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F&H Applied Science Associates, Inc. PO Box 
x 853, Moorestown, NJ 08057   (609) 235-6781 Phone/Fax 

Contract #N00421-97-C-1204 
Item 0003AC Final Option Period Report covering May 5, 1998 to August 5, 1998 
Project title: Large Area, High Speed Photodiode using Metal-Semiconductor 

Metal(MSM) Device 

This is the Final Report/Scientific Technical Paper on the project titled "Large 

Area, High Speed Photodiode using Metal-Semiconductor-Metal (MSM) Device" 

covering the Option period from May 5 to August 5, 1998. A review of the main scope of 

the project and a summary of the Phase I work will be presented. The Option work tasks 

and results will be reproduced. This report concludes with a summary of Option 

completed work and discusses the plan of Phase II. 

Review 

This project concerns with the development of a large area, high speed 

photodetector with gain. It involves the incorporation of a metal-semiconductor-metal 

(MSM) device as the anode in a large area phototube that currently uses a Schottky diode 

[1]. This phototube, or intensified photodiode (IPD), is expected to exhibit a gain of 

greater than 103, noise figure less than 1.5 dB, and a bandwidth greater than 10 GHz, 

while maintaining an 10 mm or larger active area. The device will be useful in free space 

communications, such as satellite to satellite links, and in a variety of Light Detection and 

Ranging (Lidar) applications. Specifically, this device functions in the blue-green region of 

the spectrum, where Navy aerial Lidar operates. 

Most  current  systems employ  silicon PIN  diodes,  InGaAs  Schottky  diodes, 

photomultiplier    tubes    (PMTs),    and    silicon    avalanche    photodiodes    (APDs)    as 

photodetectors.    Each photodetector has advantages and disadvantages.    The discrete 

device photodetectors such as the PIN and Schottky diodes can provide high bandwidth, 

but suffer from small active area.  For example, a silicon PIN with a 0.4 mm active area 

has a bandwidth of 1 GHz, responsivity of 0.6 AAV with a noise equivalent power of 71 

pW/Hz1'2.   An InGaAs Schottky diode with a 25 mm active area has a bandwidth of 6 

GHz, but lower responsivity of 0.2 AAV with a noise equivalent power of 60 pW/Hz1/2. 

On the other hand, a PMT and APD can provide large active area and detection of low 
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light levels, but suffer from bandwidth limitations. For both these devices the 

amplification process limits the time response. For a side-on PMT with an active area of 8 

mm, the responsivity is greater than 105 AAV, the noise equivalent power is 5xl04 pW/ 

Hz1/2, but the bandwidth is less than 100 MHz. A silicon APD with 10 mm active area 

exhibits a responsivity of 0.35 AAV with a gain of 80, a the noise equivalent power of 

4xl0"4 pW/ Hz!/2 , but also has a bandwidth less than 100 MHz. The IPD combines the 

high speed capability of a discrete device as the anode with a fast electron transit time and 

amplification process. Currently the IPD has a bandwidth of 2-3 GHz, however the 

incorporation of the MSM as the anode should increase the speed beyond 10 GHz while 

maintaining the current device size. The proposed device will have large area and high 

speed beyond what is available today, thus it will be a significant addition to 

photodetectors used in communications and in Lidar. 

The vacuum photodiode or intensified photodiode (IPD) consists of an 8 mm 

photocathode, an electron focusing and accelerating structure, and a electron bombarded 

semiconductor device. A block diagram is shown in Figure 1. Incident photons strike the 

surface of the blue-green sensitive GaAsP photocathode, which creates a beam of 

photogenerated electrons within the vacuum tube. The beam of electrons is accelerated by 

a voltage of several kV applied across the vacuum tube and focused by two electrostatic 

rings. The focused beam of high energy electrons bombards the semiconductor device 

which generates carriers greater than 1000 times the number of incident electrons via 

impact ionization of the semiconductor lattice. 

