-section, .of the MSM phot odet.ector fakernn 30 along.li.ne 2-2 in FIG 1,
and 1 3 300 The gpnbacs atF B s S e ymade. 13y MRRIRMEA JithdSRs Bt
f abri cat edswfdch ofla kilicow nibstrae] H6)tQhe ofithe osmtacts, e.g. 11, is bias connected via a

lead, 17, to a source of voltage (not shown), while the other of the contacts, e.g. 13,

is connected via a lead, 18, to ground.
An exemplary embodiment of the MSM photodetector is constructed as
10 follows:
~ An n-type Si wafer with a carrier concentration of 5 X 10"%cm—3 was
diced into 2 cm. X 3 cm. pieces and implanted with ions selected to result in the
decrease of the carrier lifetime and increase in the absorption coefficient. In the
exemplary embodiment, silicon substrate was implanted with 19E+ jons with an
15 energy of 280 keV which have a range of approximately 5300A and a straggle of
1200A. Four different doses of 102, 1013, 10'* and 10'° cm~2 were employed
along with one unimplanted control sample. Subsequently, interdigitated metal-
" ‘semiconductor-metal (MSM) diodes were formed by depositing Ni/Ti (500 R/SOO K)
Schottky contacts 11 and 12 via electron beam evaporation and patterning of the
20 interdigitated electrodes 13 and 14 via a standard photolithographic liftoff technique.
The electrodes were formed with spacings, 19, between the electrodes being 1, 1.5
and 2 um with electrode widths being identical to the inter-electrode distance. This
means that 50 per cent of the detector area was available for exposure to an incident
radiation. SiO, was then deposited on top of the contacts, the electrodes and open
25 implanted areas of the silicon surface, using plasma enhanced chemical vapor
deposition (PECVD). The oxide was deposited at 200°C so as to cause a mild
annealing of the implant. SiO, is depositéd in a thickness ranging from 1000 to
SOOOR, with 3000A being preferable. The oxide was then patterned via reactive ion
etching (RIE) and interconnect metallization leads 17 and 18 consisting of Ti/Au
30 (100 A/1000 A) were deposited on the implanted silicon surface. The interconnect
metallizations were designed so that the devices were compatible with high-speed
on-wafer probing.
DC electrical characteristics of the detectors were measured. Typical
values of the dark current for the MSM photodiodes were of order 10 nA at a bias of
35 5 V. The dark current does not appear to be a strong function of the implant dose.
To measure the responsivity of the p}Tgtédiode to radiation impinging on the area
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Detailed Description In FIG 1 is shown a top view of an MSM phot odet ect or,
10. 'I.Ln FIG 2 35 is shown a side view, in cross-section, of the MSM

phot odet ect or, taken along |ine 2-2inFIG 1. -2- The MSM phot odet ect or
enbedyi ng the invention includes a pair of netal contacts, 11 and 12,
havi ng interdi gi tated el ectrodes, gnd 14, respectively. Al electrodes
on:one contact, e.g. 11, are denoted y the sane nunber (13) while

el ectrodes on another contact, e.g. 12, are denoted by the sane different
nunber 5 (beWeen Theeeleatrodes; an AdGeA&dioﬂeilasetfwﬁhanbhﬁssionsma\febangth df%70i npl ant ed

eg 11 ."2*"% ISl ndls RS boA GRS ikl of e deBFu wlllC (0, 7'
shown), wePpRl eph@pdmct@mﬂw M elegtrode spacing. Appraximateln300 WWa a | ead,
18, to gres Bﬁt-lcal power was incident on the photodetector. The internal quantum efficiency
5 asa function of implant dose is shown in Table 1. The unimplanted detectors exhibit
efficiencies of 60 per cent and the efficiency decreases monotonically with
increasing dose of ion implantation to a value of about 10 per cent for detectors

which were implanted with a dose of 10!° cm~2

TABLE 1
10 Implant dose (cm™ 2y Internal Quantum Efficiency
0 0.59
1012 0.19
1013 0.19
10141 0.10
15 1015 0.09

In order to investigate the high-speed characteristics of the
photodetectors, the AlGaAs diode laser was connected through a high-frequency bias
network to an electrical output of an optical component analyzer which has a
measurement capability between 130 MHz and 20 GHz. The frequency response of

20 thelaser was measured using a fast p-i-n diode, the output of which was connected to
the electrical input of the analyzer. The modulated optical output of the laser was
then focused onto the MSM photodetectors with 1 um inter-electrode spacing. The
reason for the selection of 1 um inter-electrode spacing, and not the 2 um spacing, is
for maximization of the bandwidth which is approximately inversely proportional to

