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SECTION 1

INTRODUCTION AND SU)~O1ARY

In this program we are concerned with both the modulation of optical

beams at microwave frequencies and the use of ootical signals to control.
microwave semiconductor devices to achieve various functions such as

injection locking and switching of oscillators, mixing and detection of

microwave modulated optical signals, etc. To achieve these goals, two

important issues must be resolved: how to generate microwave modulated

optical signals from semiconductor lasers, and how to couple light effi—

ciently into microwave devices.

Semiconductor laser output can be modulated either by an external

modulator or by direct current modulation. External modulation has the

advantage that the laser retains cw operation and therefore that its

output spectrum does not vary with time and the modulation speed is not

limited by the frequency response of the laser. In contrast, direct

modulation has a practical frequency limit of no more than 10 GHz.
However, its simplicity makes it very attractive. So far in this pro-
gram, we have concentrated our efforts on the direct—modulation approach.
Both sinusoidal modulation and mode locking (short—pulse generation) are

being pursued.

During the past quarter, we carried out an extensive experimental

study of mode locking in semiconductor lasers with two different external—

cavity configurations.

We have achieved the generation of GaAs laser pulses less than

200 psec wide at approximately 3 GHz repetition rates. The presence

of a strong resonance at low frequencies (100 to 200 MHz) in the laser
actually aids the generation of short pulses. However, the presence of

the resonance produces significant noise, which may be detrimental to

proper laser operation.

When a piece of optical fiber is used as part of the laser resonator,

a narrow—band microwave resonance corresponding to the inverse of the

photon round—trip time in the resonator is generated. We have achieved

enhanced laser modulation over this narrow band. Modulation frequencies

7
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as high as 4.26 G}Iz have been obtained for lasers biased only slightly

above threshold , and optical pulses as narrow as 200 psec have also

been generated using this technique.

A theoretical study of the response of GaAs FETs under optical

illumination was carried out. We found that , with intense optical sig-

nal, it is possible to obtain significant gate depletion—width change

in an FET. Thus, phototransistor action can take place in an PET if It

is designed so that the region under the gate electrode can also be

illuminated. A modified FET design is proposed, and its feasibility is

discussed. The new device is similar to a Burrus LED in structure . Part

of the substrate is etched away to allow the optical beam to cover the

entire active channel region of the transistor. The modifications to

the device are believed to only negligibly degrade the FET’s

characteristics.

8
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SECTION 2

MODE—LOCKING OF INJECTION LASERS

In the last report , we discussed the characteristics of two different

external—cavity configurations and their effect on injection laser mode

locking. We found that the three—mirror cavity has a higher Q and should
be more effective for mode—locking purposes. This section describes

theoretical and experimental studies of GaAs stripe geometry lasers

operating in a three—mirror cavity. Some preliminary results on the

lasing properties of a novel external resonator using optical fiber are

also presented.

A. EFFECTS OF AN EXTERNAL MiRROR ON INJECTION LASER OUTPUT

A schematic of the external cavity discussed En this section is

shown in Figure 1. The use of an external cavity can reduce the laser

threshold current caused by the increased reflectivity from the external

mirror. To study this effect quantitatively requires determining the

effective reflectivity of the composite laser resonator. The relation

between laser mode gain and threshold current 191

I i \  / 1 \Gth ~~th ~ 
a + in 

~LRR 1 ’ (1)

~ eff,

where G
th 

is the threshold mode gain, ~ is the gain coefficient , ~th 
‘~

the threshold current density, a is the internal loss coefficient due

to free carrier absorption and scattering, 9. is the length of the

laser diode, R is the reflectivity of the laser cleaved facet, and Reff
is defined as the fraction of light reflected back into the laser from

t the external mirror and the diode facet combination.

