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incident light power level is possible. Further support of this program to
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• 1.0 INTRODUCTION AND SUMMARY

1 .1 Introduct ion

Among the important Air Force laser system requirements of the next
few years is the laser line-scan system. In this airborne night imaging system,
a high power Cw YAG :Nd laser , operating at l.O64~, is slaved to a telescope
which has a wide-band optical receiver at its focal point. This assembly is
scanned in a direction parallel to the ground and perpendicular to the motion
of the aircraft. Thus the scanning laser together with the motion of the air-
craft form a raster type scan of the ground below. The laser beam is modulated
by the ground reflectivity and the return beam , when properly displayed , gives
an image of the terra in .

In order to make this system practical with existing power levels
atta inable in su i table airborne lasers, extremely stringent requirements are
placed on the optical receiver.

Tne RMS signal to RMS noise ratio needed is preferably 5:1 with 3:1
being the minimum acceptable. This is to be achieved with the incoming light

signal being 1 nW (lO~~ watt), 40% modulated , with a bandwidth of 5 MHz
(DC-5 MHz) preferred and 3.5 MHz acceptable.

As will be shown later, the only detector technology which comes
close to meeting these requirements is the 111-V alloy heterojunction photo-
diodes developed at the Science Center. These detectors represent the highest
sensitivity in wide—band detection of l.O6 p radiation achieved anywhere to date .
This is due to the fact that these devices convert photons to electrons with
near ideal efficiency (~~ 

= 0.95), have very low noise of their own and , due

to their extremely small junction capacitance , are capable of detecting light
modulated at up to ten GHz.

The purpose of the present wor k was to des ign and develop preampli-
fiers capable of fully utilizing the performance advantages offered by these

detectors. Comercial wide-band 5O~ preamps are not the best choice since
their input capacitance and high Johnson noise current severely degrade the

1
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system performance . What is required is a preamp with extremely small equiv-

alent input capacitance (
~

— 0.3 pf ) and very low Johnson noi se current from
the photocurrent sensing resistor. In fact the only way in which a hig h

sensitivity receiver can be built is by hybrid-integrating all the critical
components onto a single substrate , wi th small dimensions between the components

to reduce stray capacitive effects.

Three receivers were built in which the Ill-V alloy photodiodes
were mated to low noise , low ca pac itance s i licon Mosfet input stage preamp-
lifiers. Of these the first two utilized hybrid integrated input sections with
the subsequent stages consisting of discrete components , while the third was
fully hybrid integrated on a single substrate.

1.2 Sumary of Results

Thus far , in the first six months of this development , al l our
• results have been obtained without the benefit of avalanche gain in the photo-

diode . In the regime of no avalanche gain , the best that can be hoped for is

for the receiver performance to be Johnson-noise limited . Indeed , if there
were no preamp noise contribution , a signal-to-noise ratio of 4 could be achieved

in the 5 MHz bandwidth.

As it is , however , our best receiver , which is within 3 dB of being

Johnson-noise limited in a 1 MHz bandwidth , requ i res 4.4 nW to achieve a
signal-to-noise ratio of 3 in the 5 MHz bandwidth . Even in the reduced band-
width of 3.5 MHz , to achieve a signal-to-noise ratio of 3, an incident power
of 3.3 nW is required . These numbers reflect the fact that in this regime

of operation (no avalanche gain), the performance is limi ted by the preamp

• noise contributions . In fact, with the present state of the art in electronic
amplifying devices suitable for this application , w ithout avalanc he ga in, it
is unlikely that a signal—to—no ise ratio of 5 can be achieved in the 5 MHz band—

width wi th any receiver technology.

2 
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• It should be pointed out, that while the results cited above fall
short of meeting the system requirements , they were obtained without the
benefit of avalanche gain , and nevertheless represent the best performance
that has been achieved to date by any technology . In fact, ou r receiver was
compared experimentally with the two other alternatives for this appl i cation ,
namely a S-l photomu ltiplier and a silicon avalanche photodiode receiver. Both
the S-l and the silicon receiver were selected devices , representing products
of mature technologies. Yet our receiver was better, by a factor of 2, than
its closest ri val , the silicon avalanche photodiode receiver.

That the Ill-V APD receiver is a promising approach becomes clear ,

• when it is recognized that the relatively favorabl e comparison came after only

six months development on these receivers , and that the silicon APD receiver ,

even theoretically, cannot meet the system goals.

The 111-V heterojunction APD receiver is the only technology in a

reasonable state of development which can satisfy this and other similar strin-

gent system requirements . These receivers and conceptually similar ones del-

ivered by us under Air Force (F336l5-74-C-1O3O) and NASA (NAS5-23134 ) contracts

for satellite comunication systems represent the most sensitive detectors for

l.O6p radiation developed anywhere to date.

F
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2. 0 ANALYSIS OF DETECTION PROBLEMS IN THE NIGHT IMAGING APPL I CATION

2.1 Signal Shot-Noise Limi ted Case

Consider the ideal case applicable to the problem of night imaging
in a laser li ne scan system. Ul timate performance , i.e. signal—to-noise
ratio , is achieved when there is no background and the only noise source is
the shot-noise on the signal itself. The signal photo—generated current Is
is given by,

nv~ (P ,/~v)I (RMS) =

where is the received optical power, in watts, hv is the photon energy
in eV , i~ is the quantum efficiency of the detector (number of electrons per
photon) and m is the modulation index of the signal (i.e. peak signal divided
by minimum signal). The RMS noise current is the shot noise on this signal ,
and is given by,

1ns (RMS ) = %‘2q ‘DC t~F = ~/ 2q (n P1/hv) ElF

where ‘DC is the average photocurrent, and ElF is the measurement bandwidth .

Thus , the signal-to-noise ratio is:

I ( RMS ) I I PS _ s ... m~~j , L (21
N 

- 

I,.~ ( RMS) ~ V 
~ ~ 

q hv i~F

Al ternatively, solving for power: 1’L 
= ]~ 

4g hv ElF (S/N) 2
‘~ (m)

Note that m , 
~L’ 

v, ElF are system parameters and that the only detector par-

F - ameter is the quantum efficiency, i~.

In order to get a better feeling for the problem , let us consider a
few reasonable examples . Let m = 0.4, 

~L 
= l0~~ W , hv = 1.165 eV. We can

use these parameters to ca lcula te S/N for var ious ex isti ng detectors . These
resul ts are shown in Tabl e 1 .

Ic.:
4
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Required 
~L 

in 5 MHz
S/N Bandwidth for:

~ (l.O6j~) ElF 3.5 MHz ElF=5 MHz S/N = 3 S/N = 5

(S-i Photocathode) ~=O.l% 0.25 0.20 210 nW 585 nW
• (Ill-V Photocathode)n=l% 0.78 0.65 21 nW 58.5 nW

(S i Ava l anche Photodiode)
• n=15% 3.2 2.75 1.4 nW 3.9 nW

(Ill-v Alloy - Heterojunc-
tion Photodiode)

n=95% 7.6 6.3 0.22 nW 0.615 nW

( I deal Detector)~=1OO% 7.82 6.5 0.21 nW 0.585 nW

TABLE 1

Table 1 represents the limiting performance attainabl e with the
detectors listed. The photocathodes are iniiiediately el iminated from consid-

eration. The silicon avalanche photodiode, while ideal ly performs in the right

order of magnitude, is also not a good choice since in practice with its high

avalanche gain noise and large capacitance (which leads to high preamp noise) it
does not approach the ideal in performance, even if it had twice the quantum

efficiency .

The only detector technology which has promise of meeting the goals
is the heterojunction photodiode. Of course even with this detector without

avalanche gain, there is no way, with existing state-of—the-art amplifier
technology,to achieve the performance listed in Table 1. Wi th avalanche gain

in the detector, the only limitation to achieving the ultimate performance
is the excess ga in no ise factor , X~. As an example, for P1 = lO~ watts,

m = 0.4, ElF = 3.5 MHz, ~ = 0.1, M (avalanche gain) = 20, and using the measured
va lue for dark curren t i n one of our di odes , we calculate an RMS signal-to-
noise ratio of 4.3.

