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ABSTRACT

A program bas beeninitiated to develop materials anrd device technology
in the two compound semicondnctor systems lnxGai_XAs-GzlAs and
ng(‘di_x'[‘e-(‘d'l‘e which willform a base for Integrated Optical Circuits
(10C") applicatlons in the short wavelength (0.9 to 1.1 um) infrared and

the long wavelength (10.6 um) regions, respectively,

In the Inx(‘-ai_x'\s-(‘-m\s system, work has progressed toward integrat-
ing an }nxGa1_x As avalanche photediode detector ina GaAs waveguide,
An As(‘l3-llz-(‘.n-ln vapor-phase system which permits compositional
grading has been used to obtain 20-percent InAs layers. Relatively
low dcfect densitics have been achieved hy controlled growth of an
intermediate graded alloy region hetween the GaAs substrate and the
20-percent alloy in order to avoid defect formation due to lattice mis-
match, Uniform Inx(‘-ai_x:\s Schottky barricr avalanche photodiodes with
gains of 250, rise times of about 170 psec, and quantum efficiencies of
50 percent at wavelengths up to 1.1 pn have been fabricated. Mcasure-
ments have been made to determine the electron and bole ionization co-
efficients in GaAs avalanche photodiodes in order to obtain an estimate
of the ultimate wide-bandwidth performance of GaAs and InGaAs devices.
In addition, severalwaveguide fabricatioi, schemes f‘orlnxGai_xAs 10C's

have been investigated,

in the Ilgx(‘d’_xTc-(‘dTe arca an cffort has been started to develop
ng(‘d’_x"[‘e cpitaxial growth techniques and waveguide, coupler, and
acoustic frequency-sbhifter technology in (dTe. A vapor-phase cpi-
taxial system bhas beer designed, constructed, and encouraging results
have been obtained in oreliminary experiments of epitaxial ng(‘di_x'l‘c
growth on CdTec substrates. Proton bombardment has been used on bigh
carrier concentr: tion (1013 cm-3) CdTe to achieve carrier removal in a
layer adjacent to t! e surface and wavegniding in this proton-bombarded

region at 10.6 uym ha." been demonst-ated,

In a related program, Ilgx(‘di_x’]‘c photodiodes have becen developed for
heterodyne detection at 10.6 uym with a frequency cutoff of near 800 MH?2
and quantum efficiencies greater than 40 percent, 1t is planned to cven-
tually incorporate similar diodesin a ‘ng(‘(}i_xTc-(‘chI()(‘ heterodyne

receiver,

Accepted for the Air Force
Ilugene ¢, Raabe, It. Col., USAF
Chief, ESD Lincoln Laboratory Praoject Office
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INTEGRATED OPTIC"L CIRCUITS

I In‘((’ai_x:\s-("m/\s INTEGRATED OPTICAL CIRCUITS

A, MATERIALS PREPARATION
1.  lipitaxial Growth

The InxGa1_xAs material is grown epitaxially on GaAs substrates using an :\5(713-112-Ga-ln
vapor-phase syst »m which permits grading the opitaxial layers from GaAs to the desired com-
position. The lattice mismatch between InxGai_xAs alloys and GaAs makes it difficult to grow
high-qua'ity epitaxial layers for the fabrication of avalanche photodiodes, For an alloy compo-
sition of 20% InAs, the lattice constant is about 1.4 percent larger than that of GaAs, if all of
this lattice mismatch were relieved plastically, it would create about 1013 dislocations per (‘mz.
Itowever, by grading the epitaxial layer from GaAs out to the desired composition, the strain
due to lattice mismatch should be largely elastic, and good quality epitaxial lavers should be
obtained.

The AS(‘la-llz-Ga-In vapor-phase reactor uced to grow the alloys is shown schematically in
Fig. 1. The two As(']3-112 flows over the gall um and indium melts are separately controlled by
feedback control systems. Growth is initiated with zero flow over the indium melt, and this
flow is then increased in a programmed manner so that the epitaxial layer is graded from GaAs
to the desired composition of lnx(;ai-x'\S' When the flow for this composition is reached, it is
maintained constant until the epitaxial layrr is as thick as desired,.

