





LEXINGTON

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

LINCOLN LABORATORY

SOLID STATE RESEARCH

QUARTERLY TECHNICAL REPORT

1 NOVEMBER 1986 — 31 JANUARY 1987

ISSUED 15 JULY 1987

Approved for public release; distribution unlimited.

MASSACHUSETTS



ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 November 1986
through 31 January 1987. The topics covered are Solid State Device
Research, Quantum Electronics, Materials Research, Microelectron-
ics, and Analog Device Technology. Funding is provided primarily by
the Air Force, with additional support provided by the Army,
DARPA, Navy, SDIO, NASA, and DOE.
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INTRODUCTION

1. SOLID STATE DEVICE RESEARCH

The spectrum of the output from an external-cavity laser containing five discrete diode lasers
operating as a coherent ensemble has been shown to correspond to a single mode of the cavity with
very narrow linewidth. Both for CW operation and for pulsed operation above a low-level CW
baseline, the linewidth is within the 7.5-MHz measurement resolution; for pulsed operation with no
CW output, the linewidth is 9 MHz.

An analysis has been carried out for the ohmic heating in the p-type substrate of a mass-transported
GalnAsP/InP buried-heterostructure laser mounted junction-side up on a heatsink. A simple
analytical solution has been derived that is valuable for device design and diagnosis.

The electrical behavior of proton-irradiated semi-insulating InP:Fe has been studied as a function of
proton dose and bulk Fe concentration. Changes in resistivity with proton dose are attributed to the
production of both deep-acceptor and deep-donor levels, with the former found to anneal out faster.

A p-type-substrate mass-transported diode laser with minimal parasitic capacitance has been
operated at a rate of 16 Gb/s under large-signal modulation conditions. The light output of the laser
closely replicates the electrical drive signal synthesized by a special word generator constructed from
four comb generators.

2. QUANTUM ELECTRONICS

Transient tuning experiments have been initiated on a Ti:Al,O5 laser with a LiNbO; intracavity
electro-optic tuner. Quasi-continuous tuning over 20 nm has been achieved with a 0.5-nm resolution.

An acousto-optic modulator has been used as a unidirectional element in dye and Ti:Al,O3 ring
lasers. The modulator has very low insertion loss in the laser cavity, can be used to operate the ring
in either direction, and because of the unidirectional operation, eliminates spatial hole-burning in the
gain medium.

A mode-locked Ti:Al,0O3 laser has generated 150-ps laser pulses. A Lyot filter and etalon in the ring
laser cavity result in transform-limited laser pulses with an average power of 70 mW.

A Q-switched 1.32 um Nd:YAG laser has been injection-locked using the tunable output of a
GalnAsP diode laser. Approximately 1 to 10 nW of diode laser radiation was found adequate to
injection-lock a 1-W average power Nd:YAG laser.

Generation of the second harmonic of Nd:YAG laser radiation has been achieved with efficiencies
greater than 50 percent by using LilO3, and an average power of more than 5 W of 532-nm radiation
has been obtained.

3. MATERIALS RESEARCH

A new system with better temperature control has been constructed for zone-melting recrystallization
of Si-on-insulator films. Use of this system permits reproducible preparation of uniformly
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recrystallized 4-in-diam. films and has also led to a significant improvement in the quality of films
less than 0.5 um thick.

A one-dimensional diffusion model has been developed for calculating the dispersion of reactant
gases along the length of a vertical reactor tube used for organometallic vapor-phase epitaxy.
According to this model, which is consistent with the results of tracer gas experiments, interface
widths on the order of a few monolayers can be obtained in GaAs/AlGaAs heterostructures grown
at the rate of 10 A/s in a reactor operating at a pressure of 0.1 atm.

4. MICROELECTRONICS

Laser-direct-written tungsten lines have been added as open stubs to existing microstrip lines on
GaAs substrates. These tungsten lines can provide fast, versatile, and damage-free tuning of GaAs
monolithic microwave integrated circuits without the incorporation of any other prefabricated
tuning structures.

