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PREFACE

The following personnel contributed to the research work reported
here: H. W. Yen, M. K. Barnoski, A. Yariv (consulting), and D. F. Lewis.
! The single-mode laser was on loan from Caltech.
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SECTION 1
INTRODUCTION

The purpose of this program is to study the mechanism of
optical-microwave interactions in semiconductor devices with a specific
goal of demonstrating optical injection locking of microwave oscillators.
During the first quarter our efforts have been directed toward the study
of direct current modulation of GaAlAs semiconductor injection lasers.
We have attacked the problem both theoretically and experimentally to
determine the maximum modulation speed that one can expect from a
semiconductor laser by direct current modulation. We also explored the
possibility of using second-order mode locking as a way of achieving
efficient laser modulation in the microwave frequency range.

Experiments were carried out on both wultimode and single-mode
lasers. Modulation frequency as high as 3.4 GHz was observed in the
single-mode laser. However, the detector module used in these measure-
ments has a 3 dB cutoff frequency of only 3.15 GHz. It is believed
that this laser can be modulated at higher frequencies if a suitable
detector s used. Currently, we are looking into various techniques
of detecting microwave modulated optical signals.

Theoretical studies of the operation of IMPATT diodes and GaAs
field effect transistors (FETs) under optical illumination are under
way; results will be reported next quarter. The experimental results
of optical injection locking of transistor oscillators to date are
summarized in Section 4 where we also describe the current work onqthe
design of a GaAs FET X-band oscillator to be used in the injection
locking study.




SECTION 2
THEORETICAL STUDY OF INJECTION LASER MODULATION

The simplest way to modulate the optical output of arm injection
laser is by changing the laser current. For example, one can operate
the injection laser in the pulsed mode by sending current pulses into
the laser and obtain light pulses output. However, if a step current

of amplitude I is applied to an injection laser, there will be a turn-on

delay time associated with the corresponding optical signal output
given by] A

ty = 1o (11 - 1,)] ,

S

where 1_ is the spontaneous electron lifetime and Ith is the laser
threshold current. :

For GaAs lasers, Ty is typically a few nanoseconds. Thus the
turn-on delay for a pulsed laser is ~ 1 nsec. This means the maximum
repetition rate of a pulsed laser is limited to below 1 GHz. The
physical reason for the existence of turn-on delay is that it takes

a finite time for the laser to accumulate enough electrons to reach
the state of population inversion and hence lasing.

It is obvious that one should be able to eliminate td by prebias-
ing the laser up to Ith or even higher and superimpose the modulation
current onto the bias to accomplish high frequency modulation. For a
single-mode laser we can write the equations that describe the time
behavior of the electron and photon density in the active region of
the laser as follows:

-d—t—-=é—\7-j-[---GnS (])
S
ds _ S
a"f*GnS-T (2)
P
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where n and s are electron density and photon density, respectively,
rp is the photon lifetime in the optical cavity, e is the electronic
charge, V is the volume of the active region, and G is a constant.

To find the steady-state values of n and s we let

dn _ ds _
e
and obtain
] ;
' B, % e (3)
: 0 G‘Tp :
L)
5 i
; and
. I n ; ' %
i . n ) !
8 oty <ev - ) : (4)
§ i S }
3' !
i ¢ \‘
: If the dinde is biased just at threshold I0 = Ith and So X 0, we ?
l¢ have
i . n.eV
) e (5) ‘
¥ 3 ps ,

By substituting equations (3) and (5) into (4), we can rewrite S, as

& S = ~—L —-I-Q-..
: 0 Grg Ith
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For the case of small signal modulation we substitute
B as o, I'= Io + Al

and

% into equations (1) and (2) to give a set of ‘second-order differential
»
“_ equations of the form
i
P
¥
i 1 dnt
e .Q%— ‘An ¥y S - + ol [Aﬂ —fev dt - (6)
¥ dt® las 9 las ® st B4 (7)
: 1. e
2 P
?
! where
1 ]
(=—[]*(I/I -1)]=—-+T w
Ty th Tp p
o e 10,_1
Tls Ith (8)
Since the optical output of the laser is proportional to the photon
density inside the cavity, solving equation (7) for As will give us the
laser output small-signal modulation amplitude. Specifically, we are
interested in sinusoidal modulation, so we set
" . Vet
I Io + Al Io +1'e
9
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and