The presaturated indium and gallium mclts1 are controlled at a temperature of @50°C with
the center mixing zone at about the same temperature. [Epitaxial growth is obtained on the GaAs
sceds at a temperature of 700°C in a gradient of about 8°C'/cm, Under these conditions the alloy
composition of the epitaxia! layer is essentially determined by the flow rates of II2 + As(‘l3 over
the indium and gallium melts. Figure 2 shows the variation of alloy composition as a function of
the ratio of the flow rate over the indium melt to the flow rate over the gallium melt for a total
flow of 250 mil/min, 850°C melt temperatures, and a 700°C growth temperature. The two dashed
lines indicate the approximate scatter in the data caused by other variables which have yet to be
controlled.  As can be seen, the variation plotted in Fig. 2 is approximately linear. Thus, for
constant growth rate and a constant flow rate over the gallium melt, a linear increase with time
in flow rate over the indium melt should produce an approximately constant gradient in alloy
composition,

kpitaxial layers of InxGai_xAs with a composition of about 20% InAs have been grown on
{111} Ga, {111} As, and {400} GaAs seeds. With the growth parameters indicated above, growth
rates were typically 0.3, 0,07, and 0.12 pm/min for {111} Ga, {111} As, an. ,100) surfaces,
respectively.  20% InAs layers free of gross defect structure were obtained with compositional
gradients of about 0.5 to 1.0% InAs/umn. Layers were usually prepared so that about one-half of

the total thickness was graded in altoy composition and one-half was constarnt in al,oy compo-ition,

2. Defect Characterization

As expected for ln‘(Cai_‘(As alloys grown epitaxially on GaAs, the quality of the grown layvers

is critically dependent upon the amount of lattice mismateh which ean be maintained elastic during
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the growth process. This is manifested in the curvature of the wafer (epitaxy plus substrate)
after growth, which indicates that with careful grading almost all of the lattice mismatch can be

maintained elastic. Preliminary studies of the defect structure in the constant composition
region of the better wafers reveyl distocation densities on the order of 106 to 107 per em® and

stacking fault densities on the order of 10% per cmz. These values indicate that about 99.9999 per-

cent of the lattice mismatch is maintained elastic with the grading and growth process currently
being used,

Although these defect densities might be expected to be too high to achieve an appreciable
yield of microplasma-free avalanche photodiodes, several factors tend to compensate for this:
first, there is no indication that microplasmas are associated with stacking faults, second, the
dislocations are not distributed randomly; and finally, there is not a one-to-one correlation be-
tween dislocations and microplasmas, Generally, these factors enable us to obtain an appreciable
vield of good devices, However, it is clear that the major problems we have encountered so far
in this alloy system are caused by lattice mismateh, and we are continuing to expiore means of
minimizing these defect densities,

B, DEVICE FABRICATION
i lnxGa1_XAs Avalanche Photodiodes

The present work on ’nxGai-xAS avalanche photodiodes is an extension ofa previous one-year
program which was sponsored by the Air Force Avionies Laboratory for developing diserete 1.06-um
avalanche diodes for use in satellite communications. In the earlier program, InxGai-xAS diodex
with uniform gains of about 200 and response times less than 200 psec were fabricated; however,
the response peak was limited to about 0,95 um due to an insufficient indium coneentration in the
alloy. Following the improvements in epitaxial growth techniques, uniform Schottky barrier
avalanche photodiodes with gai s of 250, rise times of about 170 psee, and quantum efficiencies
of 50 percent at wavelengths as long as 1.10 ym have been fabricated in InxGai-xAS alloys during
the past six months, The structure and fabrication method were the same as previously used for
the GaAs dovivns.z