5
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2.2 Detection Problems in the Region of Low Avalanche Gain

In order to analyze the situation in the region of low avalanche
gains , where other noise sources are non-negligible , we must write an expression
for the noise current which takes all the significant noise sources into
account, i.e. in = + + 

~~ 
Where i~5 is the total shot-noise current,

is the Johnson current noise of the load-resistor, and 
~ne 

is the equival-
ent input noise current of the preamplifier. Writing this explicitly in the
signal-to—noise equation : -

(m//!) M
hv

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
(2.2)

N I 2 2
~ 2q ElF 

~~ 
+ M’ n’ (—fl -

-—— + ‘B~~ 
+ 

~nj 
+ Ine

The terms not previously defined are the avalanche gain M , the unmultiplied
surface leakage current I~, and the multipl ied bulk leakage current ‘B• Note
that when i~ = 0, ‘B 

= 0, Xn 
= 0, then for l arge M, this equation reduces

to Eq. (1). Fig. 2.2.1 is a plot of this equation for a reasonable set of
parameters. For M between 1 and 2, the signal-to—noise ratio is actually
degraded as photodiode bias is increased since the attendant surface dark
current increase swamps the advantage of the gains M. For M between 2 and

F- about 10, the performance is control led by the avalanche gain and (S/N) in-
creases approximately linearly with M. As M is further increased, however,

- . 
the excess multiplication term (Xe) dominates and degrades the signal-to-noise
ratio. Al so, noteworthy in Fig. 2.1 is that unless an avalanche gain of about
4 is possible, it is preferable to operate with gain of 1 , since S/N for
1 < M < 4 is actually worse than for M = 1. At M = 1 , wi th reasonably low
leakage currents , the noise is essentially composed of Johnson noise current
and preamp equivalent input noise current. The Johnson noise is minimized by
choosing as large a load—resistor as bandwidth requirements permit (see Sec. 3),
and represents the limiting performance possible at M = 1. The preampl i fier
noise simply degrades the signal—to-noise ratio from the limit set by
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2.3 Suninary of Detection Analysis

Solving Eq. 2.1 for ii, the quantum efficiency, we see that even
to meet the reduced requirements of S/N = 3, ~F = 3.5 MHz , an ideal detector
wi th sufficient internal gain to overcome other noise sources would require

= 14.7%. To meet the desired goals of S/N = 5, ~F = 5 MHz , this detector
• woul d need i~ = 58.25%. This calculation ininediately eliminates most detectors 1

from consideration. The only hope for meeting the system requirements is a
detector wi th very high quantum efficiency, very low leakage current, mated
to an exceptionally sensitive preamplifier. All of these fundamental require-
ments are satisfied by the Ill-V alloy heterojunction APD receiver. In this
rece iver , the ultimate performance is limited only by the excess avalanche
multiplication noise factor , Xn, and by the total preamp noise in the band- -

width of interest. -

1. -1
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3.0 TECHNICAL APPROACH

3.1 Receiver Design

In the ideal receiver a photodiode of unity quantum efficiency
would be used and the preamplifier would convert the photodiode current
into a useful high level , low impedance voltage signal without degrading
the signal-to—noise ratio. The principal contributions to the total noise
made by the preamplifier are Johnson noise current of the photocurrent sensing
resistor and the equivalent input noise current of the first stage of the
preamplifier . The key factor determining the magnitude of these noise sources
is the total equivalent capacitance appearing at the input of the preamplifier.
This is so, since the amplifier noise contribution is directly proportional
to the total input capacitance and the Johnson noise current is inversely
proportional to the square root of the load resistance , which in turn is limi ted
in value by the input capacitance and the bandwidth requirement.

The input capacitance is composed of the APD junction capacitance ,
C~, the equivalent amplifier capacitance Cm and the stray capacitance. The
junction capacitance of the APD is minimized by the design of that device
(see Sec. 3.2) and the stray capacitance is minimi zed by the layout of the
receiver components. The equivalent amplifier capacitance is determined by
the input amplifier device capacitance. Bipolar Transistors are not suitable
since they have a large input capacitance and also relatively large current
noise. Junction Fets also have relatively high input current noise , so the
choice is narrowed to Mosfets. These devices, while not ideal , offer the best
choice available. The RF Mosfets used in our receivers have reasonably low
input capacitance and noise .

The conventional approach for converting the photocurrent into a
voltage signal would be to sense the photocurrent with a load resistor at
the input of a low-noise, high-impedance , high-speed preamp. As illustrated
in Fig. 3.1 a) the value of RL is determined by (C~ + C

~~
) and by the 

~-3dBrequirement.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C~ RL ~OJ~= 1 +

L
jWR L (C j +c ifl) 

~~

~3db 
= 

21TRL(CJ~~jN)

b) FEEDBACK PREAMP

RF

~~~~~~ ~~~~ 

: 

~~~~~~~~~~~~~~~ V
~~

t

0vOUt 

+ i~~~~ CfC1~ ) 

1 p

‘I f A for A> >l3db 2
~
RF(CJ+CIN)

Fig. 3.1 Circuit models for a) Normal and b) Feedback-t ype preamplifiers .
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Fig. 3.1 shows an alternate approach, i.e. the transimpedance
configuration in which the “load-resistor” i s connec ted as a feedbac k res istor
between the inverting input, and output of the ampl i fier. Here, for the same
set of values used in the first approach , 

~-3dB 
is ‘A’ times higher. So, if

we keep 
~-3dB 

the same as before , this allows the use of ‘A’ times larger
R (R =AR ). Since I - = 

4kT ElF and for this appl ication A 400, this
tra ns impedance connec tion resu lt~ in a reduction in ~~ of s/K 20. This
feedback configuration is , however, highly susceptibl e to oscillation and
instability, and places rather critical restrictions on the characteristics
of the amplifier and feedback resistor element , RF.

Any poles in the open-loop frequency response of the amplifier
itself must be well above the required closed-loop 1-3dB~ 

For example , if
the closed-loop 

~~3dB 
is 5 MHz, 

~~3dB 
for the ampl i fier should be beyond

8 MHz. Note that this coupled with the open-loop gain of about 400 means that
an amplifier with gain-bandwidth product of > 3.2 GHz is required . The resistor
RF must have extremely small stray distri buted capacitance to ground as well
as a very small effecti ve shun ti ng capac itance . The former capac itance woul d
cause phase—shift in this element which when added to the 900 phase shift
accumulated at the input due to RF (C 1 + C~) could lead to oscillation . The
latter capacitance has to be small as this RF CF limits the bandwidth.

These stray capacitances are requ ired , in this system, to be no
more than approximately lO~~ F. There are no comercially available resistors,
known to us, which can meet these requirements . The success of the trans-
impedance approach depends on whether a feedback resistance element meeting
the above requirements is available.

So , in sumary, the optimized receiver would utilize a high quantum
efficiency , low capacitance photodiode , a low input capacitance amplifier , and
a feedback resistance element with very low stray capacitance.1 The following
sections of “Techn ica l Approach” address themselves to these problems .

S.-- - 
-
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3.2 Avalanche Photodiode Design and Fabrication

The ultimate in receiver performance will be attained by combining
a low noise preamp with an avalanche photodiode (APD) having extremely low
capacitance (for high charge sensitivity), high quantum efficiency (near 100%),
low leakage, low series resistance and sufficient avalanche gain to raise the
signa l level above the preamp noise. The first question to be addressed in
the APO design is the choice of semiconductor material . Because the optical
absorption coefficient in silicon (an indi rect bandgap semiconductor) at
1.06% is only 10 cm~~, silicon photodiodes at this wavelength have a serious
transit time-quantum efficiency tradeoff. Direct-bandgap Ill-V alloys , on the
other hand , exhibit optical absorption coefficients on the order of lO~ cm~
for photon energies just above their energy gaps, so that photodiodes fabri-
cated from these materials can simultaneously exhibi t high quantum efficiencies
and short transit times. The next question to resolve is the selection of a
device structure. After examining the design goals we developed a radically
different approach to the avalanche photodiode design . In addition to being
the structure most likely to be able to meet all of the design goals for the
system appl ication , this detector has the added advantages of allowing a

very convenient mounting configuration and providing a narrowband optical
response characteristic which makes it sensitive only to the l.O6p laser radi-
ation. Our initial work on these APD’s used a device structure referred to as
the inverted heterojunction ~~~~ microwave avalanche photodiode . This struc-
ture , described in Section 3.2.1 is used for the APD in the delivered receiver.
Our l ater work has involved a refinement of this original approach designed
for improved avalanche gain characteristics referred to as the inverted homo-
heterojunction APD , which is described in Section 3.2.2.

3.2.1 inverted Heterojunction Microwave Avalanche Photodiode Design

In the device approach to the avalanche photodiode detector described
here , sophisticated heteroepitaxial fabrication techniques using Ill-V compound
and alloy semiconductors are used in order to circumvent the design tradeoffs
(such as between speed and quantum efficiency, etc.) usually entailed in