Define a coupling parameter k as the ratio of threshold current

densities with and without external mirror such that

~
+()

~ 
i~~()~~~~~~

k 

a+ (f)ln(f) 

. (2)
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Using the i~’ll~*’ing typical values , Q • 300 tim , ~t — 20 cm 1
, R 0.3,

and R - - 1, th .  minimum value of k can be calculated to be k 0.67.etf mm
R fo r  a laset with externa l mirror can be calculated to beeff

R + .~v”~ p.’j C O S
R — 

in

eff 1 + 2/~ v’~~ cos 26 + RRm in

where ~ is the round—tri~- inh ist’ delay of wave propagation between the

laser end t~~~cc and the exterr’al mirror , and R is the reflectivity of the

mirror. The value ot R - varies between a maximum of
e’ t t

(v”~ +

Rm
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3)eff (1 + ~~~

and a minimum of

-
In 

. (4)eff (1 ¶ ~/ ~
._

) 2

7963— i

DC ~~~~~~~~~~ 1_. I (— Wv---—-O R F

— H EAT SI NK

• 
SPHErnCAL

Figure 1. Schematic of injection laser mode—locking experimental setup .
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Figure 2 shows a plot of measured light output versus current input

for an injection laser (Laser Diode LCW—lO) with and without the external

mirror. The graph shows that k is approximately 0.8 for this particular

laser and external resonator. To compare this value with the theoreti-

cal , assume that all the losses inthe external cavity are due to diffrac-
tion losses in the plane perpendicular to the laser junction plane. The

external mirror, with diameter D = 2.54 cm , is positioned at a distance

L — 5 cm from the laser diode. If the full beam divergence angle for

the diode is taken to be t~8— 50’,and the reflectivity of the mirror

itself is taken to be unity, then the fraction of light reflected from

the external mirror is

R ~ D (5)
2L tan(t~O/2)

Thus, R is the effective reflectivity of the external mirror. Combin-

ing the above information with Eqs. 3 and 5 yields R = 0.545 and

R~~~ 0.845. Substituting these values into Eq. 2 yields k = 0.71. The

calculated value is smaller than the measured value of 0.8, which indi-

cates that the effective mirror reflectivity as given by Eq. 5 is too

optimistic.

To obtain a smaller k, the beam divergence of the laser must be

reduced or the diameter of the external mirror increased. However, the

diameter of the external mirror cannot be increased arbitrarily for small

radii of curvature (r < 5 cm). Therefore, the only alternative is to

reduce the beam divergence of the laser. This can be done by using

a structure such as a channeled—substrate—planar (CSP) laser
2 
or large—

3,4optical—cavity (LOC) laser.

B. CHARACTERISTICS OF INJECTION LASERS WITH AN EXTERNAL FIBER
RESONATOR

During the mode—locking study, we developed a new form of external

resonator. This resonator consists of a piece of graded index fiber

with both ends cleaved. One end of the fiber is coated with a thin

11
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layer of gold to form a reflector. A spherical lens is formed on the

3ther end to facilitate optical coupling between the laser and the fiber.

Figure 3 shows the actual fiber end with spherical lens formed.’ We have

found that it is much easier to align a fiber resonator than an external

mirror resonator.

Experiments were carried out using RCA injection lasers. A plot of

light output versus current is shown in Figure 4. Threshold current was

reduced 10% with the laser in a fiber resonator, which resulted in a value

of k “ 0.9, or R = 0.43.eff
There are several possible sources of loss in the fiber resonator;

the most significant ones are

• Reflection loss at the fiber lens

• Coupling loss between the laser and the fiber

• Polarization conversion in the fiber.

Assuming normal incidence, the reflection loss at the fiber lens is given

by

n _ l 2

R
f = (n:+l)

where n is the index of refraction of the fiber core. For an n of 1.5,c c
R is only about 4%. The coupling loss can be estimated from the fiber

acceptance angle, the laser divergence angle, and the fiber lens focal

distance. The fiber used in the experiment had a numerical aperture of

“0.14 without lens. The diameter of the fiber core was 65 urn, and the

radius of curvature of the lens was 110 urn as measured from Figure 3.

The new half—cone acceptance angle of the fiber with lens can be cal-

culated
4 to be 

~l/2 = 18°. The coupling efficiency r~ is then given by

the ratio of the integrals as:

- ~l/2

J I(0)sin0d0
Jo .

5

= 
‘ 

(4)

f
JO
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where the fiber is assumed to couple all the light in the lateral

direction since the laser beam divergence is smaller in that dimension.

The far field distribution of the laser can be approximated by 
-

I cos(2.40) for IG I < 37°

1(0) =

0 for lo t > 37° . (5)

Using Eqs. 4 and 5, we find ~1 = 0.44. For the same fiber without the

lens, we find that fl “' 0.11. Therefore, the lens Improves the coupling

efficiency significantly.

