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ABSTRACT 

This report covers in detail the solid state research work of the Solid 
State Division at Lincoln Laboratory for the period 1 February through 
30 April 1987. The topics covered are Solid State Device Research, 
Quantum Electronics, Materials Research, Microelectronics, 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 

A model for the interdiffusion of lattice defects in Hg0 8Cd0 2Te has been used to derive an equation 
for the junction depth obtained when a Te-rich sample is diffused under Hg-saturation conditions at low 
temperatures. Calculations using the equation are found to agree with experimental data for junction 
depth vs excess Te concentration, diffusion time, and temperature. 

An enhanced-overpressure capless technique suitable for annealing ion-implanted InP at tempera- 
tures of 900° C has been developed that utilizes a Sn coating to provide a high local partial pressure of P. 
InP samples implanted with 140-keV 1014-cnr2 Si+ and annealed at 900° C for 10 s exhibited better 
electrical characteristics than samples annealed at 750° C for 5 min using conventional encapsulation 
techniques. 

Two-tone intermodulation distortion in interferometric optical waveguide modulators has been 
measured. The experimental results closely follow the theoretical predictions. 

2.    QUANTUM ELECTRONICS 

Single-frequency operation of a Ti:Al203 ring laser with an output power of 100 mW has been 
obtained over an 80-nm wavelength range. A frequency jitter of 15 MHz caused by argon ion laser power 
fluctuations limits the short-term stability; long-term frequency drift is caused by temperature variations 
in the laser enclosure. Thermal lensing compensation has been engineered into the laser to allow for 
high-power operation. 

Radiation at the sodium D2 resonance line has been generated with 8-percent efficiency by 
sum-frequency mixing the output radiation of two simultaneously Q-switched Nd:YAG lasers, one 
operating at 1.064 /xm and the other at 1.319 /urn. By measuring the tuning curve of each Nd: Y AG laser, it 
was found that the resonance radiation could be generated by operating the lasers at or near the peak of 
their gain curves. 

Optical nonlinearities in coupled quantum well structures have been explored. The optical Kerr 
effect was observed and interpreted as the result of optically induced changes in the dipole strength of the 
coupled quantum well transition. 

3.    MATERIALS RESEARCH 

Device-quality GaAs layers have been grown on silicon-on-sapphire substrates by molecular beam 
epitaxy. Microwave MESFETs (gate length of 0.8 ^m) with gm = 140 mS/mm, fmax = 20 GHz, and 
fT = 8 GHz have been fabricated in these layers. 

Optical absorption and photoluminescence due to Ti3+ ions have been measured for Ti:ScB03 

crystals grown by the thermal gradient-freeze technique. The peak absorption occurs at 570 nm, 
compared with 490 nm in Ti:Al203. The luminescence lifetime is about 0.1 fxs at 300 K and increases to 
about 1 ^ts at 77 K. 
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4.    MICROELECTRONICS 

A monolithic CCD-addressed spatial light modulator (SLM) using electroabsorption effects in 
InGaAs/ GaAs multiple quantum wells has been successfully demonstrated. A contrast ratio of 1.33 has 
been observed at 965 nm in a 16-stage CCD SLM. 

The I-V characteristics of ion-implanted Si PBT devices with different impurity profiles have been 
calculated by numerically solving the coupled, two-dimensional Poisson and current-continuity equa- 
tions. Good agreement between experimental devices and the simulated results has been obtained. 

A new technique has been developed to calculate the resonant tunneling transmission spectra and 
bound state energies in quantum-well heterostructures. The technique is superior to the standard 
transfer-matrix method in that it is much less susceptible to floating-point magnitude errors in relatively 
large structures and it can be executed about twice as fast. 

5. ANALOG DEVICE TECHNOLOGY 

High-transition-temperature oxide superconductors have been prepared in bulk form using 
ceramic processing techniques. Superconducting transition temperatures of 38 K for Laj 85Sr0 15CUO4 
and 93 K. for YB^Cu^O-j were achieved. Thin films have also been prepared; an onset of superconductiv- 
ity was observed at 95 K in YBa2Cu307 füms- 

A silicon integrated circuit which implements a dense array of synaptic coupling elements for an 
analog, programmable, nonvolatile artificial neural network has been designed and fabricated using 
CCD and metal-nitride-oxide-semiconductor technologies. The performance of this circuit has been 
studied by operating it in a Hopfield iterative-feedback network. 
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1.    SOLID STATE DEVICE RESEARCH 

1.1    ANALYSIS OF JUNCTION DEPTHS AND LATTICE POINT DEFECT 
INTERDIFFUSION COEFFICIENTS IN Hg0 8Cd0 2Te 

A model for the interdiffusion of lattice defects in HgQ 8Cd0 2Te is proposed and applied to 
experimental results. It is assumed that the electrical properties of state-of-the-art nominally 
undoped HgQ 8Cd0 2Te are determined by native defects. The model has been used to derive an 
equation for the junction depth obtained when a Te-rich sample is diffused under Hg-saturation 
conditions at low temperatures. Calculations using the equation agree with experimental data for 
junction depth vs excess Te concentration, diffusion time, and temperature. The basic model, 
which employs a two-valued interdiffusion coefficient, was successfully applied to the Pb-salt 
defect diffusion problem.1'2 It is assumed that the electrically active native defects are a doubly 
ionized acceptor (the Hg vacancy) and a singly ionized donor (probably the Hg interstitial). It is 
also assumed that in n-type material the difference between the concentration of donor impurities 
ND and acceptor impurities NA is negligible compared with the concentration of donor native 
defects IHg, i.e., |ND - NA| «IHC- The model is applied to the diffusion of Hg into an initially 
Te-saturated p-type crystal, which contains Te in excess of the stoichiometric composition. The 
indiffusing Hg eliminates the excess Te, both by decreasing the concentration of Hg vacancies 
and by removing any second-phase Te precipitates that may be present.3'4 As shown schemati- 
cally in Figure 1-1, the diffusion process results in the formation of an n-type skin containing 
excess Hg, with the n-p junction located where indiffusing donor lattice defects (probably Hg 
interstitials) annihilate outdiffusing acceptor lattice defects (predominantly Hg vacancies). 

The model has been used to derive the following equation for the junction depth x:: 

*j - S D*Hg(C*Te,at)  

0.78 CXTe 

DHg(CTe-sa.) 
1 + 

(1-1) 

0-78 D*Hg(CHg.sat) 
where t is the diffusion time and S is the Hg atom concentration in the solid (1.2 X 1022 cm"3). 
CXTe is the total concentration of excess Te in the solid, i.e., 

CxTc = C*Te.sa, + C£ (1-2) 

in which C*e_sat is the excess Te present in the HgQ 8Cd0 2Te phase relative to the stoichiometric 
composition for Te-saturated conditions and C^lis the excess Te present as second-phase Te pre- 
cipitates. DjHg(Cje.sat) and D1^ (CH     t) are the Te- and Hg-saturated Hg self-diffusion coeffi- 
cients, respectively. 