12

~~~~~~~~~~~~~ IW~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ • .~ -~~ S



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

photodiode desi gn. The inverted heterojunction microwave avalanche photodiode
structure introduces the light through the transparent substrate into the three-
layer Ill-V alloy (princ ipally GaAs 1 ~

Sb
~ 

alloys have been used) detector
structure. The use of substrate and alloys with Eg > hv as transparent, very
low resistance contacts and optical filters makes possibl e a device with very

low series resistance, high quantum efficiency and controllable narrowband
optical response. These factors, along with the mesa device structure, give
a device wi th extremely wide signal bandwidth capability , low noise (dark
current) and the capability for avalanche gain.

Fig. 3.2 shows a drawing of the l.O6~ microwave avalanche photo—
diode structure. The device structure shown starts with a p~ GaAs substrate
and has alloy compositions selected for l.O6~ peak response. We have also
fabricated devices of the complimentary type (i.e. starting with n-type GaAs

substrate material ) and with alloy compositions giving peak responses in the
0.9 to l .l5~ range (with wider ranges possible). The substrate in this struc-
ture serves as a transparent low resistance contact to the device , as well as
the physical mounting base and hermetically sealing optical window to the
“outs ide” . The l ight entrance window portion of the substrate is anti-refl ection
coated to minimize reflective light loss. The substrate doping is sufficiently
high to give low resistance , but not so high as to cause significant free
ca rrier absorpt ion of the light.

The p~ alloy buffer layer grown on the GaAs substrate is a di rect
bandgap ill-V alloy with composition such that its energy gap is slightly

larger than the photon energy of interest (1.165 eV for 1.06% wavelength).
This means that this layer is transparent at the desired wavelength (hence
acting as a transparent low resistance contact to the junction ) but , because
of the shar p absorpti on edge of the ma ter ial , acts as a cutoff f i l ter def in i ng
the short wavelength (high hv) cutoff of the photodiode spectral response.
This buffer layer also serves to minimize the lattice mismatch wi th the n
act ive (absorbing) layer over what it would be if it were a GaAs substrate
(E

9 
= 1.4 eV) to n a l loy  (E

9 
= 1.1 eV) interface.

13
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Fig. 3.2. Ori ginal inverted heterojunction Ill-V alloy microwave avalanche
photodiode design. Note that the peak electric field (high
avalanche gain ) region is at the p+ (transparent buffer l ayer)
n (absorbing active l ayer) heterojunction interface .
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On top of the buffer layer is heteroepitaxiall y grown the n

alloy “active ” layer with energy gap somewhat less than the photon energy

(E c h~), such that the materia l has a very high absorption coefficient
(~~ 10 cm ) for the light of the wavelength of interest. It is the

absorption edge of this layer which defines the long-wavelength cutoff of

the spectra l photoresponse of the photodiode , i .e. the layer becomes trans-

parent for hv < Eg~ This combined buffer layer—active layer cutoff action for

producing a narrowband photoresponse characteristic is illustrated in Fi g. 3.2.

Here actual transmi ssion curves for a typical GaAs substrate tTGaAS ) and a lO~
thick epitaxial GaAs

~
Sbi_~ 

alloy film 
~
TbUffer~ 

are shown (corrected for re-

• flection). For purposes of illustration , the absorption curve for the active

layer , Aactive = l_ T
active~ 

is taken as 
~~
Tbuffe r ’ only shifted to longer

wavelength slightly (since the active layer has a smaller energy gap). The

quantum efficiency versus wavelength for this structure is given by the

product of the transmission of the device up to the depletion region (TGaAs
Tbuffer ) time s the absorption in the depletion region (A act ive ; assuming the

whole active layer is depleted). This product photoresponse curve , as shown in

Fig. 3.3 can be quite narrow (260A ful l width at half height) yet have high
- • 

peak quantum efficiency (about 82% near l.O64~.i in the example).

This n active layer is depleted from the p-n junction near the
interface with the buffer layer well into the l ayer. The width of the
depletion region is determined by the bias voltage and donor concentration
in the n l ayer. Typical va l ues for W for Nd ~ 1016 cm 3 are about 3.2ii
with a breakdown voltage - 70 volts applied (avalanche gain operation). rn
certain circumstances it may be desirable to deplete all of the way through
this n active l ayer to the n~ alloy contact layer, whereas in other cases
depletion only part way through the layer may be preferable (both types have

been fabricated). These various conditions of depletion layer width and

electric field distribution are obtained by varying the donor concentration
S. and thickness for this n al loy active layer.

The final heteroepitaxial layer in the structure is the n~ alloy
contact layer. This layer is heavily doped to provide an ohmic contact for

15

- .. 

~~~~~~~~~~~~~~~~ - t-&~• --, 
~•1* ~~~~~~~~~~~~~~~~~~ ~~~~i ~~~ ~~

—-
~~ ~~~~~~~~~~~



r — - - -

~~

¶ ‘~~~~ ~~~ 
-

U-
U-

CD

l it

I I I I I

S. 
~iO NO ISSIv ~S~~~V~fl

Fig. 3.3. Example of spectral photoresponse which can be obtained in either
inverted heterojunction or (fully depleted ) inverted horno—
heterojunction ava lanche photodiode . While this illustra tes narrow—
band photoresponse which can be obtained , usual experimental devices
are made with wider response peaks and near 100.. quantum efficiencies .
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the n active layer. In cases where the active layer is completely depleted
it also defines the edge of the depletion region . The alloy content is

adjusted to give the same (or slightly larger) energy gap as the n active

layer so that optical transmis si on measurements may be used to monitor the
active l ayer energy gap as a process control .

+ +• Because of the heavy doping of the p substrate and n contact
l ayer, it is easy to alloy metallic ohmic contacts to these regions and
to plate the contacts with thick gold for convenience in making contact to

the devices.

The device structure is def ined by photolithography and etching
of the mesa to the required shape and side contours as described in Section
3.5. The angled sides of the mesa at the depletion l ayer are an essential

part of the devic’~ structure. The peak electric field in the depletion region

occurs at the p-n j unction toward the substrate side of the depletion region .
• If no special precautions were taken at the surface, concentration of electric

fiel d at the edges of the junction would be expected to lead to surface break-
down before the center of the junction area began to give significant avalanche
gain. By sloping the junction edges, as shown in Fig. 3.2 by careful etching,
the electric field at the edges of the junction is reduced significantly below
the values toward the center of the device and hence the device may be used
for avalanche operation . The surface may be operated exposed , or covered with
a suitable passivation l ayer.

3.2.2 The Inverted Homo-Heterojunction Avalanche Photodiode

In the initial work on these ill-V alloy l.O6ji detectors, inverted
heterojunct ion GaAs i ...~

Sb
~ 

photodiodes of the type just described were developed
which had 1.06% quantum efficiencies over 95%, low leakage currents , and low
capacitances and transit times (bandwidths of dc to 15 GHz into a 50o load).
In addition to single detectors , of the type shown in Fig. 3.2, two dimensional
arrays were fabricated with this structure. The principal limitation in these
earlier devices was that the high frequency avalanche gain attainable was very