Electron bombarded GaAs devices that have been used include a 0.5 mm PIN 

diode, a 0.5 mm Schottky diode, and a 0.3 mm Schottky diode. The IPD has a large 

active area with high gain, however the speed of the device is limited by the electron 

bombarded device. To increase the speed of the IPD, the size of the diode should be 

decreased, however, the spot size of the electron beam is approximately 200 urn and limits 

how small the diode can be to achieve proper focusing.  These limitations set the design 

N00421-97-C-1204 
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criteria of the rep« MSM at a minimnm aettve area of 300 ,m x 300 urn w,th a 

bandwidth of at .east ,0 GHz, wh.ie maintaining the electron bombardment gam. 

GaAsP Photocathode 

focusingelectrode rings 

Output 

Figure 1. Intensified Photodiode Structure 

The MSM device offers many 

GHz [2], low capacitance due to the 

ease and low cost of fabrication. The geometry 

2 and consists of metal pads and electrodes deposited on bulk GaAs. 

advantages including bandwidths exceeding 100 

interdigital electrode structure, low dark current, and 

of an interdigital MSM is shown in Figure 

i 
L 

Figure 2. MSM Device 
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The electrodes have a length L, width W, and gap spacing G. Essentially, the device is 

two Schottky diodes in a back-to-back arrangement, since one electrode has a positive 

bias and the other a negative bias. 

Phase I Summary 

The technical objectives of Phase I were to develop the program specifications, 

design the large area, high speed photodetector to these specifications, and completely 

characterize the MSM device optically for use in a prototype unit to be fabricated during 

the Option. 

The program specifications included development of a photodetector with a 10 

mm area, gain greater than 10\ noise figure less than 1.5 dB, and bandwidth greater than 

10 Ghz. The plan for the design of the 10 GHz photodetector was developed in a two 

step process. First a lower bandwidth prototype will be evaluated where the anode 

replacement of the IPD is the MSM device. The MSM would provide an increased 

bandwidth of the IPD from 2 GHz to 4 GHz. Design, fabrication, and characterization of 

the MSM was the main focus of the Phase I work. Information gained from the prototype 

would be used to fine tune the design for the 10 GHz photodetector. 

The initial design of the MSM for operation to 5 GHz was performed using a 

simple one dimensional photodetector model. An MSM with area 300 urn2, electrode 

width of 8 um and gap of 4 um was determined to be the optimal geometry. The electron 

bombardment gain of this device was predicted to be 1450. Although, these one 

N00421-97-C-1204 
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Ä- - ade^e for «* des,n, • - d— mode, of e.ec.ron 

■— penance was deve.oped.  0*. *. - naode,, a o— of 4 OH, 

andt^? ,055 «ere preeae.ee for *. above MSM ander e,ee«r„n bombardment. 

the  raode,s  deve.oped  can  Cose,  P^et  ÜK  MSM   performs  nnder  e.eetrcn 

bombardment. 

u-   f   c of Phase I have been met with great success.   It has been 
All of the objectives ot Fnase i iwvc u 

show„ « rep.aeeme, of «be TO anode w.rb a meeabsen—r-mera, devrce ear, 

increase the overa,, pbo— speed wabour compr„m,sing «be ac„ve area, no,se, or 

gam. 

Work Plan for the Option 

Four specific tasks were outlined for Phase I and include: 
•   ♦■     „fth^fiHz MSM device and MSM-lfuaereuui. 

Task III. Complete characterization of the 3 GHz MS 
This task involves the complete characterization of the 3GHz M 

,      ,       There are   three subtasks(IIIB-D) defined 
integrated  MSM-IPD detector.   There are   tmee 

which involve a proof of concept demonstration of the detector. 

ffl_B MountmgofthethreetofivebestMSMdevicesonheaders. 

Tc Complete characterization of  the mounted   MSM devices under election 
III-C. <~ompi .ned   w.th   dectron 

bombardment.    Correlation   of   the   results 

bombardment and optical characterization. 

08/14/98 
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II1D ^corporation  of .he bes,  MSM  device  into  .he  .PD  and  complete 

characterization of the novel  IPD.  includ.ng bandwidth,  notse,  ga.n, 

responsivity and dynamic range. 

Task IV Electromagnetic focusing optimization. 

' Magnetic focusing, to assrst the electric focusing of the IPD, wul be 

investigated. 