The variation of x2/t with reciprocal absolute temperature for selected values of C^1 has 
been calculated from Equation (1-1) using the fast-component Hg self-diffusion coefficients given 
by Chen et ö/.,

5
 the partial Hg-vapor pressure curves of Tung et a/.,6 and the Te-saturated soli- 

dus data of Schaake.7'8 (The fast-component coefficients have been selected as the values of D* 



because these coefficients were found by Chen to vary significantly with Hg partial pressure.) The 
results are shown in Figure 1-2. The calculated curve for C^1 = 1018 cm-3 is in good agreement 
with the data of Jones et al.9 In addition, as shown in Figure 1-3, the calculated variation of t/x? 
with CXTe (=* djP1) at 270° C agrees with the data of Schaake et aV" 10 

The Te-saturated and high-temperature metal-saturated solidus data for Hgo 8Cd0 ^Te are 
shown in Figure 1-4. The Te-saturated data points are from References 7 and 8, while the 
Hg-saturated data points are from References 7, 9, 11, and 12. The solid line in Figure 1-4 is the 
low-temperature branch of the Hg-saturated solidus calculated from the proposed native defect 
model.13 For 200 to 270° C, the electron concentrations fall within the range of values measured 
for most state-of-the-art samples that have been Hg saturated. 

According to the present model, along the low-temperature branch of the Hg-saturated soli- 
dus, the Hg concentration exceeds that at the stoichiometric composition, and the excess 
increases with increasing temperature. The model does not predict an upper temperature limit for 
this branch, i.e., a temperature above which the excess Hg concentration decreases. Obviously 
there is such a limit, since the experimental data show that at sufficiently high temperatures the 
solid phase is Te-rich along the Hg-saturated solidus. A more complete model will be required to 
calculate the high-temperature branch of this solidus. 
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Figure 1-1    Schematic of model showing Hg interstitial, Hg vacancy, n-p junction, 
and part of a Te precipitate. 
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The interdiffusion model also has been used to calculate the activation energies13 for the 
Hg-interstitial and Hg-vacancy interdiffusion coefficients, which are found to be 0.56 and 0.55 eV, 
respectively. The small activation energies and large magnitudes («lO-6 cm2/s at 270° C) of these 
coefficients are attributed to large atom jump frequencies due primarily to the weak Hg-Te 
bond.14'15 

In conclusion, for the first time a theoretical model has been found which fits n-p junction 
diffusion data for nominally undoped Hg0 8Cd0 2Te over a range of temperatures and excess Te 
concentrations. Furthermore, the model is consistent with most low-temperature Hg-saturation 
annealing experiments. 

T. C. Harman 
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1.2    CAPLESS RAPID THERMAL ANNEALING OF SiMMPLANTED InP 

Although good activation of most n- or p-type dopants implanted into InP can be achieved 
by conventional annealing at 750° C for several minutes,16 rapid thermal annealing (RTA) of InP, 
utilizing either high-intensity lamps or low-mass graphite heater strips, is becoming an attractive 
alternative. It has been reported17"20 that several dopants exhibit minimal redistribution during 
RTA and that carrier concentrations and mobilities as good or better than those obtained by 
conventional methods can be achieved. For both conventional and RTA techniques, surface 
decomposition due to preferential P evaporation must be prevented by the use of a suitable di- 
electric encapsulant,16'21 careful control of the environment,22 or utilization of a close-contact 
proximity scheme.23'24 Although suitable encapsulant technologies have proven successful, a reli- 
able capless annealing technique would simplify processing requirements and eliminate reproduci- 
bility problems sometimes encountered with thin encapsulating layers at higher anneal tempera- 
tures (>800°C). 

In this report we present electrical activation results for 28Si+-implanted InP that has been 
heat-treated in a flash-lamp RTA system using an enhanced-overpressure proximity (EOP) capless 
annealing technique. This technique is similar to that used by Armiento and Prince25 for RTA of 
GaAs. The EOP method for InP is based on the same principle as the In-Sn-P liquid-solution 
method for eliminating surface degradation of InP substrates prior to epitaxy, proposed by 
Antypas,26 and therefore should be superior to conventional proximity techniques because a sub- 
stantially higher P partial pressure exists over the In-Sn-P solution than over InP (Reference 26). 
The new method is also less prone to problems arising from surface irregularities or paniculate 
contamination than conventional proximity techniques. 

For RTA applications, an Sn-coated InP source wafer is mounted ~0.4 mm from the face of 
the implanted sample with the aid of a low-mass graphite support ring, as illustrated in Figure 1-5. 
This configuration then is mounted on the Si support tray of the lamp annealing system with a 
second Si cover wafer employed to prevent backside P evolution from blackening the quartz 
annealing chamber. The temperature is recorded by a thermocouple bonded to a small piece of Si 
mounted adjacent to the EOP fixture. Because of the optical absorption differences between the 
Si monitor wafer and an InP sample, this temperature-measurement scheme can introduce a 
small systematic temperature error which is both time and temperature dependent. 

For these experiments, high-resistivity (p >107 O-cm) Fe-doped InP crystals were cut into 
(lOO)-oriented wafers that were lapped and polished using a 1 percent Br-methanol solution. 
Samples cut from the wafers were free-etched in 0.5 percent Br-methanol prior to room- 
temperature ion implantation of 140-keV 1014-cnr2 28Si+ ions. Preparation of the 1-in-diam. InP 
source wafer, prior to sample annealing, consisted of e-beam evaporation of a l-/im Sn layer, fol- 
lowed by a 5-min 750° C preanneal employed to saturate the Sn layer with P. Isochronal anneals 
were carried out in the flash-lamp RTA system, under flowing N2, for several temperatures up to 
900° C. 
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Figure 1-5   Schematic diagram of sample fixture used for EOP annealing technique. 

Samples annealed by the EOP technique at 900° C for 10 s retained their mirror-like finish 
and, as shown in the photomicrograph of Figure l-6(a), appear to have negligible surface pitting 
and are comparable to samples annealed with a PSG encapsulant at 750° C for 5 min [Fig- 
ure l-6(b)]. After approximately 15 annealing runs with the same source wafer, sample pitting 
began to occur and the wafer was replaced. 

Although it has been reported that high levels of Sn were detected on the surfaces of InP 
substrates used for LPE growth while employing an In-Sn-P liquid solution preservation 
method,27 Auger electron spectroscopy (AES) measurements performed on EOP-annealed InP 
wafers revealed that Sn surface contamination was undetectable within the measurement sensitiv- 
ity of the apparatus. In order to investigate further the potential problem of Sn contamination 
during annealing, electrical measurements were performed on unimplanted EOP-annealed InP 
wafers (900° C for 10 s). These measurements showed that unimplanted InP wafers remained 
semi-insulating, again indicating that Sn contamination is not a problem. 