I. ~
. —

limited and the gain uniformi ty was poor because of microplasmas caused by

~~~~
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heterojunction interface defects at the peak electric field point in the
depletion region. Such problems might reasonably be expected in the structure

of Fig. 3.2 because of the fact that at this p~ buffer  n~ active l ayer inter-
face there will necessarily be both heterojunction lattice-mismatch defects
(because the increased antimony composition in the active layer gives it a
larger lattice constant than the buffer) and growth-nucleation non-uniformities

caused by the interruption in the growth, when the buffer  layer mel t i s removed
and the active layer melt is rolled on to the growth surface. Because of the
strong dependence of avalanche gain on local electric field or ionizable de-
fects , any such non-uniformities or defects lead to local areas in the junction
with reduced breakdown voltages . Such areas will undergo local microplasma
breakdown , limiting the useful (low noise) APD reverse bias range to voltages
below those required to achieve high avalanche gains over the bulk of the device .

Fig. 3.4 shows the device structure for an inverted homo-hetero,junction

~
aAs 1~~

Sb
~ 

l.O6~ avalanche photodiode designed to circumvent the gain limita-

t•ions inherent in the earlier inverted heterojunction design. The device is

fabrica ted by growing three liquid epitaxial layers of GaAsSb on a GaAs cub-

strate. The light is brought into the device through the n~ GaAs substrate,

which is , of course , transparent at 1.06% (hv = 1.165 eV) since the photon

energy is less than the energy gap (E
9 

= 1.4 eV) and the n~ doping is not so

high as to cause significant “free carr ier ” (intraband-transistion) absorption.
The n~ GaAs1_y Sby (y 0.12) “buffer” l ayer (E g 

-
~~ 1.2 eV) is also transparent

at 1.O6~, but it does serve to define the short wavelength cutoff o~ the de-
• tector , as well as to minimize the lattice mismatch at the buffer-active hetero-

junction . The active (absorbing) l ayer of GaAs1 ~
Sb
~ 

(x 0.17) i’~ the unique

feature of the homo-heterojunction device structure. Because its energy gap
(— 1.1 eV) is less than h~, the l.O63~ light is strongly absorbed in this
l ayer , with most of the li ght absorbed within 1 or 2 microns of the active-
buffer interface . The active layer is started in the liquid -epitaxia l growth
process as an n l ayer (N0 l.5xl 015 cni3), but after about 3 to 5 microns of
qrowth , p-type dopant is added to the melt so that a p-n homojunction is grown

in this active l ayer. This means that the peak field region of the depletion
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region occurs at a grown homojunction free from either interl ayer growth,
interface defects or heterojunction (lattice mismatch or other) interface
defects .

The principal advantage of this device structure (Fig. 3.4) over
that of Fig. 3.2 is that the p-n junction (the peak electric field point or
highest avalanche gain region) occurs at a point in the grown epitaxial
layer where there is neither any change in lattice constant nor any distur-
bance in the growth process from changing growth melts. The junction is
produced in the process of continuous growth of the n layer by adding a
tiny amount of p—type dopant to the liquid epitaxial growth melt during
growth. The thickness of the n layer is established by carefully timing
the dopant drop. In addition to giving a relatively defect-free p-n junction
region , this structure has the added advantage of absorbing the light in a
low-field region of the junction (near the n~ buffer layer ) and drift ing one

carrier through the high-gain region (somewhat like the silicon “reach-through”
APD struc ture ) , which can give l ower excess noise factor for the APD.

— 
There are a couple of disadvantages for the type of structure shown

• in Fig. 3.4. One is that in punch-through operation (i.e. the deplet ion region
extending all of the way from the p-n junction through the n layer to the n~
buffer layer), the depletion width , W , is established by the physical distance
between the p-n junction and the buffer layer. If there are local variations
in W due to growth rate fluctuation over the device , then for a given bias
voltage there will be corresponding fluctuations in electric field strength.

Since avalanche gain is a very strong function of electric field strength , thi s
can cause sizeabl e gain non-unifo rmities across the device. Another disadvan-
tage of fully depleted operation is that there will be fairly high electric
fields (though not as high as at the p-n junction) at the n~ buffer-n active

layer heterojunction . This could lead to defect ionization problems . Both

S. 
of these sources of probl ems could be taken care of by altering the n layer

• doping level and distance from the p-n homojunction to ~~~~~~~~~~~ heterojunction
distance so that the depletion region almost - but not quite - reaches the

20
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heterojunction. This would require some minority carrier diffusion to reach

the depletion region , of course , but if the thickness of undepleted absorbing
material were small enough (~

- li), th i s  should  not significantly degrade
quantum efficiency or response time .

An interesting point about the structure of Fig. 3.4 Is that one
would expect from the location of the p-n junction at the surface side of
the n layer that wi th  the slope of the mesa edges shown , there would be
field concentration near the p-n junction at the device perimeter and hence

surface (rather than bulk) breakdown. In fact, cons iderable effort at the
begi nning of thi s work was extended toward developing “ups ide down” mesas
to avoid this probl em. However, i t was found that if surface passivations
are used which tend to induce a p-type surface channel on the GaAs1 _~

Sb
~

surface of the n layer, the channel effect works opposite to the geometrical
fiel d concentration effect so that dev i ces of the type in Fig . 3.4 can be
fabricated without giving surface breakdown problems .

The struc ture of Fig. 3.4 was adopted on the basis of GaAs ionization
• data which indicates that hole ionization rates are larger than electron ion-

izat ion rates . Hence, in this structure the light is absorbed near the n+

buffe r n act ive layer interface and the photogenerated holes are dri fted
through the high field region (near the p-n junction) for avalanche gain.
However, recent measurements on these GaAsi x Sbx alloys

2 indicate that in
the x range of interest, the elec tron ioniza tion rate i s cons iderably larger
than the hole ionization rate (an>>cip). Measurements of gain versus wavelength

on our experimental diodes of the type shown in Fig. 3.4 support this conclusion .

In th is structure , if (as originally assumed) holes had the higher ionization

rate , then the shorter the wavelen gth, the higher woul d be the opt ical absorp-
tion coeff icient for the light, the closer to the n~ buffer-n active layer
heterojunction the carriers would be generated and the more electric field

the holes woul d get to pass through in transiting the junction . Hence, for
Xp>>X n 4 we would expect the highest avalanche gain at the short wavelength
s ide of the photoresponse curve. In fact , just the opposite is observed. As

‘.
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the reverse bias on the diodes is increased , the gain increases much sooner
toward the long wavelength side of the response, causing, in fact, the response
peak at higher biases to shift out to a wavelength which would have been on
the long wavelength edge at lower biases. Hence we conclude that the original

assumption of ap>>an must be 
wrong for this alloy composition and in fact

~n
>>
~p~ 

This means that the compl imentary APD structure (as Fig. 3.4 but with

• all doping types reversed) should give much higher , more uniform gains than
were observed in the experimentally fabricated APD’s reported here.

3.2.3 Materials Selection

The des ired l ow lea kage, high quantum efficiency and wide bandwidth
requirements for this avalanche photodiode place extremely stringent limi ta-
tions on the materials which can be used. The most important requirement is
that the semiconductor must hcive a direct bandgap with Eg 1.16 eV so that
the photons are all absorbed within a small distance (2-3p). There are no

elemental or binary compound semiconductors which can satisfy this requirement,
thus one is force to use a Ill-V ternary alloy . A diagram of energy bandgap
vs. lattice constant is useful for this selection because it shows the useful

-

, - 

alloys , the potential substrate materials and the degree of lattice mismatch
between them. Such a diagram is shown in Fig. 3.5. All of the potential Ill-V
alloy combinations are found by following a line of constant energy gap of
E9 1.16 eV across the intersection with each ternary alloy in Fig. 3.5. The
possible choices are as follows : Ga

~
In1_~

As , GaAs
~

Sb 1 ...~
, IflASxPl_x ~ 

In
~

Al 1_ ~
As ,

~~~~~~~ 
InP xSbi_x , Ga

~
Al i_~

Sb and In
~

A1 i~~
Sb. The requirement of a substrate

which is transparent at l.O6~ and a reasonable lattice match between substrate
and epitaxial l ayer eliminates all but the first three choices . At the start
of this program, InP was not grown domestically, and that which was available
was of very low quality , thus It was eliminated in favor of GaAs as the choice
for substrate material. Of the above three alloys , onl y GaxIn1 ...xAs and
GaAs

~
Sbi_ ~ 

will grow on GaAs . Both of these ternarles have been grown success-
S. fully on GaAs and the choice between these two alloys reduces to the one which

has fewer Interface problems , better chemical homogeneity and fewer device
fabrication problems . Since actual device fabrication and performance are the
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As or Sb. The solid lines are for direct bandgap materials
and t~’e dashed lines for indirect bandgap materials.
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best measure of these quantities , epitaxial layers of both Ga
~
In1~~

As and
GaAs xSb1 x  were grown and devices fabricated from both. The G8ASxSb1_x system
proved to be the better system for our devices because of our device design.
With the Inverted mesa structure described In Section 3.2.2, the mesa must etch
uniformly with no sharp etch pits or surface breakdown will occur before any
bulk avalanche gain is achieved . The orientation dependence of growth for
ternary alloys on binary substrates was the determining factor i n our choice.
The best growth face for Gax In 1 xAs on GaAs is the <l ll>A face while that for
GaAs

~
Sb1_~ 

is the <100> . The <lll >A face is the surface most con.iionly used for
etch pit and dislocation studies because the pits are delineated better than on

any other surface , thus the mesa etch proved to be an almost insurmountable problem
for the Ga x In 1 ~

A5 l ayers and tipped the balance in favor of the GaAs xSb 1 x  system.

3.2 .4 MaterIals Growth and Evaluation

The phase diagram for GaAs Sb has been reported by Antypas , et ~~~
and Panish and Illegems . A computer program was written to solve the equations

• describing the ternary system. The approach was Identical to that of Panish and
Illegems In which both the liquid and solid are treated as simple solutions.
This phase diagram formulation Is wel l described by these authors and there is no
need to restate the equations here. The values of the parameters used to fit the
ternary diagram were as follows :

GaAs GaSb Units

1238 710 C°

16.64 15.8 e.u. /mole

5l60-9.16T 4700-6.OT cal/mole

CIAS Sb 7SO 8GaAs_GaSb=2700 cal/mole

TABLE 2
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The calculated l iquidus lines for the Ga rich corner are shown in

Fi g. 3.6 and calculated and experimental points for the coefficient of GaSb

vs. Sb mole fraction in the melt with temperature as a parameter is shown in
Fig. 3.7. This calculated phase diagram is in reasonabl e agreement with our

experimental data on the composition of epitaxial layers and it has proven to
be very useful to determine the melt composition and growth temperature to
achiev e the desired solid alloy compositions for the multip le layers i n the APD.

From the data on the energy bandgap vs. composition for GaAsxSb 1 x
in Fig. 3.8, a composition of 16% GaSb (i.e. x = .84) is required for the

active l ayer of the avalanche photodiode . In order to avoid Sb build up

and compositi onal changes during growth it is desirabl e to grow the ternary

in a reg ion where the Sb mole fract ion in the sol id does not change rapidly
with temperature. From Fig. 3.7, one observes that temperatures of 750°C
or hi gher are required. We have elected to grow at 775°C with a ~T of 5°C

dur ing g rowth of the epi tax ial layers . The increasing GaSb fract ion w i th
decreasin g temperature i s a des i rab le feature i n our particular device struc-
ture because the buffer l ayer will tend to be graded to more closely match

the active layer and reduce the number of edge dislocations at the i nterface.
+ + + +Since both p -n-n and n -p-p structures are required to study the electron

and hole avalanche multip licat ion coeffic ients , both p~ and n~ GaAs substrates
are required as well as either p or n doping for each of the three epitaxial

layers . For p-type doping Zn , Ge and Si have been used and for n-type Sn and Te

have been used. Ge , Si and Sn are particularly useful dopants if more than one
epita x ial layer is grown at a t ime because they all have low va por pressures and
cause a minimum of cross contam i nat ion between the melts . These are the only
dopants used i n the APD struc ture because a l i ghtly doped region wi th a moder-

ately high breakdown voltage is always required and the high vapor pressure dopants
woul d preclude the growth of this l ayer. As noted above , both n~-p-p~ and
p+_n_ n+ structures have been grown , however , for simp licity , fur ther descr ip-

S. ti ons of the growth w ill refer only to the p+_n_ n+ structure . For this struc-

ture , the buffer l ayer is Sn doped while both the active and contact layers are

Ge doped .
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Fig . 3.7. Experimental and calculated Sb distribution curves for GaAsSb solid.
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The epit ax ial layer grow th for any of the three layers follows
the same sequence with only slight variaticrns in the Sb concentration or the
dopant to achieve the desired doping level and alloy composition . The sub-

strates are prepa red by a standar d techni que of mechanical la pp ing and pol i shi ng
with successivel y finer grit alumina and finally a chemi—mechanica l polish
u s i n g  Cabos i l  and lOH2O: 1 H202 in an oscillatory polisher. After removing

• the substrates from the polishing block , they are cleane d in trichioroet hy l ene ,
acetone , water and methanol . The substrates are etc hed i n 3H2S04 :1H202 :lH2O
just prior to insertion into the furnace . The individual mel ts are made up wi th
6 9’ s Ga and 5 9’ s Sb from Alusuisse and Asarco respectively wi th between 10
and 25 atom percent Sb depending upon the desired solidus composition as shown
in Fig. 3.3. Undoped polycrystal GaAs is used as the As source for saturating

the melt. The substrate and melt are ra i sed to 775°C and allowed to equilibrate
for 1 hour. The melt is then brought over the substrate and the furnace temp-

erature decreased at a rate of 1 °C/mm . After the desired temperature drop,
a secon d melt i s pulled over , then the final melt is pul l ed over and after
the desired AT , the melt i s pulled free from the substrate . The furnace i s

- • then cooled to room temperature and the structure is removed for evalua tion .