Tack TUB 
The MSM devices that were fabricated in the Drcxe. Univers.ty Ceanroom were 

UMble t0 oe wire bonded due to poor e,ectrode «* adhes.on to the GaAs wah. 

Therefore, a complete set of MSM devices were fabneated on — ^   »' 

Intevac facility clean room.  Two MSM devices were successful mo„n,ed on IPD 

headers. 

TaSkIIöC„e wanted MSM device showed asymmetric behavtor under da* conditions 

and „as determined to be defective. The second device (ha, »as mounted was 

s«,iy tested opticaiiy. The PC da. and pho.oresponse da(a is " ^ ^ 

The dev.ee shows exceiien« symme.ry and pho.oresponse of near,y 0 3 *W b 

I ,a er of m.ermedia.e Growth Temperature (,GT, GaAs sbowed dark current ieveis 

nis L ,0 nA for «he same range of PC bias vo,tages wr.b s,m,r pho.orespo^ 

rest,,, Comparison of these results proves .he benef,. gained when „s.ng .he IGT GaA 

I convenL, GaAs.    Measureme, of «he op.iea, f„ response show. 

Ldw,d,h „f 4, GHz, dearly .ndieating .bat the mount.ng -* *^ « "^ 

parasiiies the, limtt the response of the MSM «o a bandwidth of ,ess .han 5 GHz. 

stud.es will be conducted to determine the limitations a. 10 GHz. 
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Figure 3. Mounted MSM DC Results 

Two other devices were aiso mounted on a substrate «hat is .nserted into a 

m,_ test fixture to he used for the DC electron bombardment test. The two devtces 

„ouuted were devtces with electrode widths of 4 pm and spacing of 4 and 5 put (W4G4 

and W4G5) from the same wafer as fine device mounted on the tnfre header as shown 

above   These two devices were hombarded with a beam of e.ec.rons „sing a scann.ng 

e,ectron microscope. The microscope beam was expanded to cover the entire act.ve area 

of the dev.ee,   Unfortunately both devices were shorted while attempting to determ.ne 

the proper electron beam current and spot size. The test procednre ,s being rev.ewed and 

another set of devices «ill be mounted to test nnder electron bombardment. 

TaSkTis task concerns the integration of an MSM device tn.o the IPD and complete 

Caractenzat.on of the prototype MSM-IPD.   After optical,, characterizing the mounted 

08/14/98 
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,- A     task IIIC the header was returned to Intevac, tested upon return 

of the prototype. The prototype MSM.PO falcated — - • « £ ^ 

GaAsP acttve .ay« pho.oca.noae and an MSM anode with a tota, area of 300 m 

electrode width of 8 |im and gap of 4 \im. 
■ •      the MSM-IPD   various parameters were either measured o. 

In characterizing the MMVi iru, v 

caleulated from measured valnes. The parameters are as follows: 

• photocathode dark cmrent 
• anode dark current 
• MSM-IPD dark current 
• photocathode quantum efficiency 
• MSM-IPD responsivity 

• gain 
• signal/noise ratio 
• noise equivalent power (NEP) 
• detectivity (D*) 
• frequency response 

The MSM-IPD operating parameters that are varied include: 

•    Anode bias: 1-15V 
.    Eiectrcn Beam Voltage   -2500   500C«OO V ^ 
.    Input optical power levels (DC). 25, 3U,   3, 

nW 

the > ^SM anode dark current which showed a significant 
The first measurement taken was the .. .SM anode 

•   K H    n,- from the previously measured results.   A comparison of dark curren 
change in behavioi fiom the previou y 

u        f     nn the mounted IPD header, and in the MSM-IPD are sno 

:::;;;:: 11 -- -*,,,^——- - - • 
is a typjcal value for most of the same 

dark cnrren. level 1.25 pA a, 15 ^ ^^ 

geometry MSMs measnred on «he sanre wafe,.   The MSM d 

^  —— ■ ~ 08/14/98* 
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■   ,   , Hue to the asymmetry introduced by the substrate mounting technique, 
symme.ry >s ,os, due to    e a ^ ^ ^ ^ ^^ 

the va,„e of da* curtent ,s s,m. a ^ ^^ ^ ^ 

Repeating the same measurement of the MSM ^ 
the dark cutten« fot a positive applied bias ,s much smaiie,, 50 nA at + 

0.26 pA at -15V as indicated by the y-axis on the tight of the chart. 