A prototype permeable base transistor (PBT) amplifier achieved 11 dB of stable gain at 40.5 GHz.
The circuit design was facilitated by the moderate impedance levels and highly unilateral nature of
the PBT.

A sample-and-hold circuit has been fabricated using a PBT device as the switch. This circuit has
been used to successfully sample a 5-GHz waveform.

Submicrometer-size features have been etched in silicon by adding O, to SF¢ in a reactive ion
etching mode. High etch rates of 60 nm/min, aspect ratios greater than 6:1, and high selectivity to
Si0, have been achieved without detrimental sidewall polymerization.

5. ANALOG DEVICE TECHNOLOGY

An investigation has been made of the use of MNOS capacitors as nonvolatile analog memory
elements in associative neural-network circuits. Experiments have shown that such capacitors can
accumulate successive samples of analog information in an incremental mode, with the accumulation
following a relatively simple linear law.

Laser photochemical processing of Cr-Cr,05 films has been developed for the amplitude trimming of
SAW devices. Conductive (2-M/O0 dc surface resistivity) and highly acoustically attenuating
(0.4 dB per acoustic wavelength ) cermet films, when subjected to focused 488-nm laser radiation in a
low-pressure O, ambient, have been rendered insulating (>100 MQ/00) and non-attenuating
(0.01 dB/A) with minimal change in phase characteristics.

Oscillators operating at 1 GHz have been built using holographic bulk-acoustic-wave reflection-
grating resonators as the stabilization element and exhibit phase noise of -125 dBc/Hz at 10 kHz
from the carrier. A model has been developed which gives good agreement with these measurements
and predicts that this phase noise can be reduced to -170 dBc/Hz at | GHz and -130 dBc/Hz at
10 GHz.
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1. SOLID STATE DEVICE RESEARCH

1.1 HIGH-SPECTRAL-PURITY CW AND PULSED OUTPUT FROM
AN ENSEMBLE OF DISCRETE DIODE LASERS

Recently, five diode lasers with antireflection-coated end facets were controlled to operate as a
coherent ensemble by a spatial filter within a common external cavity.! Here we report the
results of experiments showing that high-spectral-output purity can be achieved from this ensem-
ble in both CW and pulsed operation. Figure 1-1 shows the experimental arrangement including
the five antireflection-coated GaAlAs, channel-substrate-planar (CSP) diode lasers at one end of
the cavity structure. The collimated light from the elements, whose center-to-center spacing d is
1.98 cm, is incident upon a primary lens, whose focal length F is 25 cm. The light is then
focused down to the focal plane of the lens where the spatial filter element is situated. After
passing through the filter, which consists of a series of 3.1-um slits whose center-to-center spacing
D is 10.47 um, the light is recollimated by a second lens and incident upon the partially reflect-
ing end mirror. The reflected light then makes the round-trip through the cavity. For equal
power from each gain element and for radiation of wavelength A = D(d/F), calculations predict a
single-pass maximum transmission of 92 percent through the filter because the subsidiary maxima
between the large peaks in the Fourier transform are blocked by the opaque stripes of the filter.

COLLIMATING
LENSES / LENS
1 0B Va )
2 0 | A oungr
3 0B ! 1
4 OB : 7
5 OB p
SPATIAL SEMITRANSPARENT
AR'COATED FILTER MIRROR
DIODE LASERS

Figure I-1. Schematic of multiple-element external-cavity arrangement showing placement
of five AR-coated diode lasers, associated collimating optics, two lenses, spatial filter, and
end mirror. Asindicated, elements are separated by focal length of lenses so light undergoes a
Fourier transform four times during one round-trip through cavity.



With no spatial filter in the cavity, each of the five elements operates independently as an
external-cavity laser. The operating wavelengths of the individual lasers used in the experiments
in this report are separated by more than 60 A (see Reference 1). With the spatial filter in place,
output was measured on a 7.5-MHz (2.7 X 104 A) resolution Tropel Model 240 Fabry-Perot
scanning spectrum analyzer with 1.5-GHz (5.4 X 102 A) free spectral range. Figure 1-2 is an oscil-
loscope display of the output from this instrument scanning one complete free spectral range. The
top trace indicates the output is in a single spectral mode. As shown in the expanded scale of the
lower trace, the linewidth is within the 7.5-MHz instrument resolution.