As = s'e't

where w is the frequency of the applied modulation signal. It is easy
to solve for <' as

.t eV
s' = P

(m(z) - w') +iyw

A modulation depth function F(w) is defined as

Also, a normalized modulation depth f(w) is defined as

~nN

'l))“ i W

flw) = {:—E-)
3 [(wg = mz) + qu)z]

72 - (9)

N O

A plot of equation (9) is shown in Figure 1. Here Ty = 1 psec
and T 1 nsec, with I/Ith as a parameter. It is clear from the plots

that there is a resonance peak in the modulation depth curve. It
occurs at

2 1/2
N N & AN
e e (fo g > ’ (10)
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injection laser.
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and the modulation depth at this frequeucy can be more than ten times
as large as that at low frequencies. We will arbitrarily define the
maximum usable frequency of modulation to be the frequency so that
f(w) = 1. This corresponds to

or
T J2 i | (1)

For example, in Figure 1 when I/Ith = 2.0 we have e ~ 5 GHz
and P 7.1 GHz. Let us go back to the expression of small-signal

resonance frequency of the laser

2 1 I
wo = ——— [+— =~ 1) . (8)
0 o's <Ith >

Since o is directly related to the maximum usable modulation frequency,
we should try to make w, as large as possible. In equation (8) T, is
the spontaneous electron lifetime in the active region of the laser
which is somewhat governed by the material property. It appears at
first that we might be able to shorten rp, tne photon lifetime, which

is given by

L | 1
1 [ R g—— - —— "
p c(al - TnR) c(u 7 %—1n R)

where L is the laser cavity length, ¢ is the speed of light in the
laser medium, o is the optical loss per unit length in the laser, and

12




R is the reflectivity of the mirrors (assuming identical mirrors which
is true in semiconductor lasers without coatings).

Unfortunately, the threshold of a semiconductor laser is directly
proportional to

((1-%1n R)

and the threshold figures in the expression of resonance frequency
also. By shortening Tp2 Ith will increase.so that the product of

T and Ith stays almost constant. Therefore, there is little to gain
by varying the device parameter. The only thing that can be doné

is to drive the laser harder and make I/Ith as large as possible.
However, for most of the lasers, expecially stripe geometry lasers,
I/Ithft 2 is about as high as can be achieved safely. Thus according
to the curves in Figure 1, the maximum usable frequency of medulation
would be limited to about 10 GHz or less.

Besides direct current modulation, it is important to investigate
other alternatives for efficient injection laser modulation. One of
the possible approaches is the second-order mode locking. In ordinary
mode Tocking, the frequency spacing between two adjacent longitudinal
modes is required to be constant; that is
B ey %E = constant .

However, if the laser medium is dispersive it is possible that
the second-order difference of the mode spacing is constant instead of
the first-order difference; i.e.,

by, = Dwp y = constant

where




The condition for the presence of second-order mode locking is

that the index of refraction of the laser medium is dispersive and has
the form

n(w) = no +taw.,

The wave vector of the laser longitudinal modes satisfies the
resonant condition in a cavity of length L:

= mn .
kmL
When we use the relation
i mmn
m e
we have
Illm
B + =mmw
: (n0 amm) L
or

Solving for W gives

14
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where

A w5 she BelRE gl-Az .
L 0

If we assume that all the longitudinal modes of the laser have the
same amplitude, then the total electric field inside the laser cavity
can be written as

N2 ilw, + mA - miB)t

E(k} = T EXE) = - Ee
m " - m=-N/2 "
b ei“’ot o imAt e-iszt
0 . :
m
If there is a time that
At = 2ns , Bt = 2ng

where s and g are integers, then at that time every term inside the
summation sign is unity and
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im t,
E(t) = NE_ e 9