-4        0 4 

Bias (volts) 

Figure 4. MSM Dark Current Comparison 

•       f the MSM-IPD  the phototube assembly is baked for an extended 
During fabrication of he MSM M>. ^ ^ ^ ^ _ ^ R ^^ 

period of time at a high temperature. conditions 

responsivityoftheMSM. 
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It is believed that the reason for the poor performance of the MSM anode is due to 

wire bonding technique used for the MSM planar electrode contact to the bottom 

conductive material. The wire bond connection could be open caused by a broken bond 

or wire during the baking process. This leads to a reduced current since the MSM 

essentially becomes a vertical device between the one top-side contact and the backside 

through the undoped and semi-insulating GaAs layers. This would also explain the 

asymmetry simply due to the contact differences of the top-side which is a titanium to 

undoped GaAs, while the bottom contact is gold to semi-insulating GaAs, leading to 

completely different barrier heights and dark current levels. 

The static experimental results of the MSM-IPD is shown in Figure 5 with an 

electron energy of 8000 eV and MSM anode bias of 12V. 

-0.60 
-5.00E-05 -3.05E-05 -1.09E-05 8.59E-06 2.81 E-05 4.77E-05 

Time (sec) 

Figure 5. MSM-IPD Responsivity Data 

Due to the damage incurred by the MSM during the fabrication process, the overall 

performance of the MSM-IPD was affected.   A typical responsivity level of 100 AAV is 

N00421-97-C-1204 10 
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expected for an electron energy of 8000 eV with optical power levels of a few nanowatts. 

As seen in Figure 5, the optical power levels needed to acquire an output signal were 

hundreds of microwatts with a responsivity of 0.2 AAV. The photocathode quantum 

efficiency of the MSM-IPD was good and measured to be 0.28, thereby further indicating 

the effect of the MSM anode on overall performance. The frequency response of the 

MSM-IPD is limited by the response of the MSM anode to 2.1 GHz. Table 1 gives a 

complete listing of the MSM-IPD performance. 

Table 1. MSM-IPD Characterization Results 

Photocathode Dark Current (nA) 
Anode Dark Current (nA) 
IPD Dark Current (nA) 
Photocathode Quantum Efficiency 
Responsivity (AAV) 
Gain 

0.58 
32.1 
41.1 
0.28 
0.163 

S/N (dB) 
NEP(pWAJHz) 
D* (cm-HzAV) 
Bandwidth (GHz) 

NA 
5.7x10' 

5.56X1011 

2.1 

During a visit with Intevac, the MSM-IPD was cracked and confirmed that the 

wire bond .broken as hypothesized. Alternate options for MSM mounting were 

discussed with Intevac. 

Task IV 

Task IV involves applying a magnetic field in addition to the electric field to 

improve the electron beam focusing. No systematic procedure was used in improving the 

focus. For an IPD with a 0.3 mm Schottky diode anode, the addition magnetic field is 

necessary to acquire any signal. The IPD is manufactured using proximity focusing which 

means no attempt is made during the manufacturing process to determine the proper 

N00421-97-C-1204 11 
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p.acemen. of the anode «o provide maximum coupling of the electron beam.   An organic 

doughnut shaped magnet is used and proper piemen, of the magnet ,s done by tnal and 

error. 
Option Summary 

The objective of the Option work plan was to fabricate a prototype MSM-1PD 

photodetector.   This inc.uded the mounting of MSM devices, subsequent optteal and 

e,ec«ron beam characterization, and finally in.egrafion of the MSM as the anode of the 

,PD   The monnttng and optical characterization of the MSM was successful, however the 

DC electron beam test dtd not produce any results since both MSM dev.ces were shorted 

during the test procedure.     A prototype MSM-IPD phototube was fabricated and 

characterized.   During the charnc.enzation of the phototube, it was determined tha, the 

MSM «node had suffered some damage during «he fabrication process, causing the pom- 

response of the MSM-IPD. The phototube was cracked and clearly showed tha, the wtre 

bond connection had broken during the baking process. 

