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ABSTRACT. This paper presents a new mere advantageous configuration
for the laser diode that is used as the principle fight source in optica}
fiber communications and a range of other applications, Most of the
common drawbacks have been eradicated through the new design
which is integrated through the weli known floating gate MOSFET
technology. Advantages inciuding improved thermal and opticai
stabilization and easy direct modulation are realized from a new
on-chip laser driver, Besides, the techaique guarantees compensation
for device leakage and device to device tolerances. The resulting
device is cheaper and easy to construct.

The voltage control provides better output power modulation and
improve linearity for kigh output power levels. The threshold current
required to stimufate emission is also reduced 1o ~ 103 Afem? at 300 K
with an active region thickness of ~ 0.5 pm. In fact the proposed
design provides a thinner wall defined active region (0.3 nmy which
alse acis as an optical cavity resonator, besides satisfving the
conditions for the confinement of charged carriers and optical fields.

Great efforts have been made, in the early 1970's, in research in optical
communications and related areas. This resulted in significant technological
advances in optical sources and led in turn to the birth of the semiconductor laser
diode which is, now, the principal light source used for optical fiber
communications. This device has adequate output power for a wide range of
applications; its optical output can be directly modulated. It has a high efficiency and
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its dimensional characteristics are compatible with the optical fiber, The major
aspects of lasers, their constructions, and principles of operation are available in
literature (Wilson and Hawkes 1983, Verdeyen 1981, Kressel and Butler 1977,
El-Hennawy and Al-Ghamdi 1993, El-Hennawy et al. 1993).

The optical energy released from these devices has spatial and temporal
coherence which means it is highly monochromatic ( A ~ 0.1 to 1 A) and the output
beam is very directional (8 ~ 5% and 8, ~ 30°) (Verdeyen 1981, Kressel and Butler
1977, El-Hennawy et al. 1993). However, laser diodes are not easy to use without
employment of complex drive circuitries and thermal and optical stabilization
schemes (El-Hennawy and Al-Ghamdi 1992) which are expensive to realize and
have relatively low yield (Kressel and Butler 1977, El-Hennawy et al. 1993).

In this paper we present a new MOSFET IC original configuration, t be
integrated on the same chip with the laser source, to control and smooth up the
output power level and stabilize the system against temeprature variation and aging.
Tt also provides direct-modulation facility.
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Fig. 1. Block diagram of proposed laser configuration.

1. Laser Source

Figure (1) shows the block diagram of the proposed laser configuration with
on-chip thermal and optical stabilization, output-power level control and modulation.
It is constructed of two basic loops; one is the active loop which contains the master
laser and the thermal and optical stabilization circuitries. This loop is responsible for
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and to compensate for the effects of the operating temperature variations and the

device aging. Supplementary circuitries are introduced for controlling the output
power level and allowing for modulation.
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Fig. 2. MOSFET laser source structure,
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1.1 Laser MOSFET

It is cosntructed, as shown in Fig. (2), with a floating gate CMOS inverted T,
and T, whose floating gate is common for the two MOSFET’s. A non doped GaAs
compound (Wilson and Hawkes 1983, Verdeyen 1981, Kressel and Butler 1977,
El-Hennawy and Al-Ghamdi 1992, Ei-Hennawy et i, 1993), is used, to realize the
floating gate. The common drain D is carted while the sources of T, and T,, are
biased to Vpp and Vs respectively (Vbp = Vgg = 10 V). The gates of T, and T, are
biased respectively to Vgp and Vo which should be equal (Vgp = Vg = 0) in
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absence of feedback (stabilization loop is disconnected). The channel Jengthi =
width Z, first oxide thickness (between the channel and floating gate) hg and second
oxide thickness (between the floating and control gates) hy are 1 um, 400 pm, 400 A
and 800 A, respectively. To keep the floating gate potential Vpg as great as possible
{greater value of Vig = Vap = Vgn) the technique shown in Fig. 3 is used. In this
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Fig. 3. Configuration to maximize fioating gate potential.
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case the overlapping area between the control and the floating gates is kept much
greater than that between the floating gate and the channel. Hence the floating gate
to control gate capacitance Ceg will be much greater than that existing between the
floating gate and the channel Crg (El-Hennawy 1992, El-Hennawy and Al-Ghamdi
1992),

