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SECTION 1

INTRODUCTiON AND SUMMARY

Optical photons with energies higher than the bandgap energy of a

semiconductor can excite electron—hole pairs in that material. Although

the characteristics of almost all semiconductor devices depend heavily

on the number of charge carriers available, strong interactions between

the device performance and the illuminating optical signal can be

expected. The program “Optical—Microwave Interactions in Semiconductor

Devices” is intended to study such interactions as manifested in the

modification of characteristics of semiconductor microwave devices by

optical illumination. Through an understanding of these interaction

processes, we can explore some potential applications, such as optical

switching and optical injection locking of solid—state oscillators, phase

jitter and frequency drift reduction of oscillators by optical illumina-

tion, and optically injected microwave mixing in solid—state amplifiers.

During the third quarter of this program, we concentrated on the

theoretical calculations of optical switching of GaAs IMPATT diode

oscillators. We had previously experimentally studied the microwave

oscillation characteristics of GaAs I14PATT diodes under external optical

illumination. We had found that, depending on the diode ’s bias condi-

tion, the frequency of oscillation, and the intensity of illumination ,

the IMPATT microwave output power can be either enhanced or reduced.

This result is described in more detail in Section 2. Section 3 presents

a theoretical calculation of the properties of IMPATT diodes under opti-

cal illumination. We determined that the most significant contribution

of optical illumination in an IMPATT diode is the drastic increase in

reverse saturation current I. Under normal operation conditions 1~ is

due to thermally generated carriers and is negligible compared with the

avalanche current. However, with intense optical illumination , Is must

be included in the dynamic equations that govern the operation of the

device.

9
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Using a small—signal approximation . equations can be solved to

show that optical illumination effectively introduces a resistance in

the equivalent circuit of the diode and that this resistance damps the

microwave oscillation and reduces the device efficiency and power output.

In an ordinary IMPATT diode, the cut—off frequency (the frequency at

which the real part of the impedance vanishes) and the resonant frequency

(the frequency at which the imaginary part of the impedance vanishes)

are identical. Under illumination, however, these two frequencies are

different. As shown in Section 4, this causes the interesting behavior

of the IMPATT oscillator that qualitatively agrees with experimental

observations.

During the past quarter, we also attempted to measure the noise

figure of a GaAs FET amplifier used as a mixer. However, the effort was

not successful because the amplifier used was not an efficient mixer.

The total loss of the mixing process is out of the noise—figure meter

sensitivity range. Currently, we are in the process of fabricating some

more FET amplifiers for more measurements.

10
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SECTION 2

EXPERIMENTAL RESULTS OF OPTICAL SWITCHING OF GaAs
IMPATT DIODE OSCILLATOR

The basic principles and characteristics of IMPATT diodes have been

described extensively in the literature.’3 The structure of these

diodes can be regarded as consisting of two main sections, the avalanche

region and the drift region. Under normal operation , the diodes are

reverse biased into avalanche breakdown so that electron—hole pairs are

generated in the avalanche region by impact ionization. The electrons

then move across the drift region under the influence of the external

electric field. Because .~f the time delay in the avalanche multiplica-

tion process and the driftis.” process, the device exhibits negative

resistance at microwave frequet. ’ies. Electron—hole pairs can also be

generated in a semiconductor by i~.lumination with an optical beam of

sufficient photon energy. Since carrier generation is the key to the

operation of IMPATT diodes, a strong interaction between the optical

beam and microwave output of the IMPATT diode is expected.

This section describes an experimental study of the effect of opti-

cal illumination on the IMPATT diode oscillation characteristics. The

IMPATT diodes used in this experiment are GaAs Schottky—barrier junction

diodes operating at about 16 GHz. The thickness of the active layer is

“2.8 ~tm , and the doping level is Nd “' 2 x iol6 
cm 3. The diodes were

mounted in a tuned microwave cavity with a feedthrough that allows an

optical fiber to be butt—coupled to the active region of the diode as

sketched in Figure 1. A sliding short waveguide section was connected

to one side of the cavity to increase the frequency range of tuning. On

the other side, a coupling probe and crystal detector was attached for

the detection of microwave output .  A cw GaAlAs laser and a pulsed GaAs

laser were used as light sources. The output of the laser was coupled

into the fiber and guided down to the IMPATT diode.

