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ABSTRACT

This research program investiQated the fregquency response
and quantum'efficiency of optical photodetectors fcr heterodyne
reCeivers, The measurements utilized two spectral lineS’from the
output of two lasers as input to the photodetectors."These lines
were easily measurable in power and frequency and hence served as
known inputs., By measurlng the output current of the
photddetector -the quantum eff1c1ency 'was determlned as a

function of frequency separatlon between the two 1nput 51gnals.

" An 1nvest19at10n of the theoretlcal ba51s and accuracy of thlS"

type of measurement relatlve to 51m11ar neasurenents ut11121ng'
risetime was undertaken.' | | o

A theoretical' study of thél heterodyne'fprocess ‘in
photodetectors based on semlconductor physrcs was 1ncluoed SO
that hlgher bandwidth detectors may be de31gned All
measurements were made on conmerc1ally avallable cetectors and
nanufacturers spec1f1cat10ns for normal photodetector operatlon_

are compared to~the measured heterodyne characterlstlcs.



Technical Summary
Laser heterodyne systems have recently come to the forefront

of technology for gas concentration measurements, remote sensing

applications and conmunication systens. Applications have -

1ncluded planatary and atmospherlc studles, exhaust analysis,

' p0581b1e rocket plume detectlon ‘and Doppler lears-[l]. Usually.

the system enployed for these measurements uses the near 1nfrared
wavelength region, however, a v151b1e wavelength system 1s

possible and for some aDp11Cat10ns is de51red These

appllcatlons 1ncluce oceanographlc temperature and sallnzty

measurements, chlorophyll and 011 aetectlon and p0551ble
appllcatlons in connectlon with blue- green laser c0nmun1cat10n
for submarines.

One of the ChlEf requ1rements for a heterodyne system is a

wide- bandw1dth photom1>er. This is one of the alfflcultles in a

V151ble heterodyne system, because the normal photodetector has a
bandw1dth of 1ess then 1 GHz. For temperature and sallnlty
measurements, a bandw1dth of 8 GHz is de81red _ ThlS study.
'evaluated photodetectors to be used as mixing elements

(photomlxer)pfor such a system.

The ‘desired feature for this application is a detector withi

high guantum efffcienCy at high freguencies and low noise to

"yield a high signal?to—noise ratio. The low neise can be
achieved partially by having a low dark current; a quantity which
is easy to measure. The quantum efficiency is considerably more
difficult to measure and was subject to this study.

Previously, the frequency response (and hence guantum

i1




efficienc}) of a photodetector was found by measu;ing the shot
noise spectrum of the deviée. This type of measurement is very
-misleading and at most is useful for only a maximumliesponse
spectrum [2]. Recently the freguency dependent guantum
efficiency has been measured in heterodyne applications.by
measuring signal-to-noise ratios [3-5].

In this study the‘quahtum efficiency as a fgnction of
-frequency was measurealasing_two single mode lésef sourcés which
-could'be tuned to give a,frequency separat}on varying betwegn‘lOO
lMHz ad iO GHz, - Thé input optical powers tolﬁhe phb?odetector aﬁd
the output curréﬁt were then ﬁeasured and the quanﬁuh éffiéiency
' was calculated. These'measurements cover theboutﬁht fféquency
range frorﬁ dc to _10 GHz and are taken between pairs of waveléngths

in the 537-580 um region.

A detailed theoretical analysis was -undertaken- and is"

presented in a Ph.D disseration, ref.12, From thisAanalysis more
éffiCient photodiodes can be desighed. Déta supplied by the
:photOGetector manufactures was used to célculate the expect?d
frequency response of the ‘detectors and this response was

compared to the measured response. The calculated responses only

agreed with the measurements when-mounting and package -

capacitances were estimated as measured.

The results of this study are summarized in the attaéhed
.papér.submitted for publication. Additional measurements are
found in referencel2 alcng with a more detailed discussion of the

measurement technique,
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ORIGINAL FASE 5

OF POOR QURUTY

I11TRCDUCTIOH
Titer cptic heterociyne systems and heterodyne ﬂe:ote censing
rlicetions heve recently received increasing interest [1-3].

-~

tsually reguire photocetectors with fregusncy
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responses in the

'In.appllcctlcns such as space based LIDAR s"stens,,exact.-

knowledge of the photoéetector freouency response is reguirecd

7hile tbere has been nuch theoretlcal work aone on heterocyne

]

oeteCtlon, this theory has not been conrlrmea wlth true device

heteroayne frequenqy response neasurements. ThlS ‘paper will
confirm the theory‘and«present measurements on several devicés.
The photodetector,vwhen used as the'mixiné element in
N . . :
Heterodyne systen, is usually a semiconéUctér o-n cor p-i-n
junction device. In the optical spectfum,'these'devices act as

. , . , _
particle detectors or quantum-mechanical square-lawv detectors.