Another effect that must be considered is the polarization con-

version inside the fiber. The output of an injection laser is primarily

poi-rized along the junction plane (TE polarization) . Thus, the polar-

ization conversion in the fiber effectively reduces the efficiency of

light coupling back into the laser. For a propagation length of 50 cm

in a step—index multimode fiber, the polarization of the incident wave

is completely mixed. For a single—mode fiber, the fiber length required

for depolarization is much larger (>300 in). We believe the

depolarization length for a graded index fiber is similar to that of a

step—index fiber. If we use a linear relation between the precentage

of polarization conversion and the distance traveled, then, for a fiber

resonator of length L/2 (in cm), the fraction of light coupled back

into the laser is

= 

l_ 0 .5
(~~) 

for L~~~50 cm

0.5 for L ~~5O cm

r
14
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Figure 4. Light output versus current of a laser
diode with fiber external resonator.
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For L — 8.6 cm (fiber length 4.3 cm), I is 0.91.

The effective reflectivity of the fiber resonator can , therefore,

be obtained by combining the various loss mechanisms to give -

R f f  = rl(1 — R f )YR

where R
e is the reflectivity of the coated fiber end. Thus, the esti-

mated effective reflectivity of our external fiber resonator is R
eff 

=

0.39. The measured value is 0.43. The discrepancy lies mostly in the

estimation of the laser—to—fiber coupling efficiency.

C. INJECTION LASER OUTPUT WITH EXTERNAL RESONATOR

The frequency response of an injection laser under direct current

modulation has been calculated and measured.5’6 Semiconductor lasers

exhibit a sharp resonance in their small—signal frequency response due

to the coupling between photons and injected carriers. The resonance

peak frequency 
~r 

coincides with the laser relaxation oscillation

frequency and Is given by

= 

21 (TT)~~
2 

- (6)

where is the electron spontaneous liftime , T is the photon cavity

lifetime, and I/Ith is the ratio of the driving current to the threshold

current. The effect of an external cavity is to increase the cavity

lifetime since r is proportional to the total optical cavity length.

This in turn decreases the resonance frequency 
~r 

(as is evident from

Eq. 6). The frequency response of injection lasers in an external cavity

has been calculated by Broom et al.
7 They found that only a small amount

of feedback from the external cavity is required to suppress the relaxa—

tion oscillation peak. They also observed that , when f (inverse of

the cavity round—trip transit time) is a harmonic of the relaxation

oscillation frequency 
~~ 

there is a resonance in the laser modulation

response at 
~r
’ In general, the resonance only occurs over a small range

16
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of current and external—cavity coupling coefficients. In our experiment,

we obtained similar results to those of Broom et al. in some of the

lasers tested , while in some other lasers we observed quite different
behaviors. Some of our experimental results are presented and interpreted

below.

The experimental arrangement is similar to that shown in Figure 1.

A strip—line bias circuit was used to supp ly the laser with dc bias cur—
S rent and rf modulation signal. The semiconductor laser was placed near

the focal point cf the spherical mirror , and final alignment was car—

tied out using PZT—controlled micrometers. The measured threshold cur-

rent of the laser (Laser Diode LCW—l0) was “.150 mA with the external

mirror aligned and “-‘165 mA without the external cavity. The laser output

was detected by a silicon avalanche photodiode and monitored with either

a microwave spectrum analyzer or a sampling scope. The total external

cavity length was 5.24 cm, which gives a cavity round trip frequency of

I = 2.86 GHz. Figure 5 shows the microwave spectrum of the laser out—

put. In Figure 5(a), the laser was driven at 1.43 GHz, and the modu-

lated light output was resonantly enhanced at this frequency. Along

with the main peak at 1.43 GHz, there are two sidebands at roughly

(1.43 ± 0.1) GHz. Note that the resonance observed there corresponds

to one—half of the cavity round—trip frequency I. A possible explana-

tion is that there are several transverse modes in the laser and that

the round—trip cavity resonance involves coupling between these modes.