11
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SHORT DIODE

Figure 1. Schematic of the experimental se tup .

Figure 2 shows the reverse bias current—voltage (I—V) characteristic

of one of the IMPATT diodes. With no illumination, the diode had a

reverse breakdown voltage of “'30 V and a small leakage current. Illumi-

nation with 8200 A light from a GaAlAs cw laser throt~gh a fiber produced

a photocurrent , as shown in Figure 2(b). At voltages << V , the
breakdown

photocurrent was approximately 75 jiA for this diode; however, at 28 V,

avalanche multiplication resulted in a total photocurren t of 160 iA.

Other diodes exhibited a similar photoresponse. The optical power

emitted from the fiber waveguide was measured to be “7 mW.

The pulse photoresponse of the IMPATT diodes was also investigated

by using a GaAs laser source emitting a 100 to 150 nsec long pulse of

“~‘9OOO A light at a repetition rate of approximately 500 PPS. Several

types of response were observed depending on the illumination intensity

and the “state” of the diode, which includes the bias condition and the

operation frequency. Figure 3 shows the photoresponse of an IMPATT

diode which was biased above threshold. The cavity in this case was

tuned to optimize the microwave output power. The upper trace in the

pictures is the light pulse from the GaAs laser, and the lower trace

is the dc voltage output of the crystal detector, which is proportional

to the microwave power of the IMPATT diodes. The zero level for micro-

wave power is as indicated on the picture . Figure 3(a) ~.hOWS a decrease

12
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I

Sa
(a) Without laser light

illumination.

(b) With laser light
illumination.

Figure 2. IMPATT diode I—V
characteristics. (Horizon-
tal scale lOV/div , vertical
scale 50 h A/div. )

13



5733- 3

___________________________________________________________________________

N
ZERO MICROWAVE
POWER LEVEL

(a) At low light intensity.

-
, N

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ZERO MICROWAVE
POWER LEVEL

(b) At higher intensity.

Fi gure 3. Pulse pho tor espons e of GaAs IMPATT diode
biased above threshold. The upper trace is the
light pulse , the lower trace is the microwave output
power. (Horizontal scale 100 nsec/div.)
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in the microwave power output during the duration of the light pulse.

The peak reduction is about 60%. As the light intensity is increased ,

as shown in Figure 3(b), the IMPATT was nearly shut off for a time

in te rva l  corresponding to the light pulse duration.
If t he cav ity is detuned sligh tly so tha t the cavi ty Q favors  some

other  f requency  of oscil lation that has a higher threshold , the cw micro-

wave power wil l  be almost zero as shown in Figure 4 (a ) . I l luminat ion wi th

a small l ight pulse in this case actually t:iggered the device in to  oscil-

lat ion generating pulses of microwave ou tpu t .  This microwave ou tpu t  was

very sens i t ive  to the light intensity.  A 10% increase in light intensity

gave a 75% enhancement of microwave output , as seen in Figure 4(b).

However , f u r t h e r  inc rease in light in tens i ty  resulted in a s i tuat ion

shown in Figure 4(c) and 4 ( d ) .  The microwave output  enhancement was

seen near the beg inning of the li ght pulse but was quickly s h u t — o f f  f o r

as long as the li ght i n t ens i ty  was above a certain cr i t ical  level. As

the light intensity fell below this level, microwave output enhancement

resumed.

If we start  from the state shown in Figure 4(b)  or 4(d)  and increase

the dc bias current  we can obtain the s i tuat ion shown in Figure 3(a) or

3(b). This is because , with sufficient bias current , the device operates

close to its optimum condition . Then the only effect the light pulse

has is to spo il this optimum .

Th us, we have observed a strong interact ion between the opt ica l

pulse and the microwave oscillation character is t ics  of GaAs IMPATT

diodes. Both microwave power reduction and enhancement were achievable

depending on the bias condition and oscillation frequency of the device .

In Sections 3 and 4, a simple theory based on the small—signal analysis

is presented to explain the observed phenomena.