The external-cavity laser also has been operated in the pulse mode with output linewidths on
the order of the 7.5-MHz instrument resolution. To achieve this high-spectral purity in a pulse
mode, three alternate gain elements (1, 3, and 5 in Figure 1-1) are operated CW and the two
intermediate elements are pulsed. For a coherent ensemble of only three alternate gain elements,
the spacing between the major intensity maxima in the Fourier filter plane is decreased by a fac-
tor of two relative to the spacing with all five elements operating coherently. As a result, the las-
ing threshold for the three-element ensemble is much higher because significant radiation hits the
opaque areas of the filter. A calculation of the single-pass filter transmission for this case yields a
value of 0.48 as compared with the transmission of 0.92 when all five elements are running, as
described above.

2y

|

—-| |e—100 MHz |

] |t— 10 MHz

Figure 1-2. Fabry- Perot scanning-spectrum-analyzer trace of output from multiple-element
external-cavity system with spatial filter in place. Top trace covers one free spectral range showing
that there are no other spectral lines. Lower trace on expanded scale shows linewidth limited by
7.5-MH:z instrument resolution.
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The spectral output of the ensemble when operated with current pulses applied to elements 2
and 4, and CW excitation to the other three, was measured for two different cases. First, the dc
biases on the two pulsed elements were set so the laser ensemble was just above threshold when
the pulse was off. In this case, the spectrum for the pulse output remains at the value set by the
low-level CW output of the external cavity and the resulting spectrum, shown in Figure 1-3(a), is
a single-spectral mode. Note that in interpreting Figure 1-3(a), the time for one Fabry-Perot scan
is much longer than the pulse repetition time, and the envelope of the pulses indicates the line-
width. The linewidth in this case is within the 7.5-MHz instrument resolution. It should be
pointed out that if any of the five external-cavity lasers operating independently without the spa-
tial filter are pulsed from below threshold, there is a 1-A (=40-GHz) output-frequency shift
(chirp) during the pulse, and there is still a chirp larger than 1.5 GHz if all five elements of the
coherent ensemble with the spatial filter are pulsed simultaneously from above the ensemble
threshold.

For the second case, the dc biases on the two pulsed elements were reduced to a point where
the ensemble was well below threshold with the pulse off. The spectrum for this case is again a
single spectral mode, shown in Figure 1-3(b), with an apparent linewidth of 9 MHz. Again, for
the results shown in Figure 1-3(b), the time for one Fabry-Perot scan is much longer than the
pulse repetition time. In this case there is no Fabry-Perot output when the pulse is off.

The narrow linewidth pulses can be explained by a compensation effect. Refractive index and
gain in pulsed elements 2 and 4 change because of increased temperatures and carriers caused by
the increased current. In the other three elements, however, changes occur in the opposite direc-
tion because of decreased temperatures and carriers caused by the increase in coherently emitted
power output and the simultaneous decrease in carrier lifetime. Since the measured linewidths of
all the spectra shown in this report are less than or close to the specification of the instrument
resolution, the actual linewidths cannot be quantified accurately.

K.K. Anderson
R.H. Rediker



Figure 1-3. Spectra of pulse output for external cavity as measured using Fabry-Perot
scanning-interferometer spectrum analyzer. Alternate gain elements (1, 3, and 5)
operated CW. Two intermediate gain elements pulsed from CW bias. (a) Pulse operation
when bias is set so external-cavity laser is just above threshold CW. (b) Pulse operation
when bias is set so laser ensemble is well below threshold CW. Envelope of pulses
indicates linewidth (pulse rate faster than Fabry-Perot scan).
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1.2 OHMIC HEATING IN P-SUBSTRATE BURIED-HETEROSTRUCTURE
LASERS — AN ANALYTICAL SOLUTION

One of the potential advantages of the recently developed p-substrate GalnAsP/InP buried-
heterostructure (BH) lasers is better heatsinking when the device is mounted junction-side up on
a heatsink. This is because the two dominant resistive heat sources, the p-type contact and the
p-InP, are closer to the heatsink and will cause less temperature rise at the active region. For a
more quantitative assessment, we have carried out an analysis of the ohmic heating in the p-InP
substrate and have obtained a simple analytical solution.