25 interelectrode spacing. Frequency response characteristics of the photodetectors
were then evaluated by subtracting the laser response (in dB) from the laser and
photodetector response. The measured frequency response for the photodetectors
with various implantation doses is shown in FIG. 3. The modulation bandwidth of
the photodetectors was observed to be a monotonically increasing function of the

30 implant dose. The bandwidths ranged from approximately 300 MHz for the
unimplanted devices, to greater than 4 GHz for the devices implanted with doses of
10'4 and 103 cﬁ'z. Existing measurement system prevented measurements at
frequencies larger than 4 GHz. However, it is expected that the bandwidth will be
between 6 and 10 GHz. The DC and high-frequency data indicate that substantial



An.exenpl ary enbodi ment of the MSM photodetector is constructed as 10
fol]l'ows: An n-type Si wafer with a carrier concentration of 5 X [err] was
diced into 2 cm x 3 cm pieces and inplanted with ions selected to result
in tshe decrease of the carrier lifetinme and increase in the absorption
coefficient. In the exenplary enbodi nept, silicon substrate was inpl anted
with [err] ions with an 15 energy of 280 keV which have a range of
approximately [err] and a straggle of 1200A. Four different doses of [err]
and [err] degseasesimgheaietlifotinesaneibronght aboutby don iseplantation; allewing|for
Subsequent i I g4 - b Gpadied fic i S were
&Mcm#BﬁEﬁﬁkﬁf%@%ﬁﬂ?gﬁ??&ggﬁ?ﬂk ﬁﬁgﬁ&%ﬁébn ghQE%Q?

formed by depositing tky contacts a via el ectron

ot
beam evapoPkatpdateciors relativede ymjmplanted photodetectonse Ihispxperimgntshews thies 13 and

14 via a Sphoteddtebiors 8hwd bdeh Fabirated wHitH &0te dpRedict at\data rilks ofbévetdl 0des wer e
he el ectrodes, be 1.5 and 2 [err]

formed w th, spaci ngs 9., bet ween ng.l,

with el gctﬁ’@ﬁﬁ&ﬁ"ﬂ%ﬁ?“é’eﬁﬁ@“f’ﬁﬁ? OMANGS {3AEPPieh Pl ORISR st ance.  Thi s
means that 50 per cent of the detector area was avail able for exposure to
an incident radiation. [err] was then deposited on top of the contacts, the
el ectrodes and open '




25. |rrpl ant ed areas of the Siticon surface, using plasma enhanced chem cal
vapor deposi ti orilhfs sBe&h& lcedde was deposited at [err] so as to cause a

m | d anneal i ng of 'l WII\‘[err] is deposited in a thickness ranging
ctrve ron e

from 1000 to [err ei ng preferable. The oxi fgHMRASH &WHAS.BEEN
patterned via rea and i nterconneft ne gy i on

| eads 17 and 18 consi sting of T|/Au 3 (100 A/ 1000 A) .
the i.nplanted silicon surface. The interconnect netallizations were
desi gned SalMSit the devices were conpatible with high-speed on-wafer

probing. DC el ecty] Mneﬁhﬁnﬁ@érﬂfubﬁinﬁ‘e'ialcﬂh&éa‘?o&%lﬁ% %ﬁ%ﬁﬁﬁﬁsﬁﬁéﬁur ed.

PA et e b SUESBIC ) a8 PR ALSRAEEITER) FOttds | A SBRSF SEOBER S rong
function afftndrmmuw&atamcmmm ’IrHAnes ponsivity of the photodi ode
to radi 8 tion inpi n&u? gpp%? sxtlr?aece?fﬁeis impliucl)’t_ed with ions selected to decrease
carrier lifetime and to increase the absorption coefficient of the silicon substrate,
each of said contacts (11, 12) has a plurality of electrodes (13, 14)
projecting laterally toward another of said contacts, said electrodes being
interdigitated each relative to another,

10 the spacing between adjacent electrodes and between the electrodes and
the opposing contacts being identical, and the width of the electrodes being identical
to the said spacing.

2. The MSM photodiode of claim 1, CHARACTERIZED IN THAT said
silicon is an n-type silicon with a carrier concentration of 5 X 10¢cm™3

15 3. The MSM photodiode of claim 2, CHARACTERIZED IN THAT said
ions are " F+ ions or oxygen ions.

4. The MSM phbtodiode of claim 3, CHARACTERIZED IN THAT the
implantation dose ranges from 102cm=2 to 10 cm 2.

5. The MSM photodioae of claim 1, CHARACTERIZED IN THAT said
20 contacts are Ni/Ti Schottky contacts.

6. A method of fabricating a MSM photodiode, CHARACTERIZED BY

ion-implanting a surface region (15) of a silicon substrate (16) with a
dose of ions selected to result in the decrease of the carrier lifetime,

deposition on said region a pair of spaced Schottky contacts (11, 12) by

25 e-beam evaporation,

forming a plurality of interdigitated electrodes (13, 14) on adjacent
facets of each contact by means of photolithographic liftoff techniques, and

forming metallization leads (17, 18) to each contact for connection of
one contact to bias and of another contact to ground.