An output current at the difference frequency is produced when .

two electro-magnetic waves with propervalignﬁent ére incident on
the detector [4-9]. |

Thevsemiconductof defecﬁors are usually.oéerated in &
revefse bizs mode, <creezting a larcge eIectric-field'in-the
Cepletion fegion of the Giode. VWhen the 1nc1cent re ;atlon,
having &n énergy per photon gteater than_the cancdgap df the
semiconductor is absorbed, electron-hole p;irs are createa.A The
electron-hole pairs created¢ in the depletion régién are swvept
away by the larcge electric field creating a arift current. Any
minority carriers created outsicde this region that can Giffuse to

the depletion region will also be swept across by the electric
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icn current. Eoth of theze response

vrocoosses, Grift and éiffusion, have & chearactericstic response

time and thus a characteristic freguency response.
There cre two malicr ncehoas of illum 1nat1n the detectors.

In front illuminaticn, which is the method 'usually‘used, tke

aGiztion propacates Tar: llel to the elec fic fieiﬁ.(Fig. la).

This ﬁethbdecreates non-unifcrm generaticn sinée"alonc the
Girecticn ofiéurrent'flow tre nem ber of ccrrlers ”111 vary aue to
the exponentiai absorpti0n of the radiaticn. ‘Side-illumination
produces uniform'generatioefEince the abédfptibn‘fs oﬁ;hogonalfto
the electric field, and hence the direction of éurgentfflow,:Fig.

bv.

=

FRECUENCY RESPONSE OF THD DRIFT AND DIFFCSIOHN -PRCCESSES

- Lucousky, et &l, have presentea the response for the drift

proceSs with both uniform and non-uniform generation [10]. For
uniforn generation with incident flux ¢, the ceneratlon rate is

ig = ad exp(-ay) [1 + A exp(jwt)] ~-' '> (1)

where o is the material absorptlon coefflclent ané w is the-

agifference freguency. The induced real current density is given
by

Iyst) = gasexpl-ay) w [1 + A cos (wt+ ¢)[F|] 2

vhere W is the wicth of the depletion region ané F is the
freguency response function given by equation la in the appendix.
The phase angle, ¢ , is the arctan [I(F)/Re(T)].

The generation rcte for non-uniform generation is given by
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g = odaexp(-ax)[1 + A exp(jwﬁ)]
(3)

and the freguency response function is considerably more complex
as equation 2a shows (see appendix). This illumination nethkcd

'yields the faster response time of the two methods. Figure 2

showvs the non-uniform frequency response for values

lrepresentative of siiicon at O.Slzim'wagelength radiation. &As
shown, with thin depletion Eggions (< um), banéwidths in excess
of 10 GHz can be expected from the drift prpééss. | |
Unless stéés are taken to eliminate it, however, ﬁhere will
be'é‘cu:rent pfoduced due to the diffusion proééss. This
process, previously discussed by Sawyer et al..[ll], is muéh
slowver, and therefore, yields much lower bandwidths. "Féf”uhiform
genefation the induced diffusion current is given by fll, 12}

x D X
D s cosh EE-+ D sinh —g

_ =qa8exp(-ay)L [ 1 aen( Pyy = o0 L
Jdc 0, -[‘7“ exp()) = D, w1 @
s-— . S sinh Tt -E-cosh i
X D, X
, | s(1-exp(- ) + 1= exp(- B
- _ : _ c_ c-
Jac gadvexp(-ay) A exp (jwt) L. |1 < i - ] (5)
(s)sinh (tﬂ) + I—-cosh(ER)-
' c c o

where the total current is given by Jdc + Jacr L 18 the diffusion

length, %, is the p recion thickness, Dpn is the electron velocity
carrier Giffusion cocfficient and Lo is the complex diffusion
length given by 0

n 1/2
L. = (T7:—frji;) S A (6)

) . ) . ) 3 " 3}
The freguency response function ~is given by Jac/Jdc with the

moculation factor, A, egual to unity. Non-uniform generation
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vields an induced current cri

4o = -9eG(L) I (7)

Ca
1

ac = - Aavexp(Jut)e(L,) 1 o e

vhere’
: S 4 "fé 1 sk L X
. 1 (Wi’]) Fosh(L)+(aT+ﬁ—) 51nh(L) :“
G(L) = ’—_—"[g_[s)_ + ])‘EXP(-O.XP). n - —— n J . (9)
1- == n- . ~ cosh (—%) + (%k)'sinh (.{9
n

1
uZLZ

Figure 3 shows the freguency response ifor non-uniform

‘

generation using material values representative of low-doped

silicon at 0.51 um. Bandwicéths on the order of 1 GHz can be

obtzined using thin regicns (<1 um). This procesS’obvioUsly has

a niuch lower response than the crift process.