15
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(a) ZERO ~~CROWAVE

Ib)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (c)

(d) Figure 4. Pulse photo—
response of GaAs IIMPATT
diode biased below threshold .
The light in tens ity  increases
Progress ively  from (a) to
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SECTION 3

SMALL—SIGNAL ANALYSIS OF IMPATT DIODE CHARACTERISTICS
UNDER OPTICAL ILLUMINATION

To understand the results described in Section 2 requires studying

the dependence of the device impedance on the various parameters , such

as the dc bias current I , the oscillation frequency a and the transit

angle 0, and the optically generated current i~ .
5’6 The structure that

we are going to study is shown in Figure 5, which is a typical abrupt

p—n junction in reverse bias to break down. For analysis, we break the

diode into two regions, the avalanche zone with length ia and the drift

zone with length id, as shown in Figure 5(a). Figure 5(b) depicts the

electric field as a function of position inside the depletion zone. The

electric field profile has a triangular shape, peaking near the p—n junc-

tion boundary, which corresponds to the avalanche zone.

In a typical avalanche diode, the peak electric field is estimated

to be about 5 x l0~ V/cm. Under this field, the carrier drift velocity

of both holes and electrons is nearly identical with a value of 9 x 106

cm/sec. Since the carrier drift velocity is nearly uniform throughout

the dep]~ tion zone, it is treated as a constant in the following

calculations.

We will use a small—signal analysis to calculate the impedance of

the diode in the avalanche zone and the drift zone separaEeiy. This is

done by deriving expressions for the ac voltages in terms of the ac cir-

cuit current and thereby obtain the impedance.

A. THE AVALANCHE ZONE

Consider the avalanche zone first. The one—dimensional equation

that describes the avalanche current as a function of t ime can b~
derived as follows:

— 
~~~ 

(N~ — N
A 
+ p — n) Poisson’s equation

17
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p+ I n I n~~

I I I

a) 

I
_ _ _  I

I I~~~ I
I I I

AVALANCHE DRIFT
ZONE ZONE

I I
I DC I

ELECTRIC FIELD
DISTRIBUTION

DEPLETION ZON E sri

Figure 5. Structure of the IMPATT diode studied.

(a) Boundary conditions of the avalanche zone.

(b) Electric field distribution in the depletion
zone of the diode.
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I q v ~nA

CurrentI qv pA /p d equations

I In + I~, qv~ (p + n)A

(n+ p) (1)
Continuity
equations

(2)

where I and I~ are the currents due to holes and electrons, respectively ;
q is the electronic charge; Vd is the scattering—limited drift velocity;

ct is the ionization coefficient for both holes and electrons, and

A is the cross—sectional area of the diode. Adding Eqs. 1 and 2 and

integrating from x — 0 to x £~ yields

9,

dl 
= - -~

_. — 
1

x 9 ,  
+ 

2 

1

a 

cLdx,

where r 
~
‘a”d is the transit time across the avalanche zone. The

boundary conditions at x = 0 and x = 9a are indicated in Figure 5(a).
At x = 0, the electron current is due to the reverse saturation current

1ns of electrons generated in the p
+ region and moved to the junction by

diffusion. Thus, at x — 0, it follows that I — I = 21 — I = 21 — I.
n p n ns

At x = 9,
a’ the hole current consists of the reverse saturation current

of holes generated both in the n and regions so that

I — I I — 21 — I — 21 . Therefore,n p p ps

1 9 ,
dl 11a 21 (3)

- csdx - J. +

19
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where I I + I is the total reverse saturation current of the diode.8 us p8
In an optically illuminated IMPATT diode, the reverse saturation current

is greatly enhanced due to optical excitation, while in an ordinary

diode , I~ is caused by thermally generated carriers and is negligible.

Eq. 3 can be simplified by replacing ~ by ct, the average value of

am the avalanche zone:

21 (aL — 1 ) 21dl a (4)dt T Ta a

Next, we introduce the small—signal approximation:

a — c z  +a  ‘ca a a

I
cgR.. = l _ _ !+ c t  ‘9,ca I a a a

0

I — I  — io a

E = E
0 
+ £

where 
~~~~

‘ is the derivative of 
~a 

with respect to the electric field;