The sheet carrier concentration, electron mobility, and resistivity of the implanted samples 
were determined by making Hall-effect measurements of the van der Pauw type.28 The data in 
Figure 1-7 show that for a fixed anneal time, the sheet carrier concentration increases with 
increasing anneal temperature, and that the increase is greater for shorter anneal times. The high- 
est sheet carrier concentration obtained, 6.7 X 1013 cm-2, was on a sample annealed at 900° C for 
10 s. This value is considerably higher than that achieved on samples conventionally annealed at 
750° C for 5 min, as illustrated in Figure 1-7 or reported elsewhere in the literature.20 The mea- 
sured sheet mobility of 1560 cm2/V-s obtained on the sample annealed at 900° C for 10 s is also 
an improvement over the mobility of conventionally annealed samples. A reduction of the 900° C 
anneal time to 3 s results in a reduction of both sheet carrier concentration and mobility. The 
general trend of increased sheet carrier concentration with increasing anneal time for all anneal 
temperatures is in good agreement with the results of Vaidyanathan et a/.20 for similarly 
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Figure 1-6    Photomicrograph of heat-treated InP surfaces: (a) EOP anneal at 900° C for 10 s; 
(b) conventional anneal using PSG encapsulant at 750° C for 5 min. 

implanted samples. Our measurements, however, do not confirm their observation that a 
750° C 20 s anneal produces a sheet carrier concentration comparable to that obtained with a 
conventional 750° C heat treatment. On the other hand, lower-dose implants will probably anneal 
by RTA at lower temperatures19 than these high-dose implants. 

In all cases where a PSG encapsulant was employed, sheet carrier concentrations were 
slightly higher than the EOP results for the same anneal temperature. Although PSG encapsula- 
tion may prove superior for 750° C anneals, this film has not been able to withstand reproducibly 
the higher temperatures (900° C) required for obtaining maximum electrical activation. 

J.D. Woodhouse 
M.C. Gaidis 

J.P. Donnelly 
C.A. Armientot 

1.3    MEASUREMENT OF INTERMODULATION DISTORTION 
IN INTERFEROMETRIC MODULATORS 

In a previous report,29 it was shown that the dynamic range of analog optical-fiber communi- 
cation links employing external optical modulators could be limited by modulator nonlinearities. 
Specifically, two-tone intermodulation distortion in interferometric modulators was analyzed. 
Here we present experimental results which verify these theoretical predictions. 

t GTE Laboratories, Waltham, MA 02254 
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Figure 1-7 (a) Sheet carrier concentration and (b) sheet electron mobility vs anneal 
temperature for InP samples implanted with 140-keV10J4-cm~2 Si+ which were annealed 
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The analog link we evaluated is shown in Figure 1-8 and consists of an optical source, an 
interferometric modulator, a photodetector, and an amplifier. The optical power transmission of 
the modulator varies sinusoidally with applied voltage. To analyze two-tone intermodulation dis- 
tortion, it is assumed that the modulator drive voltage consists of two equal-amplitude sinusoidal 
signals and is given as 

vin(0 = vl(sin wll + sin ^2*) (1-3) 

It is assumed that the device is operated with a phase bias of w/2 rad so that the transmitted 
power is approximately linear in applied voltage. In the analysis presented earlier,29 it was shown 
that the detector output voltage can be written in series form as 

oo oo oo 
vout(t) =    X    Vk,o (sin h»i* + sin k"2*) +     X      X    Vkfi [sin(ko>, + A w2)t   (1-4) 

k= 1 k= 1   fi= 1 

+ sin(kö>! - Äco2)t] 

where the first and second summations correspond to harmonic and intermodulation frequencies, 
respectively. The coefficients V, 0 and Vj 2 which correspond to the fundamental and dominant 
intermodulation signals, respectively, are proportional to the modulator drive voltage and are 
given by the expressions 

Vi,o = 2V0 J 

V|,2 = 2V0J, 

CO 

g 
00 

  V0UT<t) 

Figure 1-8   Analog optical-fiber communication link consisting of constant-power 
optical source, interferometric modulator, optical fiber, detector, and amplifier. 



where V0 is one-half the peak value of Vout and Jn is the nth-order Bessel function. V^ is the 
voltage variation required for maximum on-off modulation corresponding to a phase shift of 
n rad between the two arms of the interferometer. 

Intermodulation measurements were performed using an LiNb03 interferometric modulator 
designed for operation at an optical wavelength of 0.85 jum. The device was tested using a GaAs 
diode laser and a Si photodetector. Equal-amplitude sinusoidal drive signals at frequencies of 2.0 
and 2.2 MHz were simultaneously applied to the device. The amplified photodetector output sig- 
nal was observed on a spectrum analyzer and the sideband levels were measured as a function of 
the drive-voltage amplitude. An example of a spectrum-analyzer trace is shown in Figure 1-9 for 
the case where Vl/Vn = 0.16. The two dominant signals at wx - 2.0 MHz and w2 = 2.2 MHz can 
be seen with the two intermodulation signals at the frequencies 2OJ\ - w2 - 1.8 MHz and 
2a>2 - a>[ = 2.4 MHz. Intermodulation suppression is ~32 dB at this drive-voltage level. The com- 
plete set of experimental data along with the results of the theoretical analysis is plotted in Fig- 
ure 1-10. The experimental data follow theoretical predictions very closely. There is a slight devi- 
ation from theory at the higher voltage levels and this likely is due to the fact that the induced 
electro-optic phase shifts in the modulator are not exactly linear with applied voltage. These mea 
surements verify the limitations on system dynamic range resulting from intermodulation distor- 
tion. For example, to maintain >40-dB intermodulation suppression requires that the input- 
voltage peak amplitude be <0.09 V^. 

L.M. Johnson 

Figure 1-9 Photograph of spectrum analyzer trace of amplified photodetector output 
for case where Vjl VK - 0.16. Both fundamental and dominant intermodulation signals 
can be seen. 
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Figure 1-10 Plot of fundamental and intermodulation product power levels 
as a function of electrical drive power. Solid lines are theoretical predictions, 
with extrapolations to intermodulation intercept shown dashed; CROSSES 
are experimental results. 
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2.    QUANTUM ELECTRONICS 

2.1    STABLE SINGLE-FREQUENCY Ti:Al203 RING LASER 

Output from a single-frequency Ti:Al203 ring laser of at least 100 mW has been obtained 
between 740 and 820 nm, as shown in Figure 2-1. At the peak of the tuning curve the output 
was as high as 200 mW. The dip in the tuning curve near 800 nm was caused by the optics. The 
tuning range was limited by the bandwidth of the output coupler and the available power. In this 
experiment, the Ti:Al203 rod was pumped using 7 W of 514.5-nm light from an Ar-ion laser; 
only 3.5 W were incident on the crystal of which only 2 were absorbed. 

Figure 2-2 shows the frequency stability of the ring laser over a 5-min period. These data 
were obtained from the output of a confocal Fabry-Perot spectrum analyzer. The Fabry-Perot 
scanned over the transmission peak in 100 /zs. The laser frequency was recorded every 3 s with 
an accuracy of 4 MHz as shown in Figure 2-2. The rms frequency jitter obtained from this data 
was 15 MHz. In addition, the stainless steel mounting board for the laser expanded with time 
because of a slow temperature rise under pumping conditions, resulting in the observed long-term 
frequency drift of 270 kHz/s. 
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Figure 2-1 Single-frequency power vs wavelength. Output power of 100 m W 
can be obtained over 100-nm wavelength range with a maximum output power 
of 200 m W. Dip in middle is caused by laser cavity optics. 
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Figure 2-2   Frequency changes in 5 min. A least-squares linear fit of frequency is indicated. 