EC EFFECTS
Regardless of the currentVproducing_p:dcess;‘the.drift
process or diffusion piocess, the RC time constant of the Giocde
will also affect the frequency response of the diode. The 3 d¢B

frequency due to this effect is givén by

fpe = \'3/’[2TT(R-S + Rp)e g : - ., (10)

where Rg is the dGiode series resistance, Ry 1s the diode load
resistance ana the djunction capacitance is given by € hg/w where
Ag is the device &arcez enc € is the matericl permitivity.

Having & knovlieccae of these freguency limiting processes,

general device des=icn guidelines can be formulated [12] &nd
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freguency response predGicticons can be made {rom nnoun Ciode

EXPERINENTAL LDESURELLHT PRCCEDURE
The heterodyne efficiencies have'beén'measureé fcr ceveral
devices using the apparatus of Fig. 4. -Heré, two t"ﬂa e single
freguency A4rgon-ion lasers are‘used to générété the oéticai
signais to the pnotodetectoc; The photoééﬁector,‘ﬁhich is béiﬁg
characterizeg, is connected to a;microwéve_powef meter so the

output cCifference freguency power can be measured. A seconc

mixer cdiode is used in the systen to detect the clrLerence

freguency £for display on a RF spectrun analy er to providce
frequency andé stability informztion.  An optical_.SPectrum
"analyzer is also usecd to check P“ectral purlty and Stgbllluj of

the twvo optical signals.

% focusing lens is use¢ to focus the racdiationon the

detector. The focal lcugth of this lens is oetermlned by the

size of the Getector; the focused spot.size is chosen to match

the detector size. For a circular detector of radius p

intercepting 98% of the incident radiation the focal length is

¢civen by,

£= 2= - > | (11)

where & is the incoming ccussian bean intensity racius (1/e

S

p01nt ) and T is the wavelenyg ‘tr of operation.
. A coherent Innova 90 anc¢ & Lexel model 75 were ucsed s the
sources. The beam radius on thece lasers vere ¢Gifferent (0.75 nn

for the coherent and 0.45 mm Zcr the Lexel) and thus the maxinum

mixzing efficiency obtainable i3 786% [12, 13, 8] so if absolute




. measurenients are desired this factor rust be considsred.
The cdevice efficiency is measured &t a perticular freguency
by meastring the pover (P.,P;) from each laser incidert on the

focusing lens and the cutput ¢f the Cetector as meaSufed}on the

Fh

€

m

microwave power meter, %f Th ficiency isithen civen by
P, V2h, T

where h is PlacL s conthrt visthe optlcai freQucncy,'é is the

load 1npeoance, "R is tezken as thkev con rbi nea ‘reflection

coefficients of-the lens, aetector window &nd éev1ce'surface ‘SO

that internal quantunm eff1c1ency'1s obtalnec

. ‘ DEVICE iisasunsnsufns - " ,
Several COnnerClal oev1ces have been charccterlzed by tn
measurement systen cescrlbed Two cf these oev1crs ﬁete hlch_
bandwidth or ultra—fast tesponse Getectors. The other eetecto;s-
characterized were available'in our labotetor§ anc vere
characterlzeo only for COﬂyaflSOH hlth those “resented here [12]
Results for the twvo fast response oetector are sunmquaec in thls
sectlon.
The Fora AerOCpace L4502 SEeClLlCutlont are given in Table
1. & computer_51mulatlon of tne'rabrlcetlon rrocess vas proviced

by the manufacturer. This simulation generates an impurity

ﬂ.

proiile fcr the device wvhich can then be used to find the

Gepletion region wiath and the p-layer thickness. These wvere

found to be 1.5 um &nd 2.2 um, respcctively, which incdicates that
)

£€9% of the radiation 1s absorbed in the p-layer and 9% is

absorbed¢ in the adepletion recion.. The rermaining 2% is absorbed




in the n region. This device will be diffusion process limited

sinhce most of the radiation is absorbed in- the p-layer. The

junction capacitance was also predicted to be approximately 1 pf.

which is lower than the specifications, however considering
package effects and frlnglng the comparlson is reasonable.
The average measured dc eff1c1ency of the dev1ce at 0 514 um

is 40%. Much hlgher efficiencies were measured 1n locallzed

areas using a short focal length (2 5 cm) lens.' These

measurements are shown in Table 2. ThlS varlatlon in efficiency

indicates the fleld dlstrlbutlon w1ll effect the measurements.'