E is the dc field; 10 is the dc current; and c and ia are small—

signal quantities. Substituting the above equations into Eq. 4 and

neglecting products of small terms leads to

di 2I cg ’c t  2i1o a  a a _ a s  (5)
dt T Ia a o

20
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If we assume tha t  the ac f ie ld  has time dependence of eJ~~
t
, it follows

that

2a ‘9 ~ I c
a a o a

1 =a 21
j uT +—

a I
0

This is the ac avalanche ~s ii ~ Iii ction current in the avalanche zone. The

displacement current in th i~; region is g i ven by

i = jwc~ A
da - a

where A is the cross—sect iona l  area of t h e  diode , and E is tht  d ie lec t r ic

constant  of the material. Thus , the to ta l  ac current I isa

2a ‘I

‘a 
= ‘a ÷ ‘da 

= 
(
jucA 

+ 
a I L a ~a

j uT +

We can appr oxima te ~~~ Q as the ac voltage appears across the avalanche

zone , so that the total ac inipcdance of the avalanche zone is

— 
a a _ 1

a I 
—

a . 1
+ 

j ( U L  + R a

where

c LA
a~~~~a

21



Ta
L - 

2&’I
a o

I
Ra — 2a ‘Ia 0

2cx ‘2. I1 a ao = 2
L C  = 

CATa a  a

An equivalent circuit of the avalanche zone can be represented as

a capacitor in parallel with the series combination of an inductor and

a resistor, as shown in Figure 6. Define the factor D as

i 1 
6I i 2~ 2I üj

a I W I  . S
2

~ (jJ I T 1 W
a ’  a o a

The fact that D is complex indicates that there is a phase shift between

the avalanche current and the total ac current due to the optically gen-

erated reverse saturation current I~ . Also the existence of Ra in the

equivalent circuit lowers the Q of the avalanche zone. The magnitude of

Ra is directly proportional to the saturation current In an ordinary

IMPATT diode, I << I and therefore
5 0

R
a 

0

and

1D (a real number).

l----~
.

(A)
a

22
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Ra~ 2aa to

T aLa —

2; 10

LACa - 
~~~

Figure 6. Equivalent circuit of the
avalanche zone of an
optically illuminated
IMPATT diode.

We can also express Z
a in terms of D by using

ida — 1a~~ 
— D)

id = j WCL A

1(1 — 11)
C — _ _ _ _ _

a JWCA

I (1 — D) ‘aU g )
v — € 2 .  — —a a a  JWC A J W C a9,

a

23



from which it follows that

V
— 

a l — D  (7a ‘a jW C~~~

B. THE DRIFT ZONE

Once the avalanche current enters the drift zone, it propagates as
an unattenuated curren t wave at scattering—limited velocity vd :

x x-j (A) — -jW—

i
~

(x) = iae 
Vd 

= D I e  
vd

Again , the total ac current is — + i~ , where id is the displacemen t

current in the drift  zone :

id — jCA)CC
d
A

and therefore - -

x
—

I D I e  + j WCC Ad a d

and

x

DO 
, (8)

JWEA

24
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where we used the fact that I = ‘d~ 
Integrating Eq. 8 from x = 0 to

X = 

~d’ 
assuming 2’d 

>> 2.
a ’ yields

S 

V
d

=
~~WCA

[l_ D  ~~~ 3 ]  ,

where

9,
0 = u T  u J — ~~~.d vd

The ac impedance oF the drift gone is

Zd 
= 

JWC d 
÷ •

~~~ 
(
~ 

- 
si~ 

~ 2WC d( 

- c~os 
o)