The operation of the laser MOSFET is as follows; the drain-source voltages of
T, and T, are sufficient to heat up the channel carriers and enables them to jump
over the 8i-Si0, interface barrier (El-Hennawy and Al-Ghamdi 1992, El-Hennawy
and Mobarek 1993). Since the control gate of T, is negative with respect to its
source and that of T, is positive with respect to its source, then hot holes and hot
electrons are simultaneously injected into the floating gate. The design values of L
and Z of T, and T, are modified so as to make the hot-hole current L, exactly equal
to the hot-electron current Ign. In this case the net floating-gate current fg=1g - Egn
is zero, regardless of the level of catrier pumping or power output, which means null
floating-gate power dissipation. This will guarantee greater output power levels and
better linearity. Also no charge builds up in the floating gate which keeps its
potential Vg = 0 and consequently sustains high carrier acceleration into it all the
time. Also smaller losses and higher efficiency are expected due to better
homogeneity of the floating gate material and no gate heating takes place
because it is not doped (Wilson and Hawkes 1983, Verdeyen 1981, El-Hennawy
et al. 1993),

The electrons and holes pumped into the GaAs floating gate recombine
radiatively and release radiation energy hv with v being the radiation frequency
deterntined by the energy gap B, (hv = Eg). The floating gate is surrounded by
highly clean SiO,. It has a refractive index (n,, = 1.4) which is smaller than that of
GaAs (n, = 3.6) and an energy gap Eg = 8.1 eV which is greater than that of GaAs
(1.43 ¢V) and thus it provides the desired dual confinement for charge carriers and
optical fields and acts at the same time as an optical resonant cavity. Since the
Quantum transitions here occur between nearly discrete energy levels, then the
radiation of the new device will have spatial and temporal coherence and will be
highly monochromatic and highly directional (8, ~ 5° @ 1=30%) and A ~0.1-1 A).
In addition, the floating gate thickness is very small (~ 0.3 pm or less) which
increases the fraction of radiative recombination and decreases the absorption of the
emitied radiation by the active region it-self (Wilson and Hawkes 1983, El-Hennawy
et al. 1993),

The output power is given by (Wilson and Hawkes 1983);
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With: q the electron charge (1.6 x 10719 C)

¢ the floating gate thickness ~ 0.3 pm

uf internal efficiency

Z the floating-gate width

Ry, Ry the reflectivities of the floating gate internal surfaces.
v line width

vy loss efficiency

1.2 Design Considerations

The MOSFET channel length L = 1 um or less is experimentally suitable for
offering the carrier heating required to give a hot carrier gate current density which
is greater than the threshold value (~ 562 A/m2) needed for lasing (El-Hennawy and
Al-Ghamdi 1992, Fl-Hennawy and Mobarek 1993). The channel width Z {which
represents the active region length) is taken 400 pm which is much greater than both
the active region width (10 pm) and thickness (0.3 um) to guarantee a limited
number of modes {(El-Hennawy 1992, Shahab and El-Hennawy 1990) and therefore,
results, in smaller losses and modal noise, and gives better coherence and
directionality and improves the device reliability (Wilson and Hawkes 1983,
El-Hennawy et al. 1993). The HMOS 11 technology design rules are used.

2. Laser Driver-

Tt consists, as shown in Fig. 4, of a differential input stage T,, T', which is
biased and loaded with current sources Ta, T2, A common mode feedback technique
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is inserted using T3, Ty and Ts to stabilize all node voltages and branch currents
against ambient temperature variations and circuit aging (El-Hennawy and Shahab
1990). The difference amplifier is designed so as to give V =0 = V7, in the absence
of feedback and modulati g signals. It has a difference mode gain of 200, and input
offset voltage of about 2 mV and voltage drift of 20 fV/°C, These characteristics are
sufficient for our applications.
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Fig. 4. Laser driver circuit confi guration.

2.1 Radiation Level Monitoring

It is composed of two branches, the first (Tg. D1} is responsible of sensing the
radiation and gives a voltage signal which is proportional to it together with the
diode leakage. The second (T%. D7) is shielded from radiation then it gives a voltage
signal which is proportional to the leakage current Iy of diode B1. The second signal
is used to compensate for the leakage of the diode Dy and therefore to have a signal
which is purely proportional to the radiation level (El-Hennawy and Al-Ghamdi
1992, El-Hennawy and Shahab 1990). A difference amplifier (T"g, T"19, Ty, T}y and
T1y) is implemented to carry out this compensation. This signal is compared, by the
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difference amplifier (T14, T15. T 14, T’15 and Tyg) to a reference voltage Vg which is
responsible of determining the laser output — power level. The MOSFET string Ty,
T, and the variable resistance R are designed so as to allow variationt of the output
power level between (wo prescribed upper and lower limits. Supplementary
MOSFET configurations similar to that used to stabilize the driver are employed
here for the same purpose.

2.2 Theory of Operation

When the current I of the diode Dy Increases by 81 << I due to exposure 10
radiation from the master laser, the source voltage V5 of the MOSFET Te decreases
by &V, s0 as to accommodate this current variation. Straightforward analysis showed
that the corresponding control signal 8V, = BV, — 8V’ (after amplification and
leakage compensation) is given by:

where G is the voltage amplification of the amplifier A;.