Therefore, the condition for this to happen is

ALs
B 9

b ) (e

and giant optical pulses occur at times which are multiples of

T = 21s _ 2ng
A -

For example, if we take g = 1 and for GaAs lasers assume n, = 3.6,
L = 100 ym, and a 2:10']5, we have

T 538 WY see,
Thus in some lasers it might be possible to adjust the device parameters
so that the second-order mode-locking pulses occur at gigahertz rate

which could be an alternative to the efficient laser modulation at
microwave frequencies.
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SECTION 3
EXPERIMENTAL RESULTS OF INJECTION LASER MODULATION

Direct current modulation experiments were carried out usina an
RCA commercial laser first. This is a strine-geometry laser with a
stripe width of ~20 ym. The transverse mode control is insufficient.

As a result, the output optical power versus input dc current curve has
several kinks in it which indicates different transverse mode excitation
at different current levels. This is shown in Figure 2.

Amplitude modulation is accomplished by varving the current around
a fixed bias point at the applied microwave frequencies as sketched
in Figure 3. The signal generator used was a sweep oscillator aﬁd the
detector used was a high-speed wideband (dc, to 3.15 GHz) silicon
avalanche photodetector module. Some of the results are shown in
Figure 4. Figure 4(a) shows the outout of the laser modulated at 1 GHz
with a modulation depth of ~81%, Figure 4(b) shows modulation depth
of “50% at 2 GHz, Figure 4(c) shows "38% modulation at 2.75 GHz,
and Fiaure 4(d) shows 237 modulation at 3 GHz. MNote that these results
were taken under different conditions in each case. They represent the
best result achievable for the given signal frequency and power. The
decreasing modulation depth as frequency goes up is partially due to
the smaller rf power available at higher frequencies. This is compounded
by the fact that our detector amplifier has a 3 dB rolloff point at
about 3.15 GHz making it difficult to detect any modulation effect above
3.2 GHz in this laser.

During this study we also observed that the laser output sometimes
was modulated at half the frequency of the input signal, depending on
the signal power level and/or the Taser bias current. For example,
in Figure 4(e) the innut siqgnal was at 1 GHz but the laser output was
modulated at 500 Miz if the signal level was low. In Figure 4(f)
keeping the laser bias current unchanged we increased the input signal
power and the laser output was modulated at 1 GHz. A similar situation
is shown in Figures 4(g) and 4(h)'where we kept the input signal power
constant at 14 mW (2 GHz) while the laser bias current was varied from

17
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206 to 225 mA and the laser output was modulated at 1 GHz in one case
and 2 GHz in the other.

It was also observed that the laser output had amplitude fluctuations
at certain bias current levels. This amplitude noise was found to occupy
a spectrum range larger than 500 MHz and was believed to be caused by
multimode nature of the laser.2 The results shown in Figures 4(e) and
4(g) are essentially the excitation of these self-induced pulsations
of the Taser by the applied signal at their second harmonics.

Since our goal is to achieve modulation at highest possible
frequency and highest possible depth, the multimode laser is not suitable
for this purpose because of its nonlinearity as well as intermode
couplings. However, there are situations where one might want to take
advantage of its multimode property. One such possibly is the second-
order mode locking as briefly described in Section 2.

Recently, a channeled substrate planar structure AlGaAs injection
laser 3 which oscillates at single transverse as well as longitudinal {
modes was lent to us by Professor A. Yariv of Caltech. This laser has |
a passive guiding mechanism built in by growing doubie heterostructure
layers on a grooved substrate. It operates stably in the Towest
order transverse mode and provides an output power as high as 10 mW
per facet under cw operation. Figure 5 shows a plot of its dc character- |
istics. The threshold current is about 50 mA, and the output power is
linearly proportional to the drive current above threshold. We have
modulated this laser with a circuit similar to the one sketched in
Figure 3. The modulated outputs are shown in Figure 6. In Figure 6(a)
the input signal was 8 mW at 3 GHz and the laser was biased at 1.4 Ith‘