where

Cd

For smal l  t r a n s i t  angle , 0 < <  1, it follows tha t

sin 0 1 — cos 0
1 and 20

2

and t h e r e f o r e  t h a t

Zd = 4
~~~~

+
~~

.
~~
_ . (10)

_  

i .~~~~~~~~~~~~~~~~~~~~~~~~



C. THE TOTAL IMPEDANCE

The total  ac impedance of the  IMPATT diode is obta ined by adding

Eqs. 7 and 10:

Z - Z  +~~ 
_ l — D ÷

l— D + DO
a d juC juCd 2uCd

= + 
2
~

Cd 
(11)

where

1 _ i 
+ 

1
C

_
C Ca d

From this total small—signal impedance , we can calculate the cut—off

frequency , the frequency at which the real part  of the impedance van-

ishes. For simplicity, we wri te

D -  = 
a - jb

a + j b  
a
2
+ b 2

where

2
a = 1

a

21 w
1~ _ _ _ _ _

2~~T I ( .ja o a

26
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Then it follows that

l - D =  (a2 + b 2
- a )+ J ~

a

The real part of the impedance c~~ be wri t ten as

T a
Re(z) = 

b 
+

uc(a + b2) 2Cd(a + b2)

Set t ing R e ( z )  = 0 yields

T a
0(A)c 2C~

41 C2 2 s dCr) — Cr) ~~~a T T C I
a d  o

Recall that

d

c = ~~~a

I ~—1 C C
~ 

a d
\C Cd! 

— 
Ca + C d

because

2. >> 2. , C >> Cd a a d

27
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the re fore it follows that

C Cd

and

412 2 s
u = w  +

a T T Ia d 0

or

2 2 2u = u  +~~j
c a S

re

412 s03 = 1 T I  (12)
a d o

We can also calculate the resonance frequency , that is , the f r equency at
wh ich the imag inary par t of the impedan ce van ishes:

2 2 T.(a + b  — a )  1 d i — jbI m ( z )  
uc 

a
2 

+ b
2 ~~~ L2 + b

2

S e t t i n g  I m ( z )  = 0 y ields

a
2 + b 2 _ a

÷
T
d
b

O2C
d

28
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Aga in , since

C Z Cd

it follows tha t

2 2 2 / T
d
I \ 4I~

2

0) W~ 03
a ~~~~~T I  ) 2 2~~a o  T I

a o

Thus , the cu toff frequency 
~~ 

and the resonance frequency 
~~ 

of an
IMPATT diode under optical illumination are different in general. In

the absence of light , I << I and u = = . Moreover, Cr) increasesS o R C a c

with increasing I~ while decreases with increasing I~ . It is the

strong dependence of and on illumination that results in the

switching phenomena observed in IMPATT diode oscillators. The calculated

results and the experimental results are discussed in the next section .
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SECTION 4

DISCU SSION AND COMPARISON OF THE CALCULATED AND
EXPERIMENTAL RESULTS

It is instructive to first examine the frequency dependence of the
IMPATT diode impedance without optical illumination. The expression of
total impedance of the diode derived earlier also can be applied to the

case of no illumination. From Eqs. 7 and 11, setting 1~ 
= 0, we have

D = 1
2

1 - D = 

1

—j 1 
+

Td 1Z 
03

2 
~~ 03

2

1 1 — ———f2 0)(A) a

and hence

T 1R Re(Z) =

~~~~~~~

= 
2 (13)

d
1 2

Cr)
a

X = Im (Z) 

~~ 1 
2 

(14)
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A plot of R(W ) and X(o ) is shown in Figure 7. When u > 03
a ’ the real

part of the diode impedance is negative , and the imaginary part is Capa-

citive ; for Cr) < 03
a ’ the opposite is true. We will use a simple series

inductance  to i l lus t ra te  the tuning and osci l la t ion condition of the

diode. The reactance of a series inductor L is uL. We plot the nega—

t ive  of th is  q u a n t i t y  on the impedance versus f requency diagram of the

IMPATT diode so tha t  the intersection of this curve with the reactance

curve of the  diode determines the oscillation frequency ~~~~~~ A vertical

projection from the intersection to the resistance curve shows the

value of negative resistance available at this frequency. This negative

resistance has to be large enough to overcome the loss in the microwave

cavity and in the diode itself for oscillation to sustain. For example ,

as illustrated in Figure 7, with inductance L1 
the available negative

resistance is R 1, which is above the threshold value Rth) and the device

will oscillate at frequency ~~~~~. However , if the  inductance is changed

to L2, then the magnitude of the negative resitance available is only R2,

which is below R , hence the device will not oscillate at wth o
Next , we examine the frequency dependence of the IMPATT diode

impedance subjec t  to  optical i l luminat ion.  Again , we use Eqs. 7 and 11.