The spectral responsivities of two ]nxGai-xAs avalanche photodiodes are shown in Fig. 3.
Also shown in this figure are two dashed curves indicating the responsivity of a GaAs Schottky
barrier diode and a Si p-n junction avalanc he photodiode. l.ines of constant quantum efficiency
are shown for comparison with the spectral response curve. Although the GaAs and Si detectors
have their peak response ai about the same wavelength, the Si detector responds to muech longer
wavelengths since the long wavelength cutoff for Si is much more gradual than for the GaAs and
!”xcai-x"\s detectors because of the indirect baandgap in Si. The quantum efficiency of the Si de-
tector at 1.06 um is quite low, however. The alloy detector with x = 0.17 has a quantum efficiency
at 1,06 uym that is more than twice that of Si, but it is elear that a slightly higher mole fraection
of InAs is nceded to ohtain a peak responsivity at 1,06 um. The detector with x = 0,20 has a peak
response at about 1.11 pm. The structurein the two alloy detector curves is probably due tointer-
ference effects of the thin It Schottky barrier and a protective oxide coating. The measurements
shown in this figure were made at low bias voltages where the multiplication was essentially unity,
but for these ln‘{Gai-xAS detectors which had a net bulk carrier concentration (ND = NA) of about
2 % 1016 vm'3 t-horc is no significant change in the spectral response curve at high reverse bias
voltages and high multiplication, in contrast to th GaAs detectors where an increase in reverse

bias causes an inerease in the response at longer wavelengths bzcause of the Franz-Keldysh shift




of the absorption cdgc.z At the low frequencies used for thece measurements (~1 kHz) the average
gain of the }n0,17GaO,83AS device was approximately 300,

Since very large gains can be observed due to edge breakdown or microplasmas, the uniform-
ity of the diode response under high gain was examined by scann'ng the active area with a focused
HeNe (0.633-um) laser and displaying the photoresponse on an oscilloscope. A photograph of the
response profile of an an.l7Gu().83AS diocte, operating at a gain of about 100, obtainect in this
way i8 shown In Fig. 4. The general shape of the 5-mil-diameter device can be seen In the figure.
The round area at the top where there is no response is due to the lead wire on this device which
blocked a small part of tne active area. At this gain, the photoresponse across the area of the
diode is uniform to within ahout 20 percent. The small nonuniformities present are apparently
due to inhomogeneities or defects in the crystal since they could not be identified with surface de-
fects in the Schottky barricr. The photoresponse which appears at the perimeter of the device
results from laser light which is scattered into the high-gain areas of the diode from the Au con-
tact ring and is not actually edge response, Using this technique, we can routinely scan each
nhotodiode, and reject those which show evidence of microplasmas, edge breakdown, or other
defects,

The speed of response of the diodes was studied using a mode-locked Nd: YAG lase~ with a
pulse repetition frequency of 275 MUz, The response of an 1“0.17380.83AS avalanche photodiode
operating at a gain of more than 250 with a 50-ohm sampling oscilloscope is shown in Fig. 5. At
this speed of operation the gain was measured by attenuating the laser so that the signal could
just be observed on the sampling oscilloseope at low reverse bias values and then takinz the ratio
of the signal at a given bias to that at low bias. Since the photocurrent tended to saturate at higher
power levels, the measured gain corresponds to a lower limit obtainable with the device. The
rise and fall times of the pulses arc essentially equal, and a more detailed examination of the
pulse indicates a 10- to 90-percent rise time (and fall time) of 175 psec, which corresponds to a
ba e Landwidth of 2 GH{z. There was no detectable change in the rise and full times with bias
voltage (multiplication). This response time represents the total system response and is probably
limited by the RC' time constant of the 50-ohm load and the capacitance of tkis 5-mil-diameter de-
vice, although the ac*ual rise and fall times of the laser have not been deterniined, The response
time can probably be reduced somewha* while maintaining the same device area by optimizing the
doping in the epitaxial layer wo that the capacitance is made smaller while still avoiding transit
time limitations.

2. lonization Coefficient Measurements

A preliminary study of the noise performance of the ’"xGa1-xAs avalanche photodiodes indi-
cates that the noise power varies much less rapidly than M3, where M is the multiptication gain,
and that the detector noise at a fain of 250 is lower than the noise of a state-of-the-art wideband
amplifier with a 5-«B noise figure. An M- dependence of the noise power was previously ob-
scrved in GaAs Schottky barrier photodiodes,2 but other measurements on GaAs p-n junction
avalanche photodiodes have yielded an 1\13 variation.3 The theory of Mclntyr‘e4 predicts that the

noise power will vary as M3 if the hole and electron ion:zation coefficients are equal, and as MZ

if one is much greater than the other and the multiplication is initiated by the carrier with the
higher coeffieient. The ratio of the hole and electron ionization coefficients is also important
relative to gain-bandwidth product limitations. I-}mmonsla has shown that in p-i-n avalanche photo-