The end result of this process would be to double the transit time of

the resonator. Figure 5(b) shows the low—frequency resonance (‘~.lO0 MHz)

spectrum of the laser output. We believe that the sidebands observed

in Figure 5(a) are a result of the interaction between the cavity transit

frequency and this low—frequency resonance. We verified the existence

of this phenomenon by detuning the external cavity to show that the

presence of a low—frequency resonance affected the sidebands at high—

frequency resonance. The low—frequency resonance is also related to

the laser’s self—pulsation. The amplitude noise generated in laser out-

put can actually be observed on the oscilloscope. Figure 6 shows the

17
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temporal display of the laser output driven at 1.43 GHz. The output

is pulse—like modulation. There seem to be many substructures within

each pulse. Since the risetime of the detector used was about 130 psec,

any fast varying signal will not be faithfully recorded. We believe

that the presence of the low—frequency resonance actually aids the gen—

eration of sharper pulses; this is evident in Figure 7. Figure 7(a)
shows the laser temporal output when the low—frequency response does not

exist. The output modulation resembles sinusoidal variations. How-

ever, a pronounced spiking is observed when the low—frequency resonance

Is present, as shown in Figure 7(b). The sharpness of the pulsation

seems to be related to the magnitude of the low—frequency resonance,

perhaps as a result of the interaction by which the laser is mode locked
8—10in both the first— and second—ordei~ process. The dispersion in the

laser medium leads to unequal longitudinal mode spacings. When the

laser resonance is excited through nonlinear mode—mixing in the active

laser medium, second—order locking of the longitudinal modes can occur.

This locking produces a self—induced pulsation of the laser intensity at

a frequency two orders of magnitude lower than the longitudinal mode

separation. Because of material dispersion, the input rf power is able

to couple relatively few modes of the laser through first—order mode

locking. The remaining modes, however, can be locked through the second—
order process. Paoli and Ripper~

1 have suggested that a strong locking

action may occur if

mfL =nf
C

*
• In a first—order mode—locked laser, the difference b~’-ween the fre—

j quencies f4 and of two adjacent longitudinal modes is a constant
equal to t~e repetition rate of the resulting pulses. However, in a
semiconductor laser the high dispersion can lead to a phase locking of
the laser modes in groups of three or four such that the difference
(f~ — f1_1 ) — (

~i+j+k 
— 1i+k~ 

is constant, independent of the mode
number I !or fixed j -and k. This type of locking is refereed to as
second—order mode—locking sinte it involves the difference between the

t 
mode spacings.
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wher e m and n are in tegers , is the second—order locking resonance

frequency, and f is the cavity round—trip frequency. The laser used in

our experiment exhibits strong self—pulsation at 180 MHz without an

external cavity. The pulse width of the laser when modulated at 1.43 GHz

was ~ 500 p5cc. Therefore , the effect of the external resonator was to

produce the double—locking action and narrow the pulse width to less than

200 psec.

We have also used a d i f f e r e n t  a l ignment  of the cav i ty ;  i t  yielded

a higher ou tpu t power and a hi gher resonance frequency at 2.83 GHz

(roug hl y the transit time frequency). Figur e 8(a)  disp lays the micro-

wave spectrum of the realigned laser output without driving signal.

Note the  re la t ive ly  sharp resonance at 2.83 1 GHz . Figure 8(b)  shows

th3 narrowing of the resonance when an external signal is appl ied to

the laser. Again there are sidebands on each side of 2.831 GHz , simi—

lar to those shown in Figure 5 but smaller in magnitude. Fi gure 9

gives the temporal disp lay of the laser output , which shows what

appears to be a pulsa t ion in lig ht output. However , the width of the

pulses is much larger than that obtained previously. This gives further

(a) No sidebands present (b) Sidebands presen t

Figure 7. Laser output pulse shape under two different conditions
(positive going pulses). -
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evidence that the magnitude of the low—frequency resonance is related

to the sharpness of the laser output pulses. To further emphasize the

importance of perfect alignment, Figure 10 shows the effect of - cavity

alignment on the laser output pulse shape.