1f the intensity of radiation (Getermined by the value of Vg} is so that &V, = Vg,
the output 3V, from the amplifier Ay is zero and Vg and 8V 7 of the driver remain
unchanged (Vo =8V =0). If 8V, increases (due to an increase of radiation intensity
and becomes greater than Vg}, then 8V’. increases and causes Vj to decrease and V'p
to increase. In this case Vgsn of Ty and Vagp of T, are decreased which shifts down
the carrier pumping into the floating gate and tends to decrease the radiation
intensity and the value of the control signal 6V. This process confinues to decrease
&V, till it becomes equal to Vg. The contrary occurs in the case when the radiation
intensity decreases. If Vg is increased (or decreased), 6V decreases (or increases)
and Vp increases (or decreases) while V7 decreases {or increases). Therefore this
tends to increase (or decrease) Vgsy of Ty and Vgsp of T, which shifts up (or shifts
down) the carrier pumping info the floating gate and causes the radiation intensity to
increase (or to decrease).

2.2 Laser Beam Modulation

The beam modulation is achieved by the Vomod voltage which is externally
introduced and superimposed on the power-level monitoring signal SV’ coming from
the output of the amplifier Tis Tis T4, T'ys and Ty and fed into the amplifier Ty,
T,, T7y, T and T3. The two outputs Vg and V7 of this amplifier which are
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¢ complementarily varying are used to control the carrier pumping (electrons and

“holes) from the channels of MOSFET’s T, and Ty into the floating gate. When Vmod
increases (decreases), V, decreases (increases) and V' increases {decreases)
proportionally. This leads to reduce (increase) gate to source votlages of MOSFET's
Ty, and Ty, therefore, results in a smaller (greater) carrier pumping level and smaller
(greater) radiation-power level,

Results and Discussions

This section presents the experimental results that characterise both the
MOSFET laser and its on-chip driver. Comparison with the theory is also provided
where appropriate along with a general discussion of the findings.
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Fig. 5. Variation of I, at three different values of Vns.

MOSFET Laser Characterization

Figure (5) shows the variation of I, (which is responsible for the
carrier-pumping level) with the MOSFET biasing voltages Vg and Vps(~ 610 10 V)
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for different values of device geometry (channel length L ~ 5 t0 0.5 pm and channel
width Z = 400 um). It can be observed that 1, increases as L is reduced and/or Vps
increased. Values of resulting current density Jg as high as 103 A/m? can be
achicved, which are larger than the magnitude of the threshold current required to
exite the device lasing (Jg ~ 300 to 500 A/m?). A comparison of these experimental
findings with the theoretical predictions shows an excellent match from channel
lengths greater than 1.5 pm.
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Fig. 6. Variation of ]y, with temperature at three different values of quantum efficiency 1.

In Figure (6) the variation of threshold current density Jgy, is depicted against
temperature T at different values of quantum efficiency 1;. It is found that Jgq
increases with increasing T, while a higher value of quantum efficiency results in
low threshold current density. It can be inferred from these findings that it is
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Figures (7a, b) show the variation of Py, with the pumping current density. Jg
for different values of Mi and T. Py, increases by increasing J ¢ and for decreasing T.
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This is because the number of radiative recombination increases with J,. The output,_
radiations also intensify at high quantum efficiency because the latter translate into
low active zone losses. Conversely, the losses increase at high temperatures which
are generated either internally through high intensity fields or externally by heating.
As a result the efficiency and output power drop.

In the present design, the dual carrier, whereby electrons and holes are
simultaneously injected through the oxide layer into the floating gate, results in nuil
current and therefore no power is dissipated in the active zone. This keeps the active
zone temperature low and smooth and provides the linearity in the respornse.

Driver Characterization

Figure (8) shows the variation of driver voltage Vg and Vo with the radiation
intensity (indicated as variations in 8V,). Nonlinearity is observed at high radiation
intensity. It is associated with amplifier’s gaturation, and also as the detector
becomes no longer linear.

Vo Vo (V)

8,2v \\VR=‘\ov L 0,2V , o, 2V
v
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Fig. 8. Variation of V, Vi with radiation inepsity 8V
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- Figures (9) and (10) shows the variations of the driver vol

the radiation power intensity P, (expressed by SVC.IPA) with temperature. Insertion
of the feedback loop appreciably decreases the dependence of the radiation and the
voltages Vi and V{, on the variations of the ambient temperature T.
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Fig. 9. Variation of V,,, V5, with temperature,
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Fig. 16, Variation of Pow, with temperature,
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Conclusions

A new MOSFET integrated laser source is devised and characterised through
intensive experimentation. It has been found to function well under different
operating conditions and excellent agreement between the findings and analytical
models are achieved. Some of the main advantages include very high power levels at
linearity better than 2% and near zero temperature sensivity.
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