After the structure is removed , routine evaluation consists of
cleaving along a <110> plane and etching for 2—3 sec. in the A— B etch~~ to
del inea te the junc ti ons . The layer thi c knesses are then measured under an

opti cal microsco pe. Next, “quick diodes ” are fabricated by etching a mesa
with a wax dot on a portion of the wafer. Tungsten probes are contacted to

the diode and a photoresponse measurement is made. This meas~rement shows - •
the bandgap of both the buffer and active l ayers and can then be used as

feedback on control of the epitaxia l layer compositions .

Dur ing the course of this work , considerable effort has been expended

on studies of the microscop ic operation of the APD . One of the most useful

tools is a scanning el ectron microscope (SEM), particularly when combi~ed wi th

an energy dispers i ve X-,ay detector and a beam induced current amplifier and
monitor. This enables us to measure the chemical composition vs. depth in the
epitax ial layers , the current collection efficiency and mul tip li cat i on as a
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function of position and bias voltage and to correlate these with surface
features and defects in the l ayers to determine if they are due to growth
faults (metallic inclusions or precipitates) or substrate originated faults
(dirty substrate , poor wetting or high dislocation density).

Studies of these GaAsSb heterojunction APD ’ s and comparison with
GaAs homojunction and GaA1As—GaAs heterojunction diodes revealed that the
quality of the junction is adversel y affected by mismatch between the two
l ayers . As the degree of m i smatch decreas ed , the junctions improved. The
GaAsSb diodes did not , however , show the improvement we expected when we went
to a homojunction GaAsSb diode (i.e., buffer and ac tive layer of the same
composition ) . The problem with this structure is revealed in the X-ray profile -

of Fig. 3 .9. This is a plot of the Sb X-ray yield vs. position for this GaAsSb
homojunction structure. The interface between the two l ayers shows a sharp drop
in Sb at the interface. This drop is coupled with a corresponding increase in
the As level and is due to the condition of melt non-equilibrium when the

second melt is brought over the substrate . This makes it virtually impossible
to achieve the high quality junction required in the APD by the use of two melts

to grow the p-n junction.

The solution to this dilemm a has been to grow a true GaAsSb homo-
junction from a single melt by the addition of dopant during the growth. In

this way , the l ayer composition remains constant and the impurity incorporation
just changes from n-type and p-type.

This dopant drop technique imposes a slight modification of the
original device design. In the initial device , the p-n junction was between
ttie buffer and active layers. With the dopant drop technique , the p—n junction

occurs midway through the active l ayer as shown in Fig. 3.4. This places an
additional constraint on the active l ayer thickenss. In order to achieve the

high quantum efficiency , the ac tive layer mus t be nearl y punched through to
the buffer l ayer at the avalanche breakdown voltage. After several experi-

ments with the dopant drop technique the required growth conditions were achieved.

4 ’
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Fig. 3.9.Sb profile obtained from X-ray emission on SEM for two CaAsSb layers grown on a G~~~s

substrate. The melt composition for each epitaxial l ayer was identical but growth
conditions at the time the second melt was brought over the substrate caused the
Sb concentration to dip at the interface.
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The dopant drop technique utilizes a boat much like our earlier

vers i ons , except a small shelf is built into the top of the slider. The
sl ider is moved with a quartz push rod , just as earlier , except that now the

rod is pulled to move the slider and pushed to move across the shelf holding
the dopant. This boat and slider arrangement are shown in Fig. 3.10.

Once this doping drop technique was worked out , the resulting APD’ s
ex hibit ed improved leaka ge and avalanche propert ies. Th i s change in the growth
has improv ed the dev i ce performance ; however , higher avalanche ga i n i s sti ll
necessar y to achieve opt imum sys tem performance . Present s tudies of aval anche
gain non—un iformities show a high correlation with the characteristic surface

pattern of the GaAsSb heteroepitaxial structures . This pattern is shown in
Figs. 3.11 and 3.12. This “basket weave ” pattern is aligned along <110> crys-
tallographic directions and these surface features are — 4000A high . This

pattern is a result of the lattice mismatch between GaAsSb and the GaAs substrate

and it Cannot be eliminated as long as there is lattice mismatch.

• The results of this work strongly suggest that the area of avalanche
gain uniformity in closely lattice matched structures is the most promising

approach to the uniform avalanche gain problem in the current structures.

3.2.5 Device Fabrication

The sequence of process for fabrication of the device is shown in

Fig. 3.13. The substrate side is chemi-mechanically polished to obtain a mirror-
like surface. A clean surface of the sample is essential before metals are

evaporated. AuGe and AgMn are used on n-type and p-type GaAs substrate or
GaAsSb l ayers respectively for metal lization. The photolithograp hic align-

ment of the meta llization pattern on the substrate side to the metal dots already
on the l ayer side is made using a special mask aligner under an infrared micro-
scope. In the transmission mode , the substrate metal lization pattern and the

circular dots on the layer side can be seen at the same time . After alloying
S. 

the metal contacts , the ohmi c con tact res i stanc e is checke d . Au i s elec troplated

over the metal contacts to protect them from pressure contacts or thermocom-
press i on bon d con tacts . The electroplated dots are smaller than the mesa dots
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• Fig. 3.10 Graph i te sl ider boat used for “doping drop”
S. 

growths. Top slider (small -insert with holes)
is where the dopant is placed and the quartz
push rod is used to push this slider back to
where the sets of holes line up and the dopant
drops through into the melt to change the
doping .
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Fig. 3.11. ~Ior ma r s k i  phase con t ras t ph otorn i crogra phs of the
surface details of an APD structure . Note the
a l i gnment of surface features along • 110- directions.
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Fig. 3.12. Interference phase contrast photomicrograph of the
surface of an APO structure. These surface features
are between 1 and 2 fringes which corresponds to a
height of 2700 to 5400A.
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~~~~~~~~~~~~~~~~~~ Remove resist lifting AgMn on top
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B. -Tht i-ref lectiOn Coati ng

Deposit 1450P of S1 3 .~ by 5o ut te r~ ng

to the su bstrate s ide .  Rerove -

on top of Au by scratc h ing the sub-
strate s ide on a paper leav m no S- i 3  4
inside 15 oil circular holes oni j

# 

C. Mesa Etch
1) 

~~~~~~~~~~~~~~~~~~~~~~ 
side

~ :: ~~r a ~~
t
~~ layers

and part of ~~~ layer.

Mask Remove resist .

passiv:tio : 

pa ssivation .

e; the; r

Fig. 3.13 Device Fabrication Procedure for the Inverted
a. Homo-Heterojunction Ava lanche Photodiode

(starting with the 3-layer epitaxial growth
-
. structure and ending with the APD chips ready

for mounting or packaging).

37

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
L

~~~~~ ? ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _



r 
- 

~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~

to prevent Au from hanging over the mesa and shorting the diodes when under-

cutting occurs after the mesa etch. The mesa surface is passivated to protect

the exposed p-n junction and to decrease the surface leakage current. To

obtain maximum quantum efficiency , S13N4 is deposited over the light entrance
window on the substrate side for the anti-reflection coating . With a l.O6u
laser , a reflection coefficient of 0.15% is measured for a l450A layer of
S13N4 on the GaAs substrate. Careful monitoring of the etch depth is important
to obtain the desired mesa geometry which reduces electric field concentration

at the p-n junction. The depth of the mesa is measured under a microscope after
each mesa etch and compared to the layer thickness which is known from the

measurement of the cleaved and stained edge of the layer. After checking the
curren t-voltage characteristics and spectral responses of diodes , they are
cleave d i nto indivi dual di odes . Fig. 3.14 shows refl ection and transm i ss i on
photomicrograph of a diode taken through an infrared microscope. Finally the
diode is placed i nto the hybrid microwave preamplifier package.