Figure 1-4 shows schematic cross-sectional views of a mass-transported BH laser (a), together
with the substrate current and voltage distributions (b) derived in our previous report.2 The
ohmic heat generated by the current flow in the p-substrate can be analyzed accurately using
these distributions. To obtain a simple solution for the resulting temperature rise in the laser
active region, we assume that the heat flow follows the same boundary conditions as the electri-
cal current, i.e., the p-contact and the active region are both isotherms and no heat flows across
the sidewalls. Note that this assumption is a good approximation for the present device mounted
junction-side up on a heatsink.

It can then be shown that the heat flow follows the same set of streamlines as the electric cur-
rent. This can be seen by dividing the substrate into many very small rectangular regions by
using equipotentials and streamlines of equal increments of voltage and current, respectively. All
the small rectangular regions generate the same amount of ohmic heat and are similar in shape
(because V2V = 0). The increments of temperature gradient across these small regions are there-
fore the same; hence (by using the assumed boundary conditions), the equipotentials should
become isotherms.

To calculate the temperature profile along the streamlines, we consider ohmic heat generation
and its resulting flow in a long narrow region defined by a pair of streamlines near the v-axis
(vertical axis of the device in Figure 1-4) as shown in Figure 1-5. The small width of the region
Au(0,v) is a function of v and is conveniently denoted as Au(0,0) = 2¢ at the origin (middle of
the active region). Because V2d(u,v) = 0, we have from the divergence theorem

Au(0,v) = 2¢ 92 0,0)/ a—(b O,v) (1-1)
ov ov

(The potential function ®(u,v) is the same as that defined previously? and is closely related to the
voltage distribution, i.e., V(u,v) = (pl/ L) ®(u,v) + constant, where p, I, and L are the resistivity,
current, and device length, respectively.)

The ohmic heat AP generated per unit time in this region between v=0 and v =v is given by

AP = Al [V(0,v) - V(0,0)] (1-2)
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Figure 1-4. (a) Transverse cross-sectional view of a p-substrate mass-transported GainAsP/InP BH laser.
(b) Calculated current and voliage distributions in substrate.
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Figure 1-5. Thin stream of heat flow used in calculation of temperature T(v,0)
along v-axis (cf. Figure 1-4). Line segment from u=-Wtou = Wrepresents
laser active region.

where Al = J(0,0)2¢L is the electrical current flowing in the region, with J(0,0) being the current
density at the origin. By using the definition of ® it can easily be shown that
I o¢
J(0,0)= — — (0,0)
mL Ov

and

I
V(O,v) - V(0,0)= 2 ®(0,v)
L
Therefore Equation (1-2) can be written as

2 2%
AP= =5 o2 ®(0v) — (0,0) . (1-2a)
2 ov

m

At v = v, the power AP flows through the cross-sectional area AA = Au(0,v)L via a tempera-

T
ture gradienta— (0,v) and is described by the heat-conduction equation
v

aT AP
— i = (1-3)
av AA
where K is the thermal conductivity of InP. By using Equation (1-2a) for AP and Equation (I-1)
for Au(0,v), we have
aT pI2 ad
-K —(©,v) = — $0,v) — (0,v) . 1-3
oy OV = 55 200 550 (1-3)

T



Then, integration along the v-axis yields

pI2
T(0,0) - T(0,v) =

[®(0,))? (1-4)
m2K1.2

with @®(0,v) = sinh-[sinh(7rv/2s)/sin(wW/2s)] as obtained previously,2 where 2s is the sidewall

spacing, 2W is the active region width, and v is the substrate thickness. Equation (14) permits a

direct calculation of the temperature profile.