diodes, for M < 8/0, where  and o are ine hote and electron ionization coefficients, respectively,
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the bandwidth is limited by the transit time only, but that for M > 8/« there is a corresponding
decrease in the bandwidth for an increase in M. If we extend this treatment to the Schoitky bar-
rier diodes and use the measured rise time of 175 psec, we can estimute that B/e 2 50. Since
the measured rise time is limited by the RC time constant rather than the gain-bandwidth prod-
uct, this is only a lower limit for B/a. 1t should be noted that this conclusion does not agree
with several reports of equal ionization coefficients for electrons and holes in GaAs.6'7
kExperiments are now under way to attempt to accurately measure ¢ and B in GaAs and to
determine their variation with electric field, The devices used for these measurements were
fabricated so that the multiplications due to pure hole and pure electron injection could be meas-
ured in the same dcvicc.8 Pt or Au Schottky barriers were formed on n-type GaAs by electro-
plating, and edge breakdown at the rerimeter of the barrier was eliminated by a guard ring
formed by proton bombardment, The devices were illuminated from the back by strongly absorbed
0.63-um laser radiation to obtain pure hole injection or by 1,06~ or 1.15-um laser radiation to ob-
tain pure electron injection by photoemission from the metal Schottl'y barrier, Preliminary re-
sults of these experiments indicate that the hole and electron ionization rates are not equal but
that 8 > q.

3.  Waveguide Fabrication Schemes

Several different schemes for the fabrication of thin-film optical waveguides in the
InxGai_xAs-GaAs materials system have been investigated. The two most feasible methods both
rely on the small change in the index of refraction between two regions of material with different
carrier concentrations. ‘This discontinuity in carrier concentration can be created in two differ-
ent ways: (1) by proton bombardment of heavily doped crystals which creates a high resistivity,
tow carrier concentration region, and (2) by the growth of high-purity epitaxial structures on
heavily doped substrates. The second method seems most desirable because of the possibility of
ohtaining lower loss waveguides. Preliminary absorption measurements indicate that it may be
possible to fabricate low-loss waveguides in GaAs for the transmission of room-temperature
GaAs laser emission. This would be very desirable from the standpoint of the fabrication of
more comnlicated integrated optical circuits,

During the next six-month period we will fabricate thin-film waveguides by the methods de-
scribed above and incorporate an lnxGai-xAS photodiode in a waveguide for the detection of opti-
cal radiation in the waveguide. The performance will be evaluated at various wavelengths from
0.905 um to 1,06 um,
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I, Ing(‘di_‘(Tc-(‘(lTe INTIEGRATED OPTICAL CIRCUITS

A, NMATERIALS PREPARATION

Prohlems associated with lattice mismaich are not expected to be as severe in the epitax: 1l
growth of ng(‘di_x’l‘e on CdTe as they are in the InGaAs-GaAs system. As an example, alloys
with a composition of 80% HgTe have a lattice constant that is only 0.25 percent smaller than the
lattice constant of CdTe, Nevertheless, it may still be necessary to utilize grading to achieve
the best quality material.

Our initial attempt to develop an epitaxial ng(,‘di_x’l‘e capability utilized a vapor-phase
flow system at atmospheric pressure, since a preliminary study suggested this as the most viahle
approach. A photograph of the quartz appar:.us constructed for this purpose is shown in Fig. 6.
The system is designed to transport the three constituent elements in a ”2 carrier gas and to
suitably combine them in the vicinity of a CdTe seed. The two horizontal taper joint inputs placed
side-by-side on the left end of the quartz apparatus ave utilized to insert cadmium and tellurium
boats. The three vertical taper joint inputs are ”2 inlets for each of the constituent element
chambers. The other two vertical tubes without taper joints which connect to the larger chamber
are the intet and outlet for circulating oil which maintains the niercury in the inner chamber at a
constant temperature., On the right end of the tube a near vertical seed holder is attached to a
larger taper joint to facilitate insertion and removal of the seeds. In the center of the tube a
mixing chamber is utilized to homogenize the mercury and cadmium vapors. The quartz tube is
placcd in a three-zone furnace to provide control over the cadmium, tellurium, and growth
temperatures,