Another method of dev i ce fabrication was establi shed for struc tures in
which the p-n junction is on the surface side of the active l ayer (rather

than the substrate side). In this geometry the “norm a l ”  mesa etch woul d be
ex pec ted to gi ve surface el ec tric field concentrat ion and surface brea kdown.
The proper geometry would be to make mesas etched from the substrate side .
This process is a delicate fabrication procedure compared to the mesa etching
process from the l ayer side . Fortunately, it was found that with proper passi-

vation techniques , mesas etched from the l ayer side (wrong geometry for these
homo-heterostructure diodes) gave the same measurement results as the mesa

etched from the substrate side (no surface breakdown). Therefore this inverted

mesa fabrication method did not prove necessary and the procedures need not be

described here further.

3.3 Preamp Design 
- -

S. 

In the course of this work , 3 prototype receivers were built for

evaluation. The first two were built with hybrid integrated front-ends ’

and discrete subsequent stages. The third was completely hybrid integrated

and is shown in Fig. 3.15.

pt~~
.
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(a)

(b) 

~~

Fi g. 3.14 a) Reflection photograph of a diode where the dark circular
dot is the mesa outline and the metal contact in the center.

b) Transmission photograph of a diode is taken by the infrared
microscope from the l ayer side . The dark square area is the
metal contact on the substrate side . The large bright circle

:~ is the window on the substrate side. The dark circular dot
is the outl i ne of the mesa and meta l contact to the contact
layer .
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Fig. 3.15 Hybrid i ntegrated 0-5 MHz Ill—V Heterojunction photodiode
optical receiver
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For the sake of brievity , only two circuit diagrams are shown
(Figs. 3.16 and 3.17) and descri bed . These are the circu i t di agrams for
receiver #1 and receiver #3. Receiver #2 was sufficiently similar to #1 that
it need not be described in detail.

Referring to Fig. 3.16 , we see that basically, the circuit is a
Mosfet source-fol lower input or front-end , a cascode connected vol tage amp-
lifier consisting of and Q4, followed by another Mosfet source-follower .
The feedback is taken from the source of this Mosfet to the summing function
formed at the gate of the first Mosfet. Transistors Q6, Q7 provide isolation ,
and current gain to drive a 93c2 load. Q1 has an input ca paci tance , Cgs of
about 5 pf. In the source-follower connection , the equivalent input capacitance
C-~ = C 

~ 
(1 - A) where A is the voltage gain of this stage , given byg g~R~A l+9MRS 

in the limit where R5 << Zgs • So here,

/ 
g R

g’~ gs ~ 
- l+g~R5

here , the trans conduc tance , 9M 10xl0 3 mho , R~ = 3K , so C~~ = 5xlO~~
2

(1 - .97) = 0.15 pf. At an operating photodiode bias of about -20 VDC , the photo-

diode capacitance (CAPD) is about 0.26 pf. This gives an equival ent total i nput

capacitance of 0.41 pf , wh ich wit h RF determines the open-loop frequency response
of the comp le te am plifier. That is: 

~-3dB 
= 

2~ R 
The valu e of RF use d

in this preamp was 6.12 Mu , and the measured open-~oo~ ~—3dB 
was 68 KHz. This

imp lies that C .~ = 0.383 pf , very close to the 0.41 pf predicted value. This

shows that the stray capacitance has been successfully minimi zed.

- 
- As will be recalled from Section 2, the gain bandwidth product desired

for the voltage gain section is greater than 3 GHz. So we need high open-loop
S. 

gain and wide bandwidth. The required voltage gain can be achieved with a
common-emitter stage. However , i n such an arr angemen t, the Mi ller effec t
capacitance severely u nites bandwidth. For this reason a cascode configuration
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is employed , where the voltage gain occurs in a common base stage (Q4) and the
common emitter , Q2, provides current gain. This connection provides a very low
impedance (

~ 
30u in this case) at the collector of which pushes the Miller

effect break frequency well out of the range of concern. The current gain of the

common base , Q4 is nearly 1 so all the sig~al collector current of Q2 appears
across RL and so the voltage gain is Av = RL = (

~~
-) i RL . Q5 serves toVbe (Q2) 

c

isolate RL from capacitive loading. The principle frequency response limitation ,
now is the capacitance from col l ector to base of Q4 along with RL : ~-3dB 

=

1 . This is the open-loop frequency response of the voltage gain section ,
2O R L CCB
i .e. from the base of to the source of Q5. The measured value of this break-
point in receiver #1 was 9 MHz , which implies a capacitance of 1.3 pf. Since
CCB is about 1 pf , th is indicates that we have a maximum of 0.3 pf of stray

capacitance at this point.

The feedback is taken from the source of Q5 to the summing function

of the gate of Q1. The two 1K resistors in the feedback loop were necessary
to reduce the loop gain in receive #1 , since this receiver initially oscillated.

The inductor in series with one of these resistors was to eliminate the remaining

peaking in the passband . So for this receiver the transfer function is:
V0 = 2i~ RE where i~ is the photocurrent. Q6 and form a un i ty ga i n volta ge
follower and serve to drive the output load. The overall closed-loop frequency
response of receiver #1 is 6.9 MHz.

Receiver #3 (Fig. 3.17) utilizes the same design concept , but emp loys
several refinements. First of all this r’-ceiver is completely hybrid integrated ,
utilizing transistors in die form and chi2 resistors and capacitors . The circuit
is fa b r i cated on a glass su bstrate . Th i s approach mi n imi zes stray capac i tance
effects and is economical on space requirements .

The output dr iver sect i on employs a 10:1 volta ge div ider in R19 and
R18, so that the voltage gain of this section is 0.1. This is to give the receiver

greater dynamic range . The reduction of the signal at the output does not degrade
the signa l-to-noise ratio of the receiver , since the noise input to this section

- : is much larger than the equivalent input noise voltage of or Q10. For the



output Mosfet, a Signetics SD-201 is used . This device has very low equivalent

input capacitance (Cgs = 2 pf vs. Cgs = 5 pf in the 3N204 devices used in

receiver #1) and has a protective diode between its gate and source . Such a

diode , of course , could not be used in the first stage Mosfet, since it would
intollerably increase the shot noise at the inpu t due to its leakage current.
The only other differences are the use of SD-200 Mosfet at the input rather
than the 3N204, use of an additional emitter follower , Q~ , 

and a -45 VDC power
supply terminating Rs, RL, R0. The SD-200 has a gate to source capacitance

a factor of 2 l ower than the 3N204, however , it has nearly 4 times more equiv-
alent input spectral noise volta ge density (— 22 nV/~’T~ ). This was deemed

a reasonable tradeoff since the noise voltage as a function of frequency is
proportional to enCw , where e~ is the noise voltage density , C is the input

capacitance and w is the circular frequency. This relationship will be

expla i ned in more detail later.

The desira bility of the other refinements can best be understood by

consi dering the model for the Mosfet in the source-follower configuration.

Fi g. 3.18 shows that both the voltage gain of this stage and the input conduc-

tance depend on the load conductance. It is , therefore , desirable to make the

load conductance as small as possible , e.g. make the load impedance as large

as possible , while maintaining the same quiescent drain current. To do this ,

the -45V power supply was used on both Mosfets . Also to reduce the capacitive

part of ZL (the load impedance), the additional emitter followe r, Q2 was added .
So that now the input Mosfet need only drive the load R~ and the capac itance
or this emitter follower and does not have to drive the input guard (the dotted

line in Fig. 3.17).

3.4 Design & Fabrication of Feedback Resistance Element

As mentioned before, one of the key factors affecting the realiz-

ation of the receivers discussed here is the feedback resistance el ement. This

resistor is required to have a feed-through capacitance (CF) of ~ l0 15 F and
the distributed stray capacitance from this resistor to ground (CSH) is to be
< 1o~~

5F. The former requirement stems from the limitation CF p laces on
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r Fi g. 3.18 Signal mode l for sing le gate Mosfet in source follower configuratio n
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~anJw idt h , and the latter from the phase shift which CSH i ntroduces .

A design satisfying these requirements and the final result

of our efforts at obtaining such a component is illustrated in Fig. 3.19.

The actual resistance element is the thin line in the mi ddle. It is lO~
wide by 2 mm long. The broader lines , terminated at the squares at each
end are aluminum contacts. The device is altogether 6 mm long (

~~ 
.24”) and

is deposited on a 7059 type glass substrate. The resistance material is
cermet which is composed of chromium (Cr) and silicon-monixide (SiO).

Depending on the ratio of Cr to Sb used in the composition of the resistor ,
an extemely wide range of resistivities is obtainable .~~ This is an advan—
tage of our evaporation system and will permit us on subsequent recei vers to

evaporate all the circuit resistors directly on the circuit substrate .

The apparatus , shown in Fig. 3.20, consists of a sample chamber
(upper part) where the substrate is loaded and held , face down , near the
top of the chamber. It is heated to the desired temperature by radiation
from a naked tungsten filament. Near the bottom of this chamber are 2 cru-
cibles containing the SiD and Cr. These crucibles are each heated by separately

controlled electron beams . The openings on these crucibles are baffl ed such
that when the sources reach the proper temperature , the evaporant stream forms

a cone from each cruc ibl e and the bases of these cones overlap at the samp le.
The sample -is initially shuttered and the rate of evaporation from each

source is monitore d (with ~.loan crystal thickness mon itors ) until the rate of

each evaporant when corrected for its density will result in the desired ratio

of Cr to SiO. Once this condition has been established , the shutter in front

of the sampl e substra te is opened whil e the chan ging resistivity is being

cont inually monitored . When the desired resistivity has been reached , the
shutter is closed and the evaporation is complete .