“if the frequency response also varles ‘across the detector. (8,

14] A window transm1ss1on factor of 0 9, a theoretlcal air-

5111con interface transmlsslon factor of 0 94 or 0.91 for the 2.5
cm and 20.0 cm focal length lens, respectlvely are assumed
Since these values were not measured the quantum eff1c1en01es
have some uncertalnty assoc1ated w1th them.‘-It can only be
stated that the average eff1c1ency of the entlre dev1ce,

"including window and the surface reflectlon at 0. 514 um, is 22%.

'_ Ac measurements on the dev1ce yield Figs. 5 and 6. These

measurements use the same transmission factors as discussed for

the dc measurements. These figures also'showathe'measured dc
efficiencies for the respective measurement runsr The difference
between the dc efficiencies and-the low frequency ac efficiencies
.is'due to the mixing efficiency. 1In all cases”the difference is
almost exactly the 78% that was predicted by considering the

field distributions.

The measured data plotted in Figqg. 5 shows that variations in
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the freguency recsponse do occur across the surface of the
detector., These measurements were taken with a 2.5 cm focal

length lens, thus yielding spot sizes of 8 um and 13 um fcr the

Coherent and Lexel lasers respectlvely. .These measurements,

,therefore, are not 1nd1cat1ve of the entlre detector, but of
various spots on ‘the detector. The varlatlons do not appear to

be severe, but the measured eff1c1en01es w1ll ‘vary somewhat

depending on the optical field dlstrlbutlons used to make the_

measurements.

Figure. 6 shows the efficiencies?neasﬁred'hsing}a 20.0 cm
focal length lens. This—res?onse is representative of the.entire
device since this lens produces séqt sizes of 60 um and 100 um
for the Coherent-and Lexel lasers.respectively. This‘figure

clearly indicates’ three major areds of operatlon. At low

frequencies diffusion current domlnates, produc1ng the majority .

of the current at frequenc1es less than a few hundred MHz. At

frequencies near 1 GHz the diffusion current has rolled off and

the drift current dominates. Above this frequency RC rolloff

occurs and the responSe decreases at approximately 10 dB/decade.
Using the measured average dc eff1c1ency, the depletlon
region and p-region widths found above, a theoretical prediction

of the response can be made._,This prediction is made by

weighting the response of each reglon by the'absorptlon :

eff1c1ency of that reglon to obtaln a total predicted response.

So that direct comparison to the measured data can be made, the

total response is then weighted by an RC rolloff factor with a 3

dB frequency of 2 GHz. The 2 GHZ rolloff frequency is equivalent

to a 50 ohm load, a series resistance of 5 ohms, and a junction




- |

capacitance of i.S pf.' These numbers are reasonab}e for thi$
device and the data seems to indicate that rolloff occufs at this
frequency. The p-region respoﬁse is obtained by using a surface
‘recombination velocity such that a total dc efficiency of 40% is

obtained. The predicted response is shown as the solid curve in

Fig. 7. This response was obtained using a diffusion coefficient

of 10 cm2/sec. for the P-region, corresponding ' to an impurity

level of 2 x 1018Acm‘3. A'n—region diffusion coefficient of 2.5

cmz/sec was used which also corresponds - to an impurity level of -

2 x 1018 cn—3, | o
The predicted response'compares.véry well with the measured
data at frequencies below 2 GHz. Above 2 GHz the response rolls

off at 17 dB/decade indibating that more than é.single RC pole

exists, This implies that the package and the contacts from the

package to the diode are affecting the response.f?Tfé équivalent

circuit for the diode, package and bias Tee is shown in Fig. 8.

It has been shown [12] that if the package capacitance is
negligable the microwave detector current, Iy. supplied'to the 50

~ohm microwave power meter load, Ry, is given by

I ] | . A ,
; L = _ . 1 (13)
phqto JUJCj(JU)Lp + Rp + RL +}R$)’f 1 o

The diodé is mounted on the center post of a BNC connector

with the p-region connected to the outside conductor of the -

connector through a 25 um diameter, 0.238 cm (3/32") long wire.