30 7. The method of claim 6, CHARACTERIZED IN THAT said silicon is

A



bef ween the el ectrodes, an Al GaAs diode | aser with an em ssion wavel ength
of, 670 'nm was coupled into a single node optical fiber. The output of the
fi ber was then coupled to the photodetector with 2 [err] el ectrode spacing.

Approxi mately 300 [err] of optical power was incident orn Ttl-ﬁ§ g? .
The internal quantumefficiency 5 as g function of inpl4nt d%%3 %ﬂ%ﬂ n
Table 1. The uninpl anted detectors exhibit efficienciesl &) é‘rA EBnt anfi
the efficiency decreases nobnotonically wth increasi,ng dose of ion

i mpl ant at | ¥rn-bpegilican witho casties pongentrgiien efhx 1Qr clet’ect or s whi ch were
inplanted with a dose of [err]. TABLE I 10 | mpl ant dose [err]

Internal Quantum Eff[ciency 0,59 [err 19 [err
010 [orr] 3. "The gt fslaim 7 CHARACTERIZED IN THAT siid fopé it o g |1
order to il\Resiongat exygen idtisgh- speed characteristics of the

9. The method of claim 8, CHARACTERIZED IN THAT the
5 implantation dose ranged from 10'2cm=2 to 10"* cm 2.

10. The method of claim 6, CHARACTERIZED IN THAT the said
contacts are Ni/Ti Schottky contacts.
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phot odetectors, the Al GaAs diode | aser was connected through a
hi.gh-frequency bias network to an electrical output of an optical conponent
anal yzer whi ch has a neasurenent capability between 130 Mz and 20 GHz. The
fregquency response of 20 the |aser was neasured using a fast p-i-n diode,

t he out put of which was connected to the electrical input of the analyzer.
The nodul ated optical output of the |laser was then focused onto the NMSM

Cel cotion of 1 RHERAL SEMTCOhBraRR NSk AT PR HETREIORT CT' | °C oot ng,
is for rraxmfbs:x:ttégn of the bandw dtg which is approximately inversely
ELQPSLE Ie(rjlngtl cs of EM gir;f’%{"?f&é‘{‘ %em%gufﬁgq&'g%a‘{%gby subtracting
the | aser nmsmwd(alwm@s f1Boh)tdeposited on thenimplansed surfase {bY)- r'lé@ponse The
measur eds f EEfYn pRR %%@refa&"s tﬁ@@arﬁ&qife@ﬁ& gfse&e%alvura&s bfhial

|rrplantat|on oses own i n . The_nodul at 1. on  bandw, dt h of t he

phot odet ec®yimplaniing silicoy éﬂtht@%‘@e ar Wdﬁ? bandwidthis increasad relatively on of
the 30 i M animplaficl MEM ad&eaéﬂasmem Eﬂyfrﬁﬂaﬁté@ph&bdétaéteisy 300 MHz for |

t he uni npl ant.ed es e e V|ces | | ant ed
with doses 6#‘% ‘%‘f?]db;'?ﬁdr’éﬁlf‘ﬁqw e§‘f aﬁtgrh%ag H’F‘{?ﬁﬁﬂ 59‘51 ed
measur enenttiseisinimplanted counterparts. The detectors are thus compatible with multl-glgablt

10 per second operation and monolithic integration with silicon electronics.

Figure 1



freguencgites larger than 4 GHz. However, it is expected that the bandw dth
w I'l be between 6 and 10 GHz. The DC and hi gh-frequency data indicate that
'subst ant i al -4- decreases in the carrier lifetimes are brought about by
lon inplantation, allowing for at |east an order of magnitude increase in
. the nmeasured m crowave bandw dth of the;&‘uot odetectors relative to

uni npl ant ed phot odetectors. This experinent shows that photodetectors have
been fabri caﬁ@ni cry can be operated at data rates of several 5
gi gabi ts per “s€cofd. ‘Even better,performance is expected with optini zation.
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1* A 'netal - senm conduct or - net al phot odi ode whi ch conprises a silicon
substrate (16) and a pair of spaced netal contacts (11, 12) on an upper
surface (15) of the silicon substrate, CHARACTERI ZED I N THAT 5

sai-d upper surface (15) is inplanted with ions selected to decrease carrier
lifetime and to increase the absorption Qﬂbfficient of the silicon
substrate, each of said contacts (11, 12) has a plurality of electrodes
(13, 14) projecting laterally toward anot her of said contacts, said