The sample chamber is pumped from atmosphere by two vac-sorb pumps

to a pressure of about 1 micron . Then it is pumped to a standby pressure of

S. 
lO~~ torr by a Granvil le-Phillips Electro-ion pump . Durin g evaporation , this
same pump is in operation and a pressure of about 10-6 torr is maintained .
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- I Fig. 3.19 Low capacitance cermet resistance element
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The resistors fabricated in this way , showed no excess noise (noise over and

above Johnson noise). This determination was made after instal l ation in

the receiver by observing that in the frequency region In which the receiver

no i se i s dom i nated by Johnson no ise , the measure d noise was no hi gher than
a calculation of Johnson noise predicts .

0~

50 

-_ - - --- -. - .

-~~~~~~~-~~---—~~~~~ 
j_ 

.-



r ~~

-

~~~~~~

--_ - -

~~~

.--—-— 

4.0 MEASUREMENT TECHNIQUES

The princ ipa l measurement systems emp loyed for the evalua tion of
these receivers were the Tektronix Digital Processing Oscilloscope (DPO)
system , and the Tektronix Model 7Ll3 Spectrum Analyzer (—1 KHz to 1.8 GHz).
In addition , the HP Model 3l3A Tracking Oscillator and 312B selective volt -
meter combination was used as well as the HP Model 3400-A true RMS voltmeter .

4.1 Open-Loop Frequency Response

The fi rst impor tan t parameter to be measured on the receiver i s the
- open-loop gain-phase vs. frequency . The receiver configuration for this

measuremen t i s indi ca ted in Fig. 4.1. Here the feedback loo p i s broken
and a signal is injected into the feedback resistor as shown . The magnitude
and phase of the output signal is then compared with this input to determine

gain and phase—shift . This measurement is relativel y easy in the pass ban d
of the amplifier where the output signal is large , and can be accomplished
with a Vec tor vol tmeter. In fact , the -3dB point determined by 

~-3dB 
=

C . (where C
~ 

is the total equivalent input capacitance of the receiver ,
i nc l~di?i g CAPD) can be measured this way and C.~ thus determined . However ,
important information regarding the phase-margin and hence stability is contained
in the response at frequencies much higher than the 

~-3dB 
point. At these fre-

quencies the output is small in magnitude and sometimes almost totally buried
in noise; so that the direct measurement of gain and phase is impractical . One

of the functions contained in the DPO software is the correlate function. The
cross-correlation of an equal number of cycles of two sine-wave functions of

equal frequency is illustrated in Fig. 4.2(b). From the magnitude and location

of the peak of this function , both the ratio and phase of these sine-waves can

be determined. Since the computation for each point of the cross-correlation
utilizes the whole i nput waveform , a considerable increase in signal-to-noise
ratio is achieved . This point Is illustrated in Fig. 4.2. Fig. 4.2(a) shows

the twn sine—waves used in obtaining the cross—correlation function shown in
Fig. 4.2(b). Note that one sine-wave is unrecognizable.
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Fig. 4.1 . Ex perimenta l configura tion for measurement of open loop
gain-phase .
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Fig. 4.2. (a) 8 cycles of two sine waves of equal frequency . One sine wave
totally buried in noise.

(b) Cross—correlation of the two sine waves in (a).
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By uti lizing this function i n a program wr itten to run on the DPO ,
measuremen ts of open—loop gain-phase were performed at frequencies in excess
of 10 MHz and the behavior of the phase near the point at which the gain
app roaches zero was observed.

4.2 Closed-Loop Frequency Resjonse

The closed-loop frequency response of the receiver could be measured
directly if a l.O6~m l ight source which could be sine-wave modulated up to

10 MHz were available. Since such a light source is not available at our lab-
oratory , we had to dev i se another technique for thi s measurement.

A special top cover for each receiver was fabricated in which a
shielded cabl e was supported with its central conductor about 0.1” from the
summing junction of the amplifier (see Fig. 4.3). Thus a small capacitance

(C c) was formed . The value of this capacitor was determined by injecting a
triangular waveform and observing the output square wave . The value of Cc is

then obtained as indicated in Fig. 4.3. This value was of the order of lO~~
5F

for all three rece ivers constructed .

Once the Cc is installed and calibrated then the response of the
amplifier to a voltage step of known height (Fig. 4.3(a)) is the impulse res-
ponse of the amplifier. Applying another function in the DPO software , the Fast

Fourier Transform (FF1), to a digitall y stored replica of this impulse response
gives the frequency response , from which the closed-loop 

~-3dB 
can be determined.

For a l l of the measuremen ts where a repet it ive waveform is to be digita lly stored
in the computer , another very useful feature of the DPO system so ftware i s
signal averaging. In this way the signal-to-noise ratio of various responses
can be improved significantly before further processing .

4.3 Noise Measurements

Measurement of total noise in a given bandwidth can be done directly

S. by a true RMS voltmeter. This , however , gives no information about the

statistical distribution of the noise. That is to say we do not know with what
t 

- 
frequency a given instantaneous voltage value abo’,e or below the mean occurs.

Whether this distribution Is Gaussian or not determines the presence or absence
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of spurious noise sources. To construct such a “N oise His togram ” , the output
noise is sampled in a reasonable time window and stored dig itally in the DPO

memory . Then a program written for this purpose compiles the samp led noise
and plots the number of times given instantaneous noise voltage occurs vs. that

voltage . The results should be a Gaussian distribution. The logarithm of this
distribution is taken and curve fi tted with a log of a true Gaussian with the same

parameters (see Fig. 4.4). Of course the RMS value of the noise voltage is
equa l to the standard deviation of this distribution. This program gives
excellent agreement with the HP 3400A true RMS voltmeter .

The most important noise measurement is the output noise spectrum ,

since this allows observation of the variation of output noise with frequency

and thus enables judgments to be made regarding the dominant noise mechanisms
in different frequency ranges. The most convenient way to make this measurement

has been found to be the Tektronix 7Ll3 spectrum analyzer. This instrument has
a calibrated vertical scale in either the log or linear mode . In addition , the

noise -bandwidth of the several resolution-bandwidth settings of the instrument

have been calibrated. Thus , the noise spectral density at any frequency is
simply the actual measured noise amplitude divided by the square-root of the
noise-bandwidth of the resolution setting. Noise spectra determ i ned in this
way can also be used to compare with the predictions of a noise model for the

receiver which is being prepared as part of the requirements of a different
Air Force contract (F336l5-76-C-lOOl).

Another important measurement possible with the 7Ll3 is the direct

measurement of noise equivalent current (NEI) from wh ich noise equivalent

power (NEP) can be computed. By definition , noise equivalent power is that

power at which the si gnal is just equal to the noise. In general :

S. — ,,, ~2 , ~2 If V Vsig+noise — ‘‘sig -’ noise ’ sig 
— 

noise ’
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Fig . 4.4 (a) Noise output and its statistical distributio n.

(b) Measured statistical distribution of output noise , its log superimposed
with log of a Gaussidn distribution.
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then ~~~~~~ = ~2 ( V . ) 2 = 

~ 
Vn ise and :

20 log Vsig+noise = 20 log V noise
+ 20 log /� V s+n (dB)=V n (dB)+3dB•

To make this measurement the spectrum analyzer is utilized as a sharply tuned

f i lter , centered at the des ired frequency (f0) and with a suitable resolution

bandwidth. A sine—wave at this same frequency (f0) is injected into the preamp

throu gh Cc res u lt i ng i n an i n pu t current of i = Cc ~~~~
- V~ Sin (

~~ 
t) = CcVowocos(~o

t)
where = 2i~f0. Now as the output of the amplifier is monitored on the spectrum

analyzer , the sine-wave amplitude is reduced until the display of f0 is 3dB
above the noise at f0. The RMS amplitude of t:le sine-wave current into the

preamp is now equal to the noise current:

C V 3~~(RM S)
NE I  = 

c 0 
, where ~F is the spectrum analyzer noise
bandwidth.