Assuming a copper wire, the high frequency impedance of this wire

is [15]




| .
7 = 3.32 x 10 V£ (1 + j) ohms.
| | (14)

-d

wLp the paclkage efiects cen be

Q

Usinc this to determine Ry &n

include¢ and the resultant response is czlculated using (13) anad

is shown in Fig.. 9. Conparing these curves to5Fig;'7, the

neasured response iss between thet predictc by a 2 GHz RC rolloff

'2and the calculated inductor rolloff. Since. the package

capacitance has been neglected, and a theoretical value for the .

impedance of the wire has been used, it is not suurprising that

the calculated rolloff was greater than measured.

The response'without'the 2 GHz RC roiloffidf the package

effects is shown in Fig. 9 &s 'the short circuit response. Since
the device is also available in a better microwave-package, this

short circuit response is representative of what performance

could be expected from the photodiode in a better package

operéting into a low impedance load. Figu}e}lo ﬁhbﬁsxthe
frequency response cf the individual'pf0cesses. Aé can eésily be
seen the bandvidth'is limitéd‘by the response of<the é—iayér.
“The bandﬁidth of_the n-layér is_nct high either, but thié region
only &bsorbs 3% of the inéident raéiatiéﬁ. Thiszdevicé is thus
liritec in barawidth sevérelf by .the thiék'p-layer.-

- The ’ spécificatidns for the Opto-Electronics PD-015-03
detector are listeé in Table 3. The impuisé résponéé measufed by

the manufecturer is shown in Fiag. 11 &and a&s this and the

specifications shew the risetime cf the cevice is 355 psec..
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As the dc measurements in Table 4 indicate, a vast range

~of dc efficiencies were obtainred. It is likely that this is

partly due to saturation effects. The short focal length lens,

’~yielding smaller spot sizes and thus higher power densities
consistantly yielded lower efficiencies. Tne‘last five measure-
ments (three measurements with the Lexel laser and7two with the
Conerent)-in the table show a.steadily inoreasing.efficiency'for
each laser when lower power was used. tIt is thds probable.tnat

saturatlon of the detector was occurlng, however, if this did

occur it did not affect the frequency response as w1ll be seen.

later. It is hard to accurately determlne the quantum eff1c1ency
without being able to measure the transm1551on factor of the

window and the reflection coefficient of the silicon.:: Here the

‘measured transmission factor of the focusing lens'(0.91.or 0.94),'
' the estimate of the transmission factor of the detector window~

" {0.9), and the transmission factor of the air-silicon interface

(0.6) [13] were used to calculate the'efficiency.' The average
efficiency of the entlre dev1ce including w1ndow and reflectlon

due to the photodetector surface isNSI%.

Several ac sets of neasurements were taken on'tnis device,
the results of which are shown in Figs. 12 and 13. These figures
show efficiencies obtained using. two different foousing ienses.
The data shown_in figure 12 was taken with theA2.5-cm focal
length lens, which allows'the detector to be probed for
variations in gquantum efficiency across the surface of the

device. As this figure shows, the device seems to have very

consistant characteristics since the curves do not vary from one

measurement set to the next.

11




Figurc 13 showe the measureﬁents obtained with & fccusing
leris having a 15.24'cm focal lencth. This yielde¢ spot Giemeters
ct 45.6 um ana 76.2 um for the'Coherent and Lexel lacser
respectively. »Since the cdetector ié'SS % 115 um in sizé,;this

lens provicdes a reasonable measurement cf the average response of

the detector. “hile these measurements o not compare

absolutely, the relative freguency response is identical. It is .
felt that the difference in absolute levels is due to a -

combination of the alignment of the system and device saturation

and not to variances in the guantum efficiency of ‘the device.
The saturation effect has been discussed above ané zs can be seen

in Table 4 variztions occur even in the dc neasurenerts.

Rll of the measurenents compare very well in terms of the

frequency response as shewn in Fig. 14. This ficure shows all cf

the measurement runs; each of which has been normalized by its

low frecuency value. Since the power density incident cn the .

detector varied due to the focusing lens, saturaticn effects

would have affected the freguency response andé would appear here

as variations betweern measurement runs. This does not occur and
‘therefore, saturation effects on the frequency response &are

neglicgable.

The 3 &5 bandwidth 'in Fig. '14 1s 1300 liHz. This seems to

-
4]

disacree creatly with the 35 picosecond cspecification. Th

[Xg]

specification, hovever, is a ricetime specification and is not
equivalent to the steady state response time. The transient

response shown in Fig, 11 is similar to the impulse response o

p]

an PLC circuit given by [16]
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