el ectrodes being interdigitated each relative to another, 10 t he
spaci ng between adj acent el ectrodes and between the el ectrodes and the
opposi ng contacts being identical, and the wiwdth of the el ectrodes being
identical - to the said spacing. 2. The MSM phot odi ode of claiml1
CHARACTERI ZED I N THAT said silicon is an n-type silicon with a carrier
concentration of 5 x [err] 15 3. The MSM phot odi ode of claim 2,
CHARACTERI ZED I N THAT said ions are 19 F+ ions or oxygen ions.‘f. The MSM

phot odi ode of claim3, CHARACTERI ZED i N THAT t he
) |
T £ -
.
5 = i
w e
'—c /
pum. - )
N
o~
i -
£
(&)
~” -
=)
- - ——
I~
pe
Aoy €O
-
- [ &
=
Lad
- >
(=4
Lad
- (=
L.
ot 7
&)
N e
& 1 1 1 1 1
o
w o
Lad '
(7s]
=
o
5=
Lad

Lo R
i
bt
- 1
-
—
PRI,
Rorgpcr ol
N
Maivey



.i'rrpl antation dose ranges fromf[err] to [err]. 5 The MSM photodi ode of

claim1 ,

CHARACTERI ZED I N THAT said 20 contacts are N/ Ti.ScholtKky

contacts. 6. A nethod of fabricating a MSM phot odi ode,

L] . N -
ion-inplanting a surface region (15) of a silicon subst?j?f %EEWET

dose of ions sel-ected to result in the decrease of the c3
deposition on said region a pair of spaced Schottky contg
e- beam evaporation, formng a plurality of interdigitated
14) on adjacent facets of each contact, gy neans of photo

liftoff techniques, and formng netallization |eads (17, !
cont act forcfa(g'rl]’rs]gction of one contact to bias and of anot
ground. 30 *

rier _ljfetine,
cts '(lﬁfff*?i%}%by
lectrodes (13

i t hogr aphi c

her contact to

7. The nethod of claim6, CHARACTERI ZED | N THAT sai d

silicon is L. A meual-semiconductor-metal photodiode which comprises a silicon
substrate (16) and a pair of spaced metal contacts (11, 12) on an upper surface (15)

of the silicon substrate, CHARACTERIZED IN THAT

5 said upper surface (15) is implanted with ions selected to decrease
carrier lifetime and to increase the absorption coefficient of the silicon substrate,
each of said contacts (11, 12) has a plurality of electrodes (13, 14)
projecting laterally toward another of said congacts, said electrodes being

intardigitated each relative to another,

10 the spacing between adjacent electrodes and between the electrodes and
the opposing coatacts being identical, and the width of the electrodes being identical

to the said spacing.

2. The MSM pl_xotodiode of claim 1, CHARACTERIZED IN THAT said
silicon is an n-type silicon with a carrier concentration of 5§ x 10'9em 3.

15 3. The MSM photodiode of claim 2, CHARACTERIZED IN THAT said

ions are ' F+ ions or oxygen ions.

4. The MSM photodiode of claim 3, CHARACTERIZED IN THAT the

implantation dose ranges from 102em™2 w0 105 em 2.

5. The MSM photodiode of claim 1, CHARACTERIZED IN THAT said

20 contacts are N¥/Ti Schottky contacts.

6. A method of fabricating a MSM_ photodiode, CHARACTERIZED BY .
ion-implanting a surface region (15) of.a silicon substrate (16) with a
dose of ions selected o result in the decrease of the carrier lifetime. and to increase

the absorption coefficient of the silicon substrate,

deposition on said region 2 pair of spaced Schottky contacts (11, 12) by

25 e-beam evaporation, :

forming a plurality of interdigitated electrodes (13, 14) on adjacent
facets of each contact by means of photolithographic liftoff techniques, and
.. forming metallization leads (17, 18) to each contact for connection of

one contact to bias and of another contact to ground.
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. 6 - an n-type silicon with a carrier concentration of 5_x [err]. 8. The
. mefhod of claim?7, CHARACTERI ZED I N THAT said ions are | LA@IM}*ET
“ions. 9. The method of claim8, CHARACTERI ZED I N THAT t hg ka2l mcy

dose ranged from[err] to [err] . 10. The nethod of claimp, Q}HARACTERI%E[
| N THAT the said contacts are Ni/Ti Schottky contacts. 13 APR 1998

-6-

30 7. The method of claim 6, CHARACTERIZED IN THAT said silicon is
an n-type silicon with a carrier concentration of 5 x 10'6cm™3.

8. The method of claim 7, CHARACTERIZED IN THAT said ions are
19 F+ ions or oxygen ions. '

9. The method of claim 8, CHARACTERIZED IN THAT the
5 implantation dose ranged from 10/2¢m =2 to 109 em~2.

10. The method of claim 6, CHARACTERIZED IN THAT the said
contacts are Ni/Ti Schottky contacts.
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