Of course NEP = 
~~~~

- (NEI) = 1.226 (NEI) in our case.

t
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5. 0 RESULTS OF MEASUREMENTS

5.1 Measuremen t and Analysis of Signal Response

Table 3 shows some of the actual measured parameters of the three
prototypes that were fabricated .

Fig. 5.1(a) shows the actual frequency response for receiver ~3

determ i ned by operating on the  impulse response with the Fast Fourier Transform

(FF1) on the DPO , and Fig. 5.1 (b) shows this corrected to a dB scale and ~lotted
against the log of frequency . The value at low frequency corresponds to =

l 2.4xl06. The peak i ng observe d in the pass band is a typical second ~
order (2-pole) response transfer function. This peaking is caused by reduced

phase-mar gin. In an ideal second order function , 3dB of peaking i s the resul t
of a dam ping ratio of about 0.4 which corresponds to a phase-margin of 450 •

To observe the effect of stray shunting capacitance of the feedback

resistor on the response , a new circuit model was made (Fig. 5.2 inset) in

wh i ch noise was neg lected , but GF, the feedback conduc tance was replaced by
a two-port network including “C SH ” . Also in this model the input (A 1 ) amplifier
was modele d exp licitl y. To write the transimpedance of this model would be
exceedingly tedious since four nodes are involved. This task I S  s imp l if ied by
the powerfu l software in our APL time-shared computer. The Admittance Matrix

(A-Matrix) of the circuit without feedback was written and the A-Matrix of the

feedback network was also written . These matricies were entered into a circuit

analysis program on this compu ter which is capable of combining the matricies

to yiel d the A-Matrix of the closed-loop feedback circuit. The transimpedance

of th i s circu i t is then simply the A 21 term of the new A-Matrix. The magnitude

of this term pl otted against frequency for a suitable set of parameters

(C F 
= lxlO~~

5, CSH = 1x lO~~
5) is shown in Fig. 5.2. In Fig. 5.2(a) it was

assumed that the feedback capacitance of (A1 ) as well as stray capac itance from

gate to ground is zero , while in Fi g. 5.2(b) Cstray = 0.37 pf , and the feedback
capacitance of A1, CGD = 0.13 pf. The results of 5 .2(b ) compare quite closely
to the actual measurements on receiver #3 shown in 1-ig. 5.1. In receiver #1 ,
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Fig. 5.1. Measured ampl i tude vs. frequency response for receiver =3
as determined by taking FFT of the impulse response. (a)
Direct output of the DPO on linear axes and (b) corrected

- 
- to logarithmic axes . 61
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I frequency .
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the phase margin was so small that oscillation took place in the closed—loop
condition. In order to use that receiver for noise measurements , the feedback
voltage was divided by two. This was the easiest thing to do at the time and
resulted in enough phase-margin to stabilize the response. This , of course ,
changes the transimpedance of the receiver . But if this change is accounted
for , meaningful noise comparisons can be made . Number 3 receiver (the 1st
totally hybrid design) showed the largest phase-margin. This is due to the
superior circuit l ayout made possibl e by utilizing devices in chip form rather
than packaged devices. The successful closed-loop operation of these receivers
demonstrates the feasibility of designing wideband feedback mode preamplifiers .

5.2 Noise Measurements

Table 4 is a sumary of the measured noise data . The first three
columns are the Johnson noise of the feedback resistor (RF), the shot noise
due to the leakage current of the APD under the operating bias voltage , and
their sum. Columns 4 , 5 , and 6 are the result of column 3 multiplied by the
square root of the appropr iate bandwidth. These are to be compared wi th columns

7 , 8, and 9. As can be seen , for receiver # 1 , the measured noise and Johnson
noise are equal at 100 KHz bandwidth. In fact , thi s rece i ver exh ibi ted Johnson
noise limited performance out to a 300 KHz bandwidth. By 500 KHz, the noise
output was about 3dB higher than Johnson noise. Receiver ~3 shows practically
the same ratio between 

~nj 
and in at 1 MHz and 5 MHz as receiver #1. Unfor-

tunately, this receiver was not measured at lower frequencies with great
accuracy , however , it too shows response limited by non -preamr contri butions
out to approximately 500 KHz . For this receiver the non-preamp noise is dominated

by shot—noise from a leaky APD (column 2). The APD is a 10 mil device and exhibited
acceptable leakage when it was installed , but the surface passivation was subse-
quentl y damaged resulting in an order of magnitude increase in dark current. The
performance of receiver #2 is anomalous and the noise voltage output even at
100 KHz was 7dB higher than expected. Much more can be learned about the receiver
performance by studying the shape of the output noise voltage (~ i n/Ro ) vs .

I : frequency.
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Figs. 5.3 and 5.4 are plots of measured noise output vs. frequency
for receiver #1 and #3. Receiver #1 data was measured with the output fi l tered

by a 6-pole Butterworth lowpass filter which had 3dB frequency at 5 MHz and a

roll-off rate of 37dB/octave. Receiver #3 data is shown unfi l tered. The peak
at 20 MHz is not of concern since it lies considerably outside the frequency

range of i nterest. Al so this receiver showed peaking in the passband which

contributes to the magnitude of the noise response from about 1 to 5 MHz. In

both receivers , the low frequency noise is the theoretically predicted values

determined by shot noise and Johnson noise present at tne input of the preamp .

In recei ver # 1, the average noise in a 5 MHz bandwidth is wi thin a factor of

3 of the Johnson noise , i.e. it is within a factor of 3 of the best that can

be achieved without avalanche gain for this receiver. The NEP in a 1 MHz

bandwid th was 4 times better in receiver #1 than in receiver #3. This is

partially explained by the fact that receiver #3 had a very leaky photodiode

wi th a relatively large area (10 mu dia vs. 3 mu for receiver # 1) .  This
increased area resulted in a much larger capacitance. The SD-200 input device

in this receiver has e~ = 22 nv/v’~i and Cgs = 2 pf. The 3N204 Mosfet used
in receiver #1 has en = 5 nv//ii and Cg5 

= 5 pf.

As mentioned before , the functional relationship of the nrise

volta ge vs. frequency is expected to vary as 
~~~~~ 

i.e. linearly propor ti onal
to frequency , and the effect, on the noise output , of e~ and C1 is expected to

be somewnat i ntercnangeable.

The precise depenuence of tne noise on tnese parameters must be
determined by a noise model of the receiver wnose predictions can be compared

wi th the measured data. This work is in progress under a separate contract

supported by tne Air Force (F33615-76-C-lOOl).

5.3 Comparison of Ill-V APO Receiver Sensitivity with S-i Photomultip lier
and with Silicon APD Receiver

Receiver #1 was compared directly wi th an ITT S-i photomultiplier

selected for 
~1.o6~ 

= 0 . 1 %  and a GE “laser-eye” silicon avalancne photodiode/50c~
preamp combination. Tabl e 5 shows the results of this comparison.
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r - -

Dark NEP
in 1MHz NEP With
Bandwidth Light

ITT S—l 2 2 10- 12 4x 10~~
2

Photomul tip l ier - X (P1 l1 .5 nW)

GE Silicon 2 io
_ 13 7.5x10 ~~

3
APD/50E~ preamp 

X (P 1 =25 nW)rece iver

Science Center- 9.2xlO~~
4 l .l6xi0~~

3 2.3x10~~
3

diode receiver P1=ll .5 nW P1=25 nW

TABLE 5

It must be kept in mind that the performance of the GaAsSb receiver
is better despite the fact that the photodiode in this receiver was not operated

with avalanche gain , while both the other detectors were operated wi th internal
gain. The measurement with and without light shin ing on the detectors indi-

cated that under typical system operating conditions , the GaAsSb receiver tested

would have about 35 times better signal-to-noise ratio than the S-l. The GE
silicon avalanche photodiode was a selected device with manufacturer ’s stated

quantum efficiency at l.O6u of 30%. This device obtai ns its quantum efficiency
by virtue of an extremely wide depletion region . This is necessary since the

optical absorption depth of 1.06~ light in silicon is 0.1 cm , as compared to
iü~~ cm in GaAsSb. Such a wide depletion width in the silicon detector necessi-

tates the use of about 2500 volts for bias. This wide depletion width , of
course , limi ts the ultimate frequency response of this detector due to the long

transit time . While the noise performance of the silicon APD receiver was good ,

the measurement of dark NEP and NEP with light showed that under typical operating
— 

. - light l evels for the system application , the GaAsSb receiver is better by a

factor of between 2.2 and 3.3.
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6.0 CONCLUSION

The comoarison of the last section is quite impressive , considering

that the “rivals ” to the GaAsSb receiver are the result of refined technologies
and the GaAsSb receiver was operated without avalanche gain. This comparison
is indicative of the promise that the Ill-V alloy APD receiver has for solving

the laser line-scan and related system problems .

From the work reported here , it can be concluded that the crucial

receiver parameters limiting the receiver performance are the quantum efficiency ,

~~~
; the avalanche gain , M; the detector dark current , ID ; the avalanche gain

excess noise multiplier , xn ; the total equivalent input capacitance appearing

at the input of the preamp C1, and the equivalent input noise voltage spectral
density of the first stage of the preamp , en . With a given ‘i. the best per-

formance is obtained by operating wi th enough avalanche gain for the shot noise

to exceed the other noise sources. The limit of now much avalanche gain can
be used is in turn set by the magnitude of xn . C .~ and en together determine
the perfo rmance in the absence of avalanche gain and influence the performance
when avalanche gain is present. In fact with a sufficiently low noise , low
capacitance preamplifier , it is possible to meet the system requirements

without avalanche gain.

Our first attempt at this problem resulted in a receiver which can

meet the system requirements with between 3.3 and 4.4 nW of incident radiation.
This was done without avalanche gain and with possibly not the optimum choice
for the first stage of the preamp.

There are two device areas where advances will improve the system
perfo rmance. One is the device used as the first stage of the preamp , the
other is improvements in the avalanche photodiode. Of these the latter seems

closest to fruitful results.

Overall , we have developed a promising technology for wide-band ,

sensitive detection of 1.O6pm radiation. We feel that this technology is capable of
substantial improvement -in the near term and deserves continued support.
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