In Figure 6(b) the frequency of the sianal was. increased to 3.4 GHz

and substaintial modulation in the laser output was detected. At this
frequency we believe that the weakness of the detected signal is due |
mainly to the amplifier cutoff which means this laser should be able

to be modulated at even higher frequencies. Currently, we are looking

into better ways of detecting optical signal modulated at beyond 3 GHz,

24
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Figure 6. Microwave modulated outputs of channeled substrate
injection laser.
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One interesting aspect of this single-mode laser is that its output
power versus current curve is extremely linear. Thus a small modulation
current signal can be transformed into optical signal with very little
distrotion. As shown in Figure 7(a) the input sinusoidal electrical
signal at 1 GHz has a second harmonic content of -54 dB. After feeding
into the single-mode laser the optical output detected is shown in 7(b)
where the total distortion introduced by the laser and the detector
raised the second harmonic content up to -24 dB. To see how this analog
signal behaves in a single-mode fiber we simply butt-counled the laser
output to a single-mode optical fiber ~1 km long and the output is
detected by the same detector and displayed in Figure 7(c).

27




Figure 7.

(b)

Direct anplitude modulation of a single mode injection
laser at 1 GHz with negligible distortion.
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SECTION 4

SUMMARY OF OPTICAL INJECTION LOCKING EXPERIMENT AND DESIGN
OF GaAs FET OSCILLATOR

In this section we first summarize the optical injecting locking
experiment that we have accomplished so far and then describe the present
efforts on designing a GaAs FET oscillator.

To demonstrate the feasibility of an optical-injection locking
scheme, we carried out experiments using silicon transistor oscillators.
Several oscillator circuits were constructed with both low frequency
and rf transistors. The metal cap of the transistors was partially
removed so that the chips were accessible for illumination. The 6ptica1
clocking signal was genérated by direct current modulation of a cw
GaAlAs injection laser (18200 R).

The effect of illumination on the characteristics of transistors
was studied first. Figure 8(a) shows the collector current versus
collector voltage curves of one particular transistor (2N 5108) for
various base currents. There was no optical illumination in this case.
In Figure 8(b; a cw optical power of 0.3 mW from a GaAlAs laser was
focused onto the chip. This generated an equivalent base current
of about 10 pA as evident by comnaring Figures 8(a) and 8(b). For a
transistor in the oscillator circuit, the operating point was determined
by the biasing voltages. However, optical illumination can generate
equivalent base current, hence effectively varying the operating point.
Another effect of illumination is the modification of transistor base
resistance and collector barrier capacitance caused by additional
carriers generated. Thus a transistor oscillator under opntical illumin-
ation will experience variation in both its output voltage amplitude
and frequency.

A simple way of examining injection-locking phenomena is depicted
in Figure 9. The modulated laser output is focused onto the transistor
chip. The onscillator output goes to one of the vertical inputs (V1) of
an oscilloscope. A reference sianal from the rf generator that modulated
the laser goes to ine time trigger and the second vertical input (Vz)

29
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Figure 8. Ir versus Vc characteristics curves of an rf transistor
(2N5108); (a) without illumination (b) with illumination.
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of the same scope. Ordinarily, there is no definite phase relation
between the rf generator output and the transistor oscillator output

so that V] will not show up as a still display on the scope. However,
if phase locking between the transistor oscillator and the rf generator
takes place, a stationary dispblay results.

Typical results of optical-injection locking is shown in Figure 10
where the upper trace in each picture is the transistor oscillator output
signal and the lower trace is the rf generator output. Figure 10(a) is
for the case when the laser beam is blocked so that no correlation exists
between the two signals. In Figure 10(b) the shutter is removed;
optical-injection locking takes place and a still display of the oscil-
lator was running at 330 MHz and the rf generator put out a signal at
110 MHz. Thus optical-injection locking, as in the case of convenfiona]-
injection locking, can take place not only at the fundamental frequencies,
but also at various subharmonics, and the locking range decreases as
the frequency ratio increases.