Phase II Work Plan 

Representattves of F&H Applied Science Associates, Inc. and the Naval Air 

Warfare Center point-of-contact, Dr. V.M. Contarino vrsited the IPD manufacturer, 

Intevac to discuss the work plan needed for a successful completion of Phase II. A 

custom MSM-IPD process flowchart was agreed upon by all parties.   The flowchart ,s 

given below in Figure 6. 
Results of the prototype MSM-IPD were shown and Intevac agreed to design a 

new style header to accommodate the planar structure of the MSM electrodes. 

Fabrication of development MSM anodes will be done by F&H Applied Science 

Associates, while,the final 10 GHz design MSM will be fabricated in the Intevac 

cleanroom to increase the yield of the phototube. 

N00421-97-C-1204 
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Custom IPD Fabrication Process Flowchart 

Responsibility 

F&H Anode Device Physical Layout 

I 
F&H 

F&H 

Device Mask Software Fit 

I 
Mask Build 

I 
F&H: Development 
Intevac: Final 

Device Fabrication 

F&H 

F&H: Development 
Intevac: Final 

Wafer Level Device 
Characterization 

I 

1. Wafer Cleaning 
2. Softbake 
3. Photoresist Spin 
4. Hardbake 
5. Pattern Photolithography 
6. Develop 
7. Metallize. 
8. Lift-off 
9. Repeat 3-8 for pad metal 

1. DC I-V Dark and Optical 
2. DC C-V Dark and Optical 
3. Optical Frequency Response 

Dice Wafer 

I 
Intevac 

F&H 

F&H 

Device Mount on IPD Header 

I 
Device Mount on SEM Substrate 

I 
Header Device Characterization 

T 
1. DC I-V Dark and Optical 
2. Optical Frequency Response 

Figure 6. Custom IPD Process Flowchart 
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F&H 

Intevac 

F&H 

SEM Device Characterization 

I 
Custom IPD Fabrication 

I 
Custom IPD Characterization 

DC Electron Beam Induced 
Current -Voltage 

1. Verify Anode Not Damaged 
2. Assemble Tube Body 
3. Electron Scrub and Bake 
4. Seal Photocathode 
5. Initial Testing 

1 
Photocathode Dark Current 
Anode Dark Current 
IPD Dark Current 
Photocathode QE 
IPD Responsivity 
Frequency Response 

Electron Gain 
Signal/Noise Ratio 
Noise eEquivalent 
Power (NEP) 

Detectivity (D*) 

Anode bias : 1-15V 
Electron Beam Voltage: 2500-8000 V 
Input optical power levels (DC): 25-1000 nW 

Figure 6 (cont). Custom IPD Process Flowchart 

The result of the completed work, under Phase I and related Option toward Phase 

II, has shown promising results for the proof of concept demonstration of the novel high 

speed, large area photodetector. Furthermore we expect that under Phase II this new 

device will be completely developed. Since the need for higher and higher bandwidth 

devices in communication systems continues to grow, our device should find new 

applications in free-space optical communication links,  improved Lidar applications. 

N00421-97-C-1204 
08/14/98 



F&H Applied Science Associates, Inc. PO Box 853. Moorestown. NJ 08057   (609) 235-6781 Phone/Fax 

Contract #N00421-97-C-1204 
Item 0003AC Final Option Period Report covering May 5, 1998 to August 5, 1998 
Project title: Large Area, High Speed Photodiode using Metal-Semiconductor 

Metal(MSM) Device 

spectroscopy, imaging, and various other applications where a large area, high speed 

photodetector with gain is essential. 

References 

[1]    R.A. LaRue, J.P. Edgecumbe, G.A. Davis, S. Gospe, V. Aebi, SPIE  Proceedings 
on Photodetectors and Power Meters, vol. 2022, p. 64-73,1993. 

[2]    B.J. Van Zeghbroeck, W. Patrick, J. Halbout, P. Vettiger, IEEE Trans. Electron 
Devices Letters, vol. 9, p. 527- 529, 1988. 

08/14/98 
N00421-97-C-1204 