We have also carried out experiments using stripe geometry lasers

• from RCA. These lasers have a threshold current of about 80 mA and

display no kinks in their light output versus driving current curve.
When the cavity was aligned with the laser, a resonance at a frequency

of approximately 2.9 to 3.0 GHz was observed. In Figure 11, the ampli-

tude of the resonance is plotted versus driving current for both the RCA

laser and the Laser Diode laser without external rf signal. The RCA

laser displays a resonant behavior, while in the LCW—lO diode the ampli-

tude of the resonance increases monotonically. The RCA laser shows no

low—frequency resonance (self—pulsation), and therefore no sidebands

are observed around the cavity transit frequency resonance. When an rf

signal is applied to the laser, the output modulation is primarily

sinusoidal. The second harmonic content of the optical output signal

(at 6 GHz) is “‘20 dB below the fundamental component. We believe that

there is little or no mode locking taking place in this case, which

would reinforce the notion that laser self—pulsation is essential to

the generation of sharp pulses.

D. FREQUENCY RESPONSE OF INJECTION LASERS WITH OPTICAL FIBER
RESONATOR

The use of an external cavity in conjunction with a semiconductor

laser can provide a convenient way of mode locking an injection laser

at gigahertz rates. Previous experiments used a spherical mirror as

• shown in Figure 1. CavIty alignment was achieved using precision

translation stages. To realize a practical system requires a mechani—

• cally rugged assembly. One promising method we tried is to replace

the external mirror by a piece of optical fiber. One end of the fiber

was coated with a thin layer of gold to form a reflector. The other

end was heated to form a spherical lens for better laser—to—fiber

23
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coupling e f f ic iency. Figure 12 is a plot of the resonan t frequency of

the fiber resonator as observed on a spectrum analyzer versus the fiber

length. The resonant frequency 1R is given by

C

I — 
0

R 2 L n• C U

where c is the speed of light in vacuum, L is the f iber length, and
is the index of refraction of the fiber guide. Figure 12 shows that

is equal to 1.534. A typical resonant frequency spectrum is shown

in Figure 13(a). The width of the resonance is ~50 MHz without rf
driving signal. Once the rf signal is applied to the laser , the fre—
quency component at 2.3 GHz of the laser output narrows to roughly the
width of the signal source. Figure 13(b) is the temporal display of

the laser output driven by an rf signal at 2.3 GHz. Figure 13(c) is

obtained when the driving signal is at 1.15 GHz. The outputs show pul-

sation behavior, and the pulse width is on the order of 150 psec.

Interestingly, the laser can be driven at one—half the transit time fre-

quency (f /2) and still give output pulses at the transiet time fre—

quency (f ). As the drive frequency approaches 1/2 , the amplitudes

of the components at f and 21 increase while that of the component at

decreases . This effect has been observed In all the lasers tested

and in resonators with various lengths. Figure 14 shows the temporal

display of laser output using a 13.2—cm—long fiber resonator. The

transit time frequency in this case is 0.74 GHz. Since the fiber in

Figure 14(a) was not aligned , the output pulse had long rise and fall

t imes. Figure 14(b) shows the case when the f iber resonator was aligned
with the laser. Significant narrowing of the pulse is seen in addi—

tion to the added substructures within the pulse. Because of the Ire—

quency response limit of our photodiode , we were not able to resolve

the substructures of the pulse output , which we suspect is where the

true mode—locked pulse lies. 
-

In the nex t quar ter , we will be setting up an autocorrelation

measuremen t appara tus so that we can measure the true width of mode—

locked laser pulses.
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SECTION 3

DESIGN CONSIDERATIONS OF A PHOTO—FET

The generation of electron—hole pairs in a semiconductor under

optical illumination can be used to design a light—sensitive FET. The

GaAs MESFET is presently the highest frequency transistor , so it can be

used with high—speed modulated light. Excess carrier generation under

illumination can change (1) the resistance of the various regions of

the MESFET and (2) the depletion region under the gate.

The change in the depletion thickness can be due to excess car-

rier generation in the depletion region or to a change in the gate volt-

age brought about by the gate photocurrent. The former effect is negli-

gible. This can be shown from Poisson’s equation for a p—n junction :

- 

~~ t p ( x )  - n (x)  + N~ (x ) - NA(x)} .

The depletion region extends fr om —x~ on the p side to x on the n side.