Both the Ti:Al2C>3 laser frequency jitter and the Ar-ion laser power showed fluctuations at a 
frequency around 200 Hz, indicating that the two were correlated. The Ar-ion laser power affects 
the temperature and refractive index of the Ti:Al203 crystal. A simple model predicts that a one- 
percent Ar-ion laser-power fluctuation causes 0.5-K temperature fluctuation in the crystal, which 
results in an optical path fluctuation in the laser cavity and a corresponding frequency fluctua- 
tion of 40 MHz. We expect the model to be reliable only as an order of magnitude estimate. In 
the model, the temperature rise in the pumped filament is assumed to be decoupled from the 
temperature rise of the bulk crystal, which should be a reasonable approximation on the 5-ms 
time scale of the pump fluctuations. Further evidence for this model is that frequency tuning of 
the Ti:Al203 ^aser occurs when the Ar-ion laser power is changed. 

Heating the laser crystal causes an aberrated thermal lens in addition to changing the optical 
path of the laser cavity. Any lens placed in the laser cavity should affect the cavity mode; how- 
ever, placing the lens at a beam waist minimizes the effect. Figure 2-3 shows the effect of the 
Ti:Al2C>3 crystal position on the laser-power threshold. Data are taken by sweeping the Ar-ion 
laser power at a modulation frequency of 30 Hz and determining the intercept for the output 
laser power (the threshold). Moving the crystal is equivalent to moving the thermal lens along 
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Figure 2-3    TLAI2O3 laser threshold vs Ar-ion pump laser power 
for four different positions of TUAI2O3 crystal. 

the cavity. For changes in crystal position of 2 mm, there is a wide range of behaviors. For 
position 1, a strong effect of average power on the threshold is observed. For position 3, very lit- 
tle effect is observed, suggesting that at this position the Ti:Al203 crystal is centered on the beam 
waist. For other positions of the crystal, the power of the lens affects the laser threshold. This 
can be compensated for partially at any particular power, but not over a range of input power 
levels. At higher average power the threshold always increases. We believe this can be understood 
in terms of the Ar-ion laser mode structure, which tends toward a doughnut mode at high 
power. 

In conclusion, 100-mW single-frequency output from a Ti:Al203 laser over the range 740 to 
820 nm has been achieved. Thermal effects have been investigated. Ar-ion laser power affects 
Ti:Al2C>3 crystal temperature, and thereby laser frequency. Jitter in the Ar-ion laser power causes 
a frequency jitter of the Ti:Al203 laser. The Ti:Al203 crystal also acts as an aberrated thermal 
lens, but this effect can be minimized by appropriately positioning the Ti:Al203 crystal. 

P.A. Schulz 
DJ. Sullivan 
S. McClung 
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2.2   NdiYAG SUM-FREQUENCY GENERATION OF SODIUM 
RESONANCE RADIATION 

We previously reported1 the generation of sodium resonance radiation by sum-frequency 
mixing the output radiation of a 1.064- and a 1.319-jum Nd:YAG laser. Recently we achieved a 
much higher mixing efficiency with two simultaneously Q-switched Nd:YAG lasers. In addition, 
we have measured the tuning range of both the 1.064- and 1.319-/um NdiYAG lasers. 

Figure 2-4 illustrates the tuning range of both the 1.064- and 1.319-/um NdiYAG lasers when 
operated continuously. By operating one laser at a vacuum wavelength of 1.064608 /urn and the 
other at 1.319224 /urn, the sum radiation has a vacuum wavelength of 0.589159 urn and is reso- 
nant with the sodium D2 transition. As the arrows in Figure 2-4 show, 1.319224 /Lim is at the 
peak of the tuning curve for the 1.319-/xm Nd:YAG laser, while 1.064608 /urn is near the peak of 
the tuning curve of the 1.064-/xm Nd:YAG laser. The relative operating frequencies of each 
NdiYAG laser and the sum radiation are shown in Figure 2-5. The 1.064-/um laser operated on 
three cavity modes separated by 160 MHz, while the 1.319-pim laser operated on three cavity 
modes separated by 110 MHz. The resulting sum radiation consisted of nine frequencies within a 
bandwidth of 540 MHz. 
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Figure 2-4    Tuning curves of 1.064- and 1.319-fim continuous Nd.YAG lasers. 
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Figure 2-5   Spectral lineshapes of two continuous Nd: YAG lasers and corresponding sum-frequency 
radiation generated in a nonlinear crystal. 

By simultaneously Q-switching each Nd:YAG laser, the peak powers of each were greatly 
enhanced, and thus mixing efficiency was increased. Figure 2-6 shows the temporal behavior of 
the pulsed radiation. When the Nd:YAG lasers were operated at a 2-kHz repetition rate, the 
1.064-/um laser had an average output power of 5.9 W within a 1-GHz spectral range, while the 
1.319-/um laser had an average output power of 1.6 W, also within a 1-GHz spectral range. The 
0.589-/xm radiation had an average power of 600 mW within a 2-GHz spectral range. The fre- 
quency mixing efficiency is 8 percent. As shown in Figure 2-6, the 1.064-/xm pulse length of 
80 ns is significantly shorter than the 1.319-/zm pulse length of 250 ns. By lengthening the 
1.064-/um pulse, we hope to achieve a much higher frequency-mixing efficiency. 

T.H. Jeys 
D.K. Killinger 

A.A. Brailove 
W.D. DeFeo 
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Figure 2-6 Upper and middle traces show shapes of 1.064- and 1.319-nm 
Q-switched Nd.YAG lasers, respectively. Lower trace shows pulse shape 
of sum-frequency radiation. 
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2.3   NONLINEAR OPTICAL EFFECTS IN SEMICONDUCTOR 
COUPLED QUANTUM WELLS 

The optical nonlinearities of semiconductor quantum-well (QW) structures hold promise for 
applications in integrated optoelectronic or photonic devices. For example, observation of satur- 
able absorption in square QWs (Reference 2) has led to consideration of these structures for opti- 
cal bistable devices.3 The recently observed optically induced blue shift of excitonic absorption4 

also holds promise for applications in light-by-light switching. For these applications to be realiz- 
able, much larger nonlinearities are required. 