With  the approximation C C~~, we can derive

2 2
T Cr) + 0 3  — (A)
d 2 a s

R = Re(Z) = s— Ci) (15)
Lt

~d 
a 

~ 2 ’/ ~2i 2 2i i d s  2
Ui) - 0 3 1 + 1  Cr)

/ ‘~ 2

I 2 2~ 2 / 2\ 21
I T Cr) ~ I TO )

2 2  2 s  d s j  t d s
lr) 0) 03 \l—  , /  + \  2

X = I m (Z) = -. a ‘. F , (16)
(OC 2

/ \2 /T Uj ’\
‘ 2 2’ ‘ d s  I 2
10) - 0 ) 1  + 1  1 0 )

\ 2 ,‘
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Figure 7. Impedance versus frequency plot of an IMPATT diode.
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where

2ct 2. 1
2 a a oCL)

a EATa

41
03

2 = s
S T T Ia d o

In the absence of optical illumination, (ri
g 

= 0 and Eqs . 15 and 16 reduce

to Eqs. 13 and 14, respectively. Eqs. 15 and 16 are sketched in Fi g-

ures 8 and 9 for  the case of

T
d 1
2 CL)

a

2 a a a
= —j~~

- 
~ 

—

~~~~~

— ~ and 
~T5ii~

The e f f e c t  of optical  i l lumination on the negative resistance of

the diode is obvious from Figure 8. Singulari ty at ~ = 03 is removed ,

and the magnitude of the negative resistance is greatly reduced. The

R = 0 frequency as we calculated before is larger than 0 ) .  The reac-

tance of the diode , as shown in Fi gure 9 , is also modified.  For w >

the reactance curves s h i f t  s l ight ly  toward higher frequencies as the

illumination level increases. This small shift is important because, it

changes the oscillation frequency . A detailed drawing of the negative

resistance and reactance at 03 > 0)
a 

is shown in Figure 10 for the case

of no optical illumination and for the case when

2 a
Cr) = —ro-

I
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Again, the diode is in series with an inductor L to complete the circuit ,

and the negative of this inductance is shown by the s t ra ight  line X =

Th is line in ter sec ts the reac tance curve X
1 at 

P, which determines the

oscillation frequency and the magnitude of the negative resistance *

—R
1 
available. If the cavity is tuned to this  frequency and —R 1 exceeds

the threshold value , then the IMPAT T diode will oscillate. Now assume

tha t an in tense op tical pulse is app lied to the diode such that the
curve is shifted to X2 

and the R
1 curve is changed to R2. Once again ,

the intersection of the X = —03L line and the X
2 

curve , Q, determines the
new “would be” oscillation frequency 

~o2 
and the available negative

resistance —R 2 . Since R
JJ 

> R2j , the diode will oscillate with

reduced output power if —R
2 is above threshold value at frequency ~o2’ 

or

it will cease oscillation if —R2 is below threshold. This case corres-

ponds to the experimental results shown in Figure 3. If the cavity is

tuned careful ly ,  we could have a frequency—dependent oscillation

threshold , as shown by the dashed curve . With this threshold situation ,

the IMPATT diode will not oscillate without illumination since the nega-

tive resistance at is below threshold . However , if the diode is

illumina ted wi th the proper amoun t of ligh t, it will oscillate at fre-

quency 
~02 If the op tical in tensi ty is in creased fur ther , the “would

be” oscillation frequency will be even higher , which has negative resis-

tance below threshold , and therefore the oscillation will be quenched.

This case corresponds to the experimental results shown in Figure 4.

Th us, the observed experimental results described in Section 2

can be unders tood qua l i t a t ive ly  throug h the calculated resul ts  and the

mechanisms discussed above. However , we mus t realize tha t , al though

the output power of the IMPATT diode oscillator is being switched or

modula ted , there is an oscillator frequency change associated with the

process.
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SECTION 5

PLANS FOR THE NEXT QUARTER

In the nex t quar ter , we wil l  cont inue the theore tical por tion of
the program wi th  par t icular  emphasis on the optical injection—locking

of solid—s tate oscillators. We will examine the efficiency of injection

locking caused by the various order of subharmon ics , the effect of fre-
quency noise associated with the reference signal on the locked oscilla-

tor output; and the long—term stability of the optical injection—locking

scheme. The results of this study will determine the feasibility of

locking millimeter—wave oscillators through optical injection . The

optical response of GaAs FET5 will be modeled to understand the optical

injection locking, mixing, and frequency noise reduction in this device.

Experimentally, we will continue the effort to determine the noise

figure of the GaAs FET amplifier as a microwave mixer . Also , we will

carry out optical injection locking of an IMPATT diode oscillator.

*

_ _  _ _  

- 
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