For an n—type Schottky barrier, we assume x — 0 and just treat the n

side. In the depletion region,

2
~ ~ {t ~~~} (8)

t~ D

for a uniform doping. Under illumination , the free carrier distribution

changes from the equilibrium levels (i.e., no illumination) of n )(x)

and p (x) to the new levels of 5 (x) + 6
n~~~~ 

and p (x) + 6 ( x ), respec-
tively. Since n (x), p (x) << N~ in the depletion region, Eq. 8 becomes

• —a 2v 
— 16 (x) — 6 (x) + N~~ J . (9)

ax

Thus, the excess carrier generation has the e f fec t  of chang ing the 1 , l~ k-

L ground space charge in the depletion region. If we assume the d cc—

trons and holes are swept out of the depletion region at drift velocities

29
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V5 and ~~~ respectively, and ignore recombinatlon, then the excess
carrier densities are

Pinc 16 (x) — 
vn 

(lOa)

PInc 16 (x) — ~ hv v (lOb )
p

where “Inc is the optical power density incident on the semiconductor,

hv is the photon energy, and r~ is the quantum efficiency (including

reflection losses). This assumes a uniform (rather than exponential)

spatial generation rate and will serve to display the magnitude of the

essential physical processes.

Under illumination, the Poisson’s equation can therefore be written

as

-::~ 
- ~jnc (i_ - i_) + N~ . (11)

Under high fields (E ! 10~ V/cm) , the drift velocities of holes and
electrons saturate at the same value, ‘~~~~ x i.o

6 
cm/sec.12 Thus, for

large ga te voltages, the electrons and holes will be swept out of the
depletion region at the same rate, and there will be no change in the

depletion width. At lower fields, E “ lO~ V/ cm, v ‘\‘ 2 x 106 cm/sec,
7 p

v~ ~ 10 cm/sec , and therefore

— 6~ — ~~~~~ 
!