We are exploring various mechanisms and structures in semiconductor heterostructures that 
may lead to these large optical nonlinearities. For example, coupled quantum wells5 (CQWs) are 
structures in which excitons have significantly larger electric dipole moments than in square 
QWs. A planar CQW in a heterostructure acts as a two-dimensional sheet having a large polariz- 
ability at frequencies near the exciton transition. Conceptually, such a planar structure is similar 
to a Langmuir-Blodgett film of organic molecules that has been shown to give rise to large opti- 
cal nonlinearities.6 Figure 2-7 depicts two simple schemes for light-by-light modulation in these 
structures. In Figure 2-7(a), the interaction between a signal-carrier beam and a pump beam is 
realized via the optically induced CQW dipole field. Depending on whether or not the frequency 
of the signal beam is close to the excitonic absorption line, both amplitude and /or phase modu- 
lation are possible. This scheme also allows selective modulation depending on the polarization 
of the signal beam. Sideband generation is also possible if phase matching can be achieved. Fig- 
ure 2-7(b) shows a slightly different mechanism for amplitude modulation. Since the electric field 
is perpendicular to the CQW dipole field, the only modulation mechanism is the shift of the exci- 
tonic absorption spectrum due to the optically induced CQW dipole field. 

Figure 2-8 shows the transmittance spectra of a CQW sample that was studied previously.5 

The solid curve shows the spectrum at low intensity, and the dashed curve, at high intensity. The 
major differences between the two spectra are a spectral shift of the excitonic line labeled (e^hj), 
and an increase of transmittance at the peak of the absorption line, as indicated in the figure. 
The increase of transmittance at the peak at higher intensity is believed to be the saturable 
absorption effect that is known to occur in bulk as well as QWs (Reference 2). However, the 
spectral shift of the exciton is due to a different phenomenon which we believe is the optically 
induced CQW dipole field depicted in Figure 2-7. Analysis of the dc Stark effect on this CQW 
structure5 predicts a blue shift of the (ej,hj) line on the order of ~ 1.1 meV for a reduction of the 
internal electric field by ~0.4 X 104 V/cm. The sign and the magnitude of the observed spectral 
shift are consistent with the CQW model. Both effects, saturated absorption and spectral shift, 
result in light-by-light modulation with a depth up to 70 percent. 

The mechanism for the results of Figure 2-8 involves the dipole field of real photogenerated 
carriers, which have a lifetime on the order of 1 ns. The result of a time-resolved study of the 
effect is shown in Figure 2-9, where the modulation of a weak optical signal pulse by an intense 
optical pump pulse is plotted as a function of the delay between the pump and signal pulses. Fig- 
ure 2-9(a) shows a slow temporal decay of the shift on the order of 1 ns when the photon energy 
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Figure 2-7 Schemes for light-by-light modulation. Signal beam can propagate either (a) parallel or 
(b) normal to CQW plane. Interaction occurs in CQW layers. Excitonic dipole moments are also 
symbolically shown. 
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Figure 2-8 Evidence of change of CQ W dipole moments induced by pump light. 
At high intensity, excitonic line labeled (ej,hj) blue shifts, which is consistent 
with a reduction in strength of internal electric field. 
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Figure 2-9 Time-resolved study of exciton blue shift shown in Figure 2-8. 
Modulation of a weak signal beam by an intense pump beam is measured as a 
function of delay between two pulses, (a) For pump excitation above exciton 
absorption line, carriers are generated, creating dipole screening which lasts 
for carrier lifetime, (b) For excitation below exciton transition, a faster effect 
is observed and interpreted as a result of virtual screening. Time resolution of 
measurement is 10 ps. 

is above the excitonic line, and thus carriers are generated. As the photon energy is tuned to just 
below the excitonic edge, a faster effect that is about two orders of magnitude weaker is 
observed, as shown in Figure 2-9(b). We believe that the faster effect is the result of the screen- 
ing of the internal electric field by virtual carrier excitation. Since the pump photons are not 
absorbed, the latter effect promises fast optical switching without significant dissipation of optical 
power. 

H.Q. Le 
J.V. Hryniewicz 
J.J. Zayhowski 

W.D. Goodhue 
V.A. Mims 
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3.   MATERIALS RESEARCH 

3.1    MICROWAVE MESFETs FABRICATED IN GaAs LAYERS GROWN ON 
SILICON-ON-SAPPHIRE SUBSTRATES 

There has been long-standing interest in the possibility of growing high-quality heteroepitax- 
ial layers of GaAs on insulating, low-loss substrates, with the objective of fabricating devices with 
better isolation and improved high-frequency performance. In addition, for certain applications it 
would be advantageous to fabricate GaAs-based optoelectronic devices on optically transparent 
substrates such as sapphire. Recently, Kasai, Nakai, and Ozeki1 have reported fabrication of 
MESFETs in GaAs layers grown by organometallic vapor phase epitaxy on (0001) sapphire sub- 
strates. These devices have a transconductance of only 20 mS/mm for a gate length of 2.5 /xm, 
and to obtain even this value required the use of GaAs buffer layers over 30-/um thick. 

We have reported previously2 the fabrication of high-speed photoconductive detectors in 
GaAs layers grown by molecular beam epitaxy (MBE) on silicon-on-sapphire (SOS) substrates. 
These layers are superior in crystal quality to GaAs layers grown directly on sapphire because 
growth on the thin (~~0.5-/zm) Si layer can be carried out by the well-established technique that is 
used for growing device-quality GaAs on bulk Si substrates and also because the lattice mismatch 
between GaAs and Si is only ~4 percent, compared with ~13 percent between GaAs and 
sapphire. 

Now we have fabricated microwave MESFETs in GaAs layers grown by MBE on SOS 
substrates. For these monolithic GaAs-on-SOS (MGSOS) devices (which have a gate length of 
0.8 /urn) the dc transconductance is 140 mS/mm, the maximum frequency of oscillation fmax is 
20 GHz, and the current-gain cutoff frequency fT is ~8 GHz. These are the first results reported 
for the microwave performance of GaAs devices on sapphire substrates. 

The procedure previously reported3 for MBE growth of GaAs on bulk Si substrates was 
used to grow GaAs layers on sections of commercial 2-in-diam. SOS wafers, which have nominal 
sapphire and Si orientations of (1102) and (100), respectively. In preliminary experiments we 
found that growth on wafers from a batch stated by the vendor to be somewhat misoriented gave 
GaAs layers with better surface morphology and photoluminescence properties than those grown 
on wafers closer to the nominal orientation. All the results reported here were obtained for devi- 
ces fabricated in layers grown on one of these misoriented substrates, for which the Si film was 
found to be misoriented by ~2.5° from (100) toward (120). 

For MESFET fabrication three epitaxial GaAs layers were grown on the SOS substrate: an 
undoped buffer layer 2- to 3-/nm thick; an n active layer (Si-doped, 3 X 1017 cm-3) 0.15-jum thick; 
and an n+ contacting layer (Si-doped, 3 X 1018 cm-3) 0.05-jum thick. The device design is shown 
schematically in Figure 3-1. The devices were fabricated by means of a 1-jum recessed-gate pro- 
cess similar to one we have reported4 for fabricating monolithic GaAs-on-Si (MGS) MESFETs 
on bulk Si wafers. 
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Figure 3-1.    Schematic diagram of MGSOS microwave MESFET. 