It should be noted that Equation (1-4) is true also for u 7 0. This can be seen readily by veri-
fying that

p1?

T(u,v) =T(0,0) - [®(u,v)]2 (1-4a)

m2K1.2
satisfies the two-dimensional heat-conduction equation
-KV2T(u,v) =[VV(u,V)]}/p . (1-5)

(Note that the right-hand side of Equation (1-5) is the product of the electric field (E = -VV) and
the current density (J =-VV/p), and is the ohmic heat generated per unit time per unit volume.)

The verification can be done easily by using the differentiation formulas and V2® =0 to show
that V22 = 2(yP)2.

By using the previously obtained substrate spreading resistance, R = p®(0,v)/ 7L, Equa-
tion (14) can be written as

AT =RI2 Ry/2 (1-4b)

where AT = T(0,0) - T(0,v) is the temperature rise at the active region (vs the heatsink) and

Rt = ®(0,v)/ 7KL is the thermal resistance for heat generated at the active region, as obtained
previously. Since RI2 is the total ohmic heat generated per unit time by the entire substrate,
Ry/2 can be interpreted as the thermal resistance for the ohmic heating in the substrate, which is
exactly half the thermal resistance for heat generated in the active region.

The solid curves in Figure 1-6 show calculated ohmic heating as a function of operating cur-
rent for p = 1.5 X 1018 cm™3, p; =75 cm?/V s and four different device lengths. The temperature
rise shows a quadratic dependence on the current which is characteristic of ohmic heating. There
is also a strong (inverse quadratic) dependence on the device length, because the electrical and
thermal resistances are both inversely proportional to the device length. Note that the tempera-
ture rise stays below 5°C for devices longer than 250 um operated below 150 mA.

Although the present analysis has been made for the mass-transported BH lasers, it is
expected to serve as a good approximation for other types of p-substrate BH lasers also. This
is because the differences in the device geometry occur near the active region which is much
smaller than the substrate.

Z. L. Liau
J. N. Walpole
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Figure 1-6. Calculated temperature rise of active region due 10 ohmic heating
in p-type substrate when device is mounted junction-side up on heatsink.



1.3 PROTON IRRADIATION AND ANNEALING OF Fe-DOPED
SEMI-INSULATING InP

For optimally chosen doses, proton bombardment of p-type InP can result in high-resistivity
surface layers; however, only moderate increases in the resistivity of n-type material34 are possi-
ble. For high proton doses, the resistivity of both p- and n-type material approaches the same
value, about 103 Q-cm (n-type). This type conversion is attributed generally to radiation-induced
defects which act to pin the Fermi level at about 0.3 eV below the InP conduction band edge.3
For many device applications, change in the resistivity of the semi-insulating InP substrate due to
damage effects is also important. Bulk semi-insulating InP is usually grown by adding Fe, a deep
acceptor with an energy level located near the center of the band gap,’ to the melt during crystal
growth. In this report we present results on radiation-induced resistivity variations of Fe-doped
semi-insulating InP as a function of proton dose and bulk Fe concentration. The annealing
behavior of high-dose-induced defects is examined also.

Fe-doped InP crystals with Fe concentrations ranging from 9 X 1015 to 2 X 10!7 cm-3 were
investigated in these experiments. Samples from each crystal were bombarded with 100-keV H*
up to a total accumulated dose of 4.4 X 1015 cm2. Hall measurements using the Van der Pauw
technique were performed after each bombardment to determine the sheet resistivity, carrier
concentration, and mobility. In addition, several samples were annealed at temperatures up to
750°C in order to determine the temperature stability of the defects produced by the proton
bombardment.

The InP:Fe sample with an Fe concentration of 9 X 1015 cm-3 was not semi-insulating prior to
bombardment and had a bulk resistivity and electron concentration of about 0.65 Q-cm and
1.3 X 1016 cm-3, respectively. Samples with Fe concentrations 3 X 1016 cm-3 and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>