j
~~~ c~~~ 

~~ x 10~~) . (12)

where all quantities are in MKS units. Typical doping densities are

Li MO~
7/cm

3 
— 1023 /m3. For hv — 1.6 x io_19 J — 1 eV, r~ “~ 1, and

1 .W/(10 pm) — 10 VIm , we find that

6 — 6 ~ 2.5 x l0
21/m3

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _  ~-~~--5—~~-- -— —-- — --~ ~~~ —~~m- -~~~



Thus, with a power density of io
2 

mW/pm
2
, the excess carrier distribution

is negligible compared with the background doping. However, ii the same

power density illuminated a gate region of M x 100 pm2, the gate photo—

current would be ~l mA. If the gate were loaded with 50 i~, the change

in gate voltage would be “4~.O5 V , which would strongly influence the

• depletion width .

it  appears reasonable to assume that the change in the depletion

• region under the gate due to illumination is caused by a change in the

gate voltage. The equivalent circuit of the MESFET under Illumination

(Figure 15) will contain only added current source terms due to excess

carrier generation. The transconductance will only be dependent on

Illumination when the intensity is great enough to affect the dep letion

region by excess carrier generation. We will assume tha t  g Is a constant.

The substrate leakage resistance and photocurrent can be e l imina ted

by fab r ica t ing  the ME SFET on an undoped Ga 1 Al As subst ra te  that  w i l l
be insulating and transparent to the illumination (hv -t E

g)• 
Figure 16

shows t he phot ocu rren ts  schemat ica l ly .  The current  sou r ces are defined
as f ol lows : 

~~h is t he added current f lowing through the channel due

to illumination , and t gd are the photocurrents flowing through the

Schottky—barrier gate. The substrate photocurrent , t
st,h’ 

will be ignored.

The magnitude of each of the photocurrents will depend on the mode of
i llumination (top,  bottom , or edge) and the field distribut ion in the

MESFET .

The MESFET can be operated In two basic modes. In the f i r s t , I t  is

opera ted as a simp le photoconductor where carrier  generat ion between

the source and drain gives rise to a channel current.~~ ’
’4 The gate

can be used to adjus t the impedance of the photoconductor . in the
second, it is operated as a phototransistor where I and t induce agd
change in the gate voltage , A V .  This in turn ca uses a cha nge i n the

source—drain current

1ds 
— (13)
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Pan’5 has observed a change in the depletion layer capacitance under

illumination. This is presumably due to the change in the gate voltage .
However , no observations of photo—transistor action have been reported.

Baack et al)3  and Gammel et al)4 have both observed source—drain photo—
current beyond the pinchoff voltage , indicating photoconductive operation.

To obtain photo—transistor operation , which has many more interest—
ing applications than does simple photoconductor operation , it appea r s

that the gate region must be more fully illuminated. Past experiments13~~
5

have covered on ly top il lumination , where the gate region is shadowed by
its ow-n metalizat ion . On ly the edge of t he gate—source and gate—drain

regions were illuminated. With edge or bottom illumination , it appears

that the gate will play a more active role in the operation of the

MESFET, making it a promising candidate for a high—frequency

phototransistor.

To achieve optical injection locking, mixing , and high—speed detec-

tion using GaAs FET amplifiers or oscillaotrs, we are interested in

improving the optical coupling efficiency of GaAs FETs. Figure 17(a)

shows the conventional GaAs FET structure. Top illumination has been

used to couple light into such a structure. The disadvantage of this

approach is the small active area available for optical absorption due

to the presence of the gate electrode.

To enhance the efficiency of optical coupling, we have previously

p roposed a modified device s t ructure  by incorporating an optical wave—

guide into FET s, as shown in Figure 17(b) . Instead of having the n—GaAs

channel layer grown directly on the GaAs semi—insulating substrate, an

undoped Gai_~
A1

~
As layer is grown in between . This makes the n—GaAs

channel layer an optical waveguide since the index of refraction of

Ga 1_~
Al

~
As is lower than that of the GaAs layer. By edge illumination,

one would expect the optical energy to be trapped in the channel layer

and generate carriers across the length of the channel layer. The pene—

tration depth of the optical signal depends on the radiation wavelength.

For strong absorption , a small and highly conductive region near one

end of the PET is created while the rest of the device is left unaltered.
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Figure 11. GaAs PET structures for optical illumination.
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For weak absorption, the penetration depth increases and the generated

pho tocar r iers are more uniformly distributed. In both cases, though,
the incident optical power can be absorbed completely in the channel

layer (since the channel width is typically a few hundred micrometers) .

The effect of nonuniform illumination is not yet clear; however, as far
• as photoconductivity is concerned, this is a good approach. The dis-

advantage of this structure is that it requires precise optical beam
• focusing since the channel thickness- is only about 1 pm. Also, the FET

edge should be accessible for input optical coupling; surface recombina—

tion may reduce the optical detection efficiency.

A recently conceived device is shown in Figure 17(c) where a

Burrus—type structure is used for the FET. In this new structure, the

Gai..~Al
~

As layer serves several functions: (1) serves as an optical
window, transparent for photon energy lower than the Gai.~ A1

~
Aa bandgap

energy; (2) reduces GaAs surface recoabination loss; (3) provides

mechanical support; and (4) serves as the stop for the selective etch—

ing process during fabrication. The main advantages of this structure

are that the whole channel layer can be uniformly illuminated and the

active area is large because the gate electrode is out of the way. We

do not feel that the added Gai_~
A1
~
As layer will have any significant

adverse effect on the PET’s operation. The Ga1_~
Al
~
As layer is essen-

tially a buffer layer. By not doping the layer, we can keep its con—

ductivity low. By choosing an appropriate percentage of Al such that

Gai_~Al
~

Aa becomes an indirect gap material, we can further reduce the
carrier mobility in this layer. Since the baudgap energy of Gai_~Al

~
As

is higher than that of GaAs, the heterojunction also serves to confine

charge carriers in the GaAs channel layer. Thus, the current leakage
due to the presence of the Gai..~A1

~
Aa layer will be minimum. The only

tradeoff involved in substituting this structure is added complexity

in fabrication.

- 

35

- —  -~~-~~~~~ _-~~~~ —. --5 -— — - .4 - - 1 L .-



-w

SECTION 4

PLANS FOR THE NEXT QUARTER 
-

In the next quarter we will continue the injection laser mode—locking

experiment. ~~phasis will be on the determination of the actual laser
output pulsewidth. An optical intensity correlator using phase—matched

second—harmonic generation in a nonlinear crystal will be set up for

this purpose.

GaAs FETs have been found to be promising high—speed photodetectors.

To increase their sensitivity and obtain possible phototransistor action,

the active surface of the device muøt include the region under the gate

electrode. During the next quarter we will attempt to fabricate

Burrus—type photo—FETs. Both conventional photolithography and E—beam

lithography will be used to fabricate a whole range of devices with

various dimensions. These new devices will be tested not only for high—

speed optical detection efficiency but also in terms of microwave

oscillator injection—locking performance.

-I
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