Althcagh there are a number of rroblems to be resolved, initial results with this system have
been encouraging in that some epitaxial growth of l}gx('di_x’l‘e on CdTe has been achieved, With
this technique there appears to be a sizable segregation of the mercury in the vapor phase. Also,
alloy composition appears to be strongly dependent upon growth temperature. We are presently
attempting to optimize the various system parameters (time, flow rates, temperatures, and tem-

perature gradients) to reproducihly obtain epitaxial growth of alloys with the desired 80% tIgTe
composition,

B. DEVICE FABRICATION

Proton bombardment of ('dTe was investigated to determine whether the free-carrier density
can he reduced by this technique in order to form an optical waveguide for 10.6 pm. Preliminary
results indicate that such waveguide structures can be formed by the use of 3-MeV high-¢rergy
protons,

In the proton bombardment technique which has previously been used to fahricate waveguides
in GaAs for wavelengths in the vicinity of 1,415 um, the dielectric constant in a region adjacent
to the surface is increased by reducing the free-carrier concentration.g'io The waveguide thick-
ness can he precisely controlled by varying the proton energy. For CdTe an increase in dielec-

tric constant by almost 10 percent is estimated for a decrease in carrier concentration from

1018/(‘m3 to 1017/cn13. Ilowever, in order to achieve adequate waveguide thickness in CdTe for

10.6-pm wavelength, proton energies about ten times higher than the 0.3-MeV energy used for
1.15-pm guides in GaAs are required.
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High-energy proton bombardment studies were carried out at 0.3, 1, 2, 2.5, and 3 MeV on
indium-doped CdTe with 1.8 x 1058 carriers/cm3 and on bromine-doped CdTe with 1.4 x 1018

carriers/cm3. The proton-bombarded CdTe wafers were evaluated by capacitance measure-
ments made with plated gold Schottky barriers, Bombardments of 1015 protons/cm2 at 0,3 MeVv
through thin Schottky barriers revealed zero bias carrier depletion depths of about 2.4 pum, whieh
was somewhat less than the 3.1-um range of the protons, The measured depletion depth implied
4n average carrier density in the surface layer of about 2 x 1014/cm3 or a factor of about 104
reduction from the initial value of 1.4 x 1018 cm3. Diflerential capaeitance-voltage data indicated
concentrations from 5 x 1015’Cm3 to 5 % 1016/cm3 at the bottom of the depletion region. Capaci-
tance measurements on samples bombarded with 3- MeV protons at 101 5/cm2 indicated a removai
of 0,8 x 1018 carriers/cm3 from the initial 1.8 x 1013/“]3 value. Similar bombardments in
GaAs produced semi-insulating material, i.e., much higher dosages are required for CdTe.

A detailed study was carried out on a sample which had been subjected to three successive
proton bonmbardments: 3 MeV (1 x 1015’cm2), 1 MeV (5 x 101 r’/cmz), and 2 MeV (5 x 1015/cm2).
Figure 7(a) shows the differential proton energy loss expected from this bombardment sequence
as a function of distance from the sample surface. The numerical values were taken from
Janni's“ tables (derived from the Bethe equations) for Sn, which has an atomic number between
that of Cd and Te, Note the three, sharp, energy-dissipation peaks at 13, 37, and 69 um corre-
sponding to the range of the 1-, 2-, and 3-MeV protons, respectively. Capacitance measure-
ments after the bombardment Sequence revealed Schottky barrier depletion regions about 10 pm
into the surface, which implied an average earrier concentration of 101 3/cm3. By etching suc-
cessive layers of material from the surface and replating gold Schottky barriers we were able to
obtain the carrier concentration profile shown in Fig. 7(b). The data are presented in the form of
boxes with the width corresponding to the uncertainty in distance and the height corresponding to
the range of carrier concentrations obtained from measurements on the five to 10 15-mil-square
Schotiky barriers at each step.