The measured locking range and locking gain for our transistor
oscillators are relatively low, and the reasons are two-fold: (1) the
inefficient laser modulation, and (2) the non-optimum device structure.
At low frequencies the transistors are designed so that the chip area
is large and the spacing between emitter and base electrodes is large.
Thus sufficient light can be absorbed by the semiconductor. However,
for rf transistors an interdigital type of electrode is used; this
leaves little area for absorbing optical energy. We believe that one
can design a device that is optimized to interact with optical signal
and obtain a much better result.

As we described earlier, a dc optical illumination is equivalent to
having additional base bias current. It is conceivable that one can
adjust the transistor bias voltage so that the circuit is slightly below
threshold of oscillation, and will oscillate only when there is illumin-
ation. This is possible in our setup because there is always a dc
component in the modulated laser output. Thus we can control a transistor
to turn it on and off and simultaneously phase lock its output. An
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example of such action is shown in Figure 11. Here a transistor
oscillator of frequency 1.85 GHz was switched on and phase locked by a
laser output modulated at only 98 MHz.

As a continuing effort of the study of optical-injection locking
we are currently designing a GaAs FET oscillator to be used in the
next quarter. The GaAs FET chips are fabricated by Hughes Research
Laboratories under the lop-noise RaAs FET project. The channel of
these FETs was formed by ion implantation of Si into Cr-doped substrates
at room temperature. At 10 GHz the device has a gain of 9.2 dB and a
noise figure of 2.4 dB.

The FETs were mounted in a microstrip carrier for ease of handling
and measurement. A Hewlett-Packard network analyzer was used over the
4 GHz to 12 GHz range .to characterize the chip with the carrier ﬁn terms
of S parameters. We then repeat the measurement using a microstrip
through line in place of the chip carrier. The information was then
fed into the computer where a computer program separated the 5 parameters
of the chip from the carrier.

Although the FET oscillator generally operates in the large signal
mode, it has been shown 4,5 that the only nonlinear property that need
be considered in oscillator design is the dependence of forward gain
on signal level. All the other important characteristics can be derived
from the small-signal S parameter measurement described above. This
makes the design work simpler. The next step is to design the input
and output matching network for maximum gain6 and to design a proper
feedback circuit. We expect this work to be completed during the next
quarter and to proceed with the optical injection locking experiment.
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SECTION 5
PLANS FOR NEXT QUARTER

In the next quarter we will investigate the possibility of using
second-order mode locking as an efficient way of injection laser
modulation. Experiments will be carried out to verify the calculations
presented in Section 2. Schemes for detecting optical signals modulated
at frequencies above 3 GHz will be studied so that the upper freqguency
Timit in laser modulation can be determined accurately. For example,
we will determine whether a scanning Fabry-Perot is suitable for side
band detection, whether an avalanche photodiode with a narrow band
amplifier can be used for high speed narrow band detection, etc.

Theoretical study of IMPATT diode and GaAs FET under optical
illumination will be completed during the next quarter to obtain a
better understanding of the interaction process which will be helpful
in subsequent experiments. The design and construction of an X-band
GaAs FET oscillator will be finished and the characterization of its
optical injection locking property will be carried out.




SECTION 6
SUMMARY

We have performed theoretical and experimental studies of direct
current modulation of semiconductor injection lasers. In the small
signal approximation we found that the maximum usable frequency of
modulation was lTimited to 10 GHz. Experimentally, we have demonstrated
modulation of a single-mode laser up to 3.4 GHz. We are currently
limited by our detection system.

Optical-injection locking experiments at low frequencies (<2 GHz)
were carried out. Injection locking was observed not only at fundamental
frequencies but also at various subharmonics with less tolerance in
frequency deviation. It is possible to achieve switching and locking
simultaneously in these oscillators. The design and construction of
an X-band GaAs FET oscillator is under way.
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