Figure 3-2 shows the Schottky diode characteristic between the source and gate of our best 
MGSOS MESFET, for which the measured gate dimensions are 0.8 X 40 jum. The ideality factor 
is ~2, compared with ~1.1 for our best MGS MESFET. The reverse leakage of the MGSOS 
device is 3 /xA at -5 V, much higher than the value of 0.1 /xA at -10 V obtained for the best 
MGS device. Figure 3-3 shows the low-frequency transistor characteristics of the same MGSOS 
MESFET. The transconductance measured at Vgs = 0 V is 140 mS/mm, compared with 
150 mS/mm for our best MGS MESFET with a comparable gate length. 

To characterize the microwave performance of the MGSOS MESFETs, a number of devices 
were mounted in microwave packages and the scattering parameters were measured over the 
range 2 to 26.5 GHz with a Hewlett-Packard 8510T network analyzer system. The maximum 
stable power gain (MSG), maximum available power gain (MAG), and current gain are plotted 
against frequency in Figure 3-4. From this plot we obtain fmax = 20 GHz and fT — 8 GHz. For 
MGS MESFETs with comparable gate lengths, the highest reported fT is 13.5 GHz, which was 
measured for devices with a gate width of 290 /urn (Reference 5). 
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Figure 3-2.    Gate Schottky diode characteristic of MGSOS microwave MESFET. 
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Figure 3-4.    MSG, MAG, and current gain vs frequency for MGSOS 
microwave MESFET with fmax - 20 GHz andfT-8 GHz. 

We believe that the Schottky diode and dc transistor characteristics of the MGSOS 
MESFETs are inferior to those of MGS MESFETs because the GaAs layers grown on SOS wa- 
fers have a higher defect density than those grown on bulk Si wafers. The GaAs-on-SOS layers 
exhibit lower low-temperature photoluminescence intensity and faster photoconductive decay than 
GaAs-on-Si layers.2 These differences show that the GaAs-on-SOS layers contain a higher density 
of nonradiative recombination centers, which are presumably crystal defects. A higher defect den- 
sity for the GaAs-on-SOS layers is not surprising, since the Si layers on which they are grown 
are greatly inferior in crystal quality to bulk Si wafers, which are essentially defect-free. A 
number of techniques, such as the solid phase epitaxy and regrowth (SPEAR) process,6 have 
been developed to improve the quality of SOS-Si layers. By using one of these techniques before 
GaAs growth, it should be possible to achieve a significant improvement in the GaAs-on-SOS 
layers, and therefore in the performance of the MGSOS MESFETs. It should be noted that the 
design of the present devices is not optimized for microwave performance because they were fab- 
ricated with a mask set used for processing MGS MESFETs operating at relatively low frequen- 
cies. Because their gate width is only 40 /xm, the MGSOS devices are more susceptible to degra- 
dation of their high-frequency performance by parasitic capacitances and inductances than are 
conventional microwave MESFETs, which have gate widths on the order of several hundred 
micrometers. 

G.W. Turner 
H.K. Choi 
B-Y. Tsaur 
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3.2 OPTICAL ABSORPTION AND PHOTOLUMINESCENCE OF Ti:ScB03 

The tunable Ti:Al203 laser was first demonstrated at Lincoln Laboratory in 1982.7 Laser 
action, which is due to Ti3+ ions, has been observed at wavelengths from 660 to 1060 nm (Refer- 
ences 8, 9). Over most of this range, cw operation at room temperature10 has been achieved by 
using an Ar-ion laser for pumping the Ti3+ absorption band, which peaks at 490 nm. For a 
number of applications, it would be advantageous to find a host crystal in which this band is 
shifted to long enough wavelengths to permit pumping with diode lasers, for which the minimum 
output wavelength so far reported is 584 nm at 77 K (Reference 11). In view of the recent dem- 
onstration by Lai et alP- of tunable IR laser action in Cr:ScB03, together with the fact that 
TiB03 and ScB03 have the same crystal structure, we are investigating ScB03 as a possible host 
for Ti3+. In this report we present the results of optical absorption and photoluminescence mea- 
surements on single-crystal samples cleaved from a polycrystalline Ti:ScB03 boule grown by the 
thermal gradient-freeze technique previously used for Ti:Al203 crystals.13 

Figure 3-5 shows the transmission spectrum measured with unpolarized light at room 
temperature for a 3-mm-thick sample from a boule prepared by solidifying a ScB03 charge 
doped with 0.7 wt% TiB03. The boule was light blue. To convert the transmission spectrum to 
an absorption spectrum, we have assumed that the observed maximum transmission of ~40 per- 
cent was limited by reflection and scattering losses. The absorption spectrum and a typical spec- 
trum for Ti:Al203 are shown in Figure 3-6. Between —480 and 760 nm there is a double-peaked 
absorption band, which by analogy with Ti:Al203 can be attributed to transitions between the 
2T2g ground state and the Jahn-Teller-split 2Eg excited state of the Ti3+ ion. The stronger and 
weaker peaks for Ti:ScB03 are located at 570 and 640 nm, respectively, compared with 490 and 
540 nm for Ti:Al203. If it is assumed that the Ti3+ concentration is the same in the Ti:ScB03 

sample as in the charge, the maximum absorption cross section is 3 X 10'21 cm2, compared with 
9.3 X 10-20 cm2 for Ti3+ in Ti:Al203 (Reference 14). 

For photoluminescence experiments, the Ti:ScB03 samples were pumped with 10-ns pulses of 
532-nm radiation from a frequency-doubled Q-switched Nd:YAG laser. Preliminary observations 
(using color filters) indicate that the emission, like the absorption, is shifted to longer wave- 
lengths than those found for Ti:Al203. Luminescence intensity was measured with a Si photodi- 
ode, with long-pass Corning-glass filters used to absorb pump radiation. In Figure 3-7, the inten- 
sity measured at 80 K for the sample of Figure 3-5 is plotted on a logarithmic scale against time. 
The data are fit by two straight lines with slopes corresponding to lifetimes of 0.85 and 1.8 /us. 
Preliminary measurements indicate that the lifetime at 300 K is ~0.1 /us, compared with ~3.1 /us 
for Ti:Al203 at this temperature.8'9 In order to investigate the possibility that the lifetime has 
been reduced by impurities or concentration quenching, we plan to make additional measure- 
ments on samples from another Ti:ScB03 boule. 

R.L. Aggarwal    M.M. Stuppi 
A. Sanchez A.J. Strauss 
R.E. Fahey 
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Figure 3-5. Transmission spectrum of a cleaved single-crystal sample of Ti.ScBO^ 
at room temperature. Maximum transmission of 40 percent was limited by Fresnel 
losses and surface scattering. 
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4.1 

4.    MICROELECTRONICS 

CCD SPATIAL LIGHT MODULATORS USING InGaAs/GaAs 
MULTIPLE QUANTUM WELLS 

A monolithic CCD-addressed spatial light modulator (SLM) using electroabsorption effects 
in InGaAs/GaAs multiple quantum wells (MQWs) has been demonstrated successfully. A con- 
trast ratio of 1.33 has been observed at 965 nm in a 16-stage CCD SLM. 