Within the accuracy of the measurements there is a good correlation between the calculated
proton energy loss profile and the measured carrier concentration profile. Pronounced minima
in carrier concentration oceur exactly at the expected ranges of the 2- and 3-MeV protons with
the 2-MeV minima being much deeper, which is consistent with the 5 times higher dosag. .t
2 MeV than at 3 MeV, About 0.5 x 1024 eV/cm3 of proton energy loss is required to remove
50 percent of 1.4 x 1018 carriers/cm3, or about 0.3 MeV/carrier. However, upon comparison
of the two plots of Fig. 7 it appears that this factor scales inversely as the residual carrier den-
sity, so at 1016/cm » about 30 MeV/carrier, is required. Thus, much higher proton dosages
than those for GaAs are needed to convert this material into semi-insulating CdTe, if indeed it
can be done by proton bombardment. This may require starting with a CdTe crystal which is
not saturation-doped w'ch impurities as were the wafers used in our experiments. Fortunately,
for an optical wavegu’ e, it is not necessary to have a semi-insulating layer, Since the refrac-
tive index change is pProportional to the change in carrier concentration, a residual level of
1016 cm3 should not seriously affect waveguiding. The free-carrier optical absorption coefficient
at 10 ym ino Ir starting material was measured to be about 400 cm_i, but for a carrier coucen-
tration of 10’ /em? it is less than 1 em™! (Ref, 12),

Attempts have been made to detect waveguiding in the proton-bombarded structures by cleav-
ing the edges of the wafers and focusing a 10.3-ym CO, laser beam onto one edge with an /10

2
germanium lens, Samples which had been bombarded with 2,5-MeV protons at a dose of 1016/cm2
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showed as mnch as 10 percent transmission through a 1.6-mm path tength and 1 percent trans-
mission through a 3-mm path, although considerable variation in transmitted light was observed
from one part of the sample to another. The two transmission measurements correspond to ¢s-
timated wavegnide losses of 6 and 11 cm'1, respectively, when taking into account the focal spot
size of the incident laser beam relative to the estimated 53-um guide thickness and reflection
losses, i.e., the effective absorption coefficient has been reduced by about two orders of magni-
tude from that of the bulk crystal. Figure 8 shows the transmission profile of the 1.6-mm sam-
ple. We are presently investigating ways of further reducing the attenuation and improving wave-
guide uniformity.

A grating coupler photomask pattern has been designed and constructed. The grating has
2! - um linewidths and spacings and should couple into the guides at an angle of incidence of about
33°. We are presently working on the parameters for sputter-etching these patterns into the
CdTe samples.

Surface acoustic wave transducer patterns with 10, 2-um periodicity have been designed and
fabrioated onto semi-insulating CdTe substrates. Since the bull: shear wave velocity in CdTe is
1.85 x 10 m/sec (Ref. 13) we expect these devices to generate abc at 160-MI1z surface waves in
the material. The transducer pattern was designed to have a ZnO film overlay to improve the
approximately 1-ohm radiation impedance which is calculated for the optimum CdTe transducer.
From previous work on ZnO uverlays on GaAs substrates,14 we expect to obtain at least a factor
of 10 increase in radiation impedance, Work is in progress to incorporate the ZnO overlay into
the transducer structure.

Hg‘((‘db\,Te 10.6-p1n Tligh-Speed Photodiodes

In a related progran: funde by the Air Force line item with additional support by DARPA-STO,
”ngdi-xTe photodiodes have been developed for heterodyne detection at 10,6 pm. The diodes
were fabricated by IHg-diffusion into p-type crysrals with an alloy composition of about 19% CdTe.
Diodes in the form of etched mesas 250 um in diameter were packaged and tested, External quan
tum cfficiencies for diodes operated at 77°K were typically 40 to 50 percent (uncoated) over the
G- to {1-um region, with zero bias low-frequency detectivities as high as 1,1 x 1010 cmllzi/z/“'.

Frequency response measurements were made by heterodyning a tunable PbSnTe diode laser with

a fixed-frequency (‘02 laser. The 3-dB rolloff point into a 50-ohm preamplifier was over 800 Mz
with 0.8 V reverse bias.  l.ocal oscillator-noise-limited operation was observed at 400 MHz with

about one milliwatt of (‘O2 laser power, It is planned to eventually incorporate similar diodes in
a I]gx(‘di_‘(Te-('(]Tc 10C for heteroadyne detection at 10.¢ pm,
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Fig. 6. Photograph of quartz apparatus for the growth of epitaxial ng(.‘di_xTc.
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