The SLM structure is illustrated in Figure 4-1. The semiconductor layers were grown using 
molecular beam epitaxy (MBE) at 520° C on a semi-insulating GaAs substrate. In order of 
growth, the structure consisted of a p+ GaAs ground plane, the undoped In GaAs/GaAs MQW 

INPUT RADIATION 

LIGHT SHIELD 

TRANSPARENT^ 
CCD GATE 

UNDOPED 
GaAs 

1  l  l  l  1  I 
v.v.wi  rr:::,;;\ 
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g 
in o 
00 INTENSITY-MODULATED OUTPUT 

Figure 4-1.    Cross section of a CCD SLM using an InGaAs/GaAs MQW structure. 

structure, an undoped GaAs buffer layer, the n-type GaAs channel, and an undoped GaAs cap 
layer. The strained-layer MQW structure was composed of 60 periods of 15-nm-thick InGaAs 
QWs separated by 13-nm-thick GaAs barrier layers. The In concentration in the alloy was deter- 
mined from flux measurements and secondary ion mass spectrometry (SIMS) to be 22 and 17 
percent, respectively. The GaAs CCD channel was doped with Si to produce a carrier concentra- 
tion of 5 X 1016 cm-3. The CCD channel thickness of 375 nm and the undoped surface layer of 
312 nm were chosen to produce a pinchoff of ~10 V and to optimize the gate-to-gate breakdown 
voltage. The undoped GaAs layer between the InGaAs/GaAs superlattice and the GaAs CCD 
channel helps to prevent carriers in the MQW structure from reaching the CCD wells. Optical 
modulation occurs in the MQW layers when the electric field across these layers is modulated by 
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the charge in the CCD wells. One advantage of the GaAs/InGaAs system is that the GaAs sub- 
strate used for seeding the MBE growth of the device layers is transparent at 965 nm (the wave- 
length used in optical modulation measurements) and therefore does not need to be removed, in 
contrast to AlGaAs/GaAs-based modulators.1 

One-dimensional, 16-stage, 3-phase CCDs were fabricated on the GaAs surface of the SLM 
employing the planar-gate structure depicted in Figure 4-1. The gates consist of e-beam- 
evaporated W ~7.5-nm thick, and are ~9.5-jum long with 1.5-/xm gaps between gates for the 
device reported here. The thin W has an optical transmission of ~0.5 at the wavelengths of inter- 
est. The metallization then is coated with 600-nm pyrolytic Si02. The channel width and length 
are defined using proton isolation, and ohmic contacts are formed to the n-type GaAs after etch- 
ing away the undoped surface layer. A second metallization of Ti and thick Au is used to pro- 
vide gate interconnects and bonding pads. Finally, a 50-nm-thick Al light shield is evaporated 
over two semitransparent phases and the gaps between devices to block the transmittance of 
unmodulated light through the device. 

An example of the GaAs CCD electrical performance at a 1-MHz clock rate is shown in 
Figure 4-2. The input to the device is a sequence of 16 pulses (upper trace); the lower trace 
shows the delayed output. The lower amplitude of the first few output pulses is due to charge- 
transfer inefficiency. At present we are uncertain concerning the origin of this charge loss. One 
possibility may be the presence of potential pockets which form beneath the interelectrode gaps 
when such gaps are larger than ~1 /urn (Reference 2). 

Figure 4-2. Electrical performance of a 16-stage CCD SLM 
at a I-MHz data rate. Upper trace shows 16 sampling pulses 
applied to an input gate and lower trace is CCD output. 
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Optical modulation was measured on this device before the light shield was deposited, and as 
a result the optical input signal was incident on all the gates simultaneously. The modulated opti- 
cal signal was measured using a photomultiplier mounted below the GaAs substrate and the 
wavelength of the input signal was chosen to maximize the modulation. The contrast ratio (ratio 
of maximum to minimum transmission) of this device was 1.11 at 965 nm when the CCD chan- 
nel voltage swing was 7 V. Since at any given instant only one phase holds the charge and is 
modulating the optical input, the contrast ratio of a single phase is at least 1.33. In addition, the 
gaps between gates are also not modulating the signal, so that the addition of a light shield may 
result in an even higher modulation. 

K.B. Nichols B.F. Aull 
W.D. Goodhue       B.F. Gramstorff 
B.E. Burke 

4.2    SIMULATIONS OF Si PBT 

A two-dimensional numerical simulation program (CANDE; Reference 3) has been used to 
aid in the optimization of key device parameters such as channel doping, grating periodicity, and 
epitaxial thickness for both Si PBT and Si VFET devices. This program solves the coupled Pois- 
son and current-continuity equations and, therefore, is capable of generating the complete I-V 
characteristics for any unipolar device; the program also calculates capacitance and performs ava- 
lanche breakdown analysis, which is particularly important for high-power devices. A further fea- 
ture of CANDE is the ability to input doping profile information from process simulation pro- 
grams such as SUPREM 3. Results were obtained using CANDE for implanted Si PBT devices. 

Figure 4-3 illustrates three different impurity profiles that have been used in simulations of 
the Si PBT. The distance parameter is measured along a vertical line through the center of a 
PBT device channel. The base grating is located 0.5 /xm from the top of the device. The heavily 
doped n regions represent the substrate (^1.5 /urn) and a heavy, shallow As implant (^0.3 jum) 
which form the collector and emitter regions, respectively, of the device. Profile 1 was obtained 
using an epitaxial layer uniformly doped with As at 4 X 1016 cm-3. P was implanted for channel 
implant profile 2 at an energy of 400 keV and a dose of 3.2 X 1012 cm-2. Profile 3 was obtained 
with a 300-keV P implant at a dose of 2.8 X 1012 cm-2. Both implants were followed by an 
anneal at 1000° C for 30 min. All of the profiles shown in Figure 4-3 were obtained using 
SUPREM 3 simulations, but their validity has been verified by SIMS analysis and C-V profiling. 

Figure 4-4 compares the collector I-V characteristics obtained from CANDE for devices 
having impurity profiles 1 and 3. A higher output impedance and lower turn-on voltage is indi- 
cated for the 300-keV-implanted device compared with the uniformly doped device. Maximum 
transconductance for devices made from the two profiles is nearly equal even though the profiles 
in the collector regions are substantially different. The difference between profiles 2 and 3, shown 
in Figure 4-5, can be viewed essentially as a 1500-Ä shift in the channel implant with respect to 
the base grating location. This relatively small difference in profiles produces a large difference in 

35 



1021 

ES???)fl4S£ 

0.25 0.75 

DISTANCE (/im) 

1.75      2.00 
8 
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Figure 4-4.    Simulated collector I- V characteristics for devices with profiles 1 and 3. 
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Figure 4-5.    Simulated collector I- V characteristics for devices with profiles 2 and 3. 

transconductance, threshold voltage, and current density. This demonstrates that the PBT is very 
sensitive to doping variations in the immediate vicinity of the base, and, therefore, channel 
doping, base grid spacing, base thickness, and base depth all must be known precisely in order to 
predict accurately actual device behavior. 

Figure 4-6 shows a comparison of an experimental collector I-V characteristic with that 
obtained from CANDE for the device parameters shown in the figure. The simulated data were 
corrected for a base-emitter series resistance of 7 O, which was obtained from an independent 
measurement. The fit is remarkably good, as CANDE accurately predicts threshold voltage, 
transconductance, current density, and output impedance for the experimental device. It even 
predicts the base bias for the maximum transconductance (VBE = 0.0, fourth curve from the top). 
The base electrode for CANDE was simulated as a p-n junction since the program at present 
does not handle Schottky contacts. This introduces a base-voltage shift in the collector I-V char- 
acteristics equal to Eg/2q - <£B, but otherwise has no effect. 

D.D Rathman 
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Figure 4-6.    A comparison of experimental collector I- V characteristics and those obtained by 
CAN DE for a 400-keV implanted device. 

4.3    A NEW METHOD FOR FINDING THE ENERGY SPECTRA OF 
QUANTUM-WELL STRUCTURES 

QW structures now have been used in a number of different devices, including resonant tun- 
neling diodes for millimeter-wave applications,4 spatial light modulators,5 and photoionization 
detectors6 for the IR region. Prior to the growth and fabrication of these devices, it is desirable 
to predict accurately the resonant tunneling transmission spectra or bound state energies as a 
function of applied electric field. The simplest way to find these spectra is first to discretize the 
spatially varying electron potential energy into a sequence of uniform-potential regions having 
width dictated by the required accuracy of the solutions. From this point, the standard approach 
has been to apply the so-called transfer-matrix method, in which the analytic wavefunction in 
each uniform potential region is related to the wavefunction in adjacent regions by a 2 X 2 
matrix whose components are determined by the connection equations at each boundary. While 
providing accurate solutions to the majority of problems, the transfer-matrix method displays a 
few shortcomings mentioned below. 
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An alternative approach follows from the similarity of the problem at hand to that of stand- 
ing electromagnetic waves on a set of uniform transmission lines in series. In the quantum prob- 
lem, both the wave funtion W and the derivative finHd^/dx, are continous across any point in 
space. Thus their ratio, a quantity we call the quantum impedance, is itself continuous, and in a 
region of uniform potential energy can be written 

¥ Aexp(rx) + Bexp(-rx) 
Z(x) =   =  —— —  (4-1) 

fim-M^/dx        tirm-^AexpCrx) - Bexp(-rx)] ; 

where m is the effective mass, and T, the quantum propagation constant, is related to the kinetic 
energy through the relation T = [(2m(V - E)]1/2/!!. Manipulation of Equation (4-1) then leads to 
the following relation between the impedance at two points, x and y 

Z(y) = Zc 
Z(x) + Zctanh[r(y - x)] 

(4-2) 
Zc + Z(x)tanh[r(y - x)] 

where Zc = (tir/m)'1 is the characteristic quantum impedance. Thus if the characteristic imped- 
ance is known at any point in space, it can be found in all other regions using Equation (4-2) 
and the fact that Z(y) is continuous across any step discontinuity in the potential energy. 

This method is applied first to the resonant-tunneling problem. Resonant tunneling is a pro- 
cess for which the electron transmission probability through a QW structure displays at least one 
sharp peak as a function of the longitudinal kinetic energy of the incident electron. On the side 
of incidence, the electron wavefunction is expressed as the sum of incident and reflected compo- 
nents given by the numerator in Equation (4-1). On the opposite side, only a transmitted compo- 
nent is present, so that in the uniform potential approximation, the wavefunction has either 
exp(rx) or exp(-rx) behavior. Consequently, the quantum impedance at all points in this region 
is, within a sign, Z(x) = ZT = (hT/m)"1. Working backwards through the structure, we use Equa- 
tion (4-2) to relate the impedance at the first boundary between uniform-potential regions to ZT, 
the impedance at the second boundary to that calculated at the first, and so on, until the impe- 
dance Zj at the boundary formed with the incident side is obtained. The reflection coefficient 
through the structure is given by 

12 

(4-3) R = 
ZI-ZQ 

ZI + Z0 

where Z0 is the characteristic impedance in the incident region. The transmission coefficient is 
then found from T = 1 - R. 

Shown in Figure 4-7 is a resonant-tunneling structure for which the impedance method is 
well suited, but for which the transfer-matrix method fails as explained below. It is also a struc- 
ture that currently is being studied experimentally as a means to detect ballistic electrons in 
GaAs. It consists of two pairs of GaAs/AlAs double-barrier structures separated by a 500-Ä-long 
region of undoped GaAs. Shown in Figure 4-8 is the theoretical transmission coefficient with a 
total voltage drop of 0.7 V across the structure. 
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Figure 4-7. Electron potential energy diagram of a resonant-tunneling heterostructure 
with 0.7- V bias applied. Structure consists of a pair of double-barrier structures separated 
by 500 A undoped GaAs. Each double-barrier structure has two 15-A-wide Al As regions 
separated by a 45-A-wide GaAs QW. Three dashed energy levels (drawn to scale) corre- 
spond to three peaks in transmission probability curve shown in Figure 4-8. 
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Figure 4-8. Transmission probability vs longitudinal kinetic energy for an electron 
incident on structure shown in Figure 4-7. A voltage drop of 0.7 V is assumed to 
exist across structure. 
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In problems involving isolated QWs having bound states, the impedance method is applied 
by noting that in both the left and right forbidden regions, the wavefunctions are decaying expo- 
nentials. Thus for any electron energy, the characteristic impedance in these two regions is imme- 
diately known: ZL = (firL/m)J~l and ZR = (hTR/iriR)'1. The bound-state energies will be those for 
which the characteristic impedance on one side is transformed to a value exactly equal to the 
characteristic impedance on the opposite side after the recursive application of Equa- 
tion (4-2) through all uniform-potential regions of the structure. 

In both the stationary-state and resonant-tunneling problems, the quantum-impedance 
method is superior to the transfer-matrix method in at least two respects. First, it performs far 
fewer multiplications than the transfer-matrix method and, therefore, runs about twice as fast in 
most instances. Second, the impedance method is much less prone to the floating-point underflow 
and overflow errors incurred by the transfer-matrix method in relatively large structures. 

E.R. Brown 
K. Anderson 
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5.   ANALOG DEVICE TECHNOLOGY 

5.1    HIGH-TRANSITION-TEMPERATURE OXIDE SUPERCONDUCTORS 

The new high-transition-temperature (high-Tc) oxide superconductors1 hold substantial prom- 
ise for many applications, including superconductive electronics. We have initiated a program to 
harness these new superconductors in the analog signal-processing devices presently being imple- 
mented in our Nb-based technology.2 Key issues that will be addressed at the outset include the 
current-carrying capability of the high-Tc superconductors and the conductor loss at gigahertz 
(and higher) frequencies. 

As a first step, we have successfully prepared bulk samples of the high-Tc compounds 
Lai 85Sr0 15CUO4 and YBa2Cu307 using ceramic-processing techniques.3 Bulk samples are useful 
to investigate because of their relative ease of synthesis, which allows for greater flexibility in 
varying crucial processing parameters. Optimized materials then can provide information on the 
current-carrying capability of the superconductor, especially its relationship to the microstructure. 

The transition temperature of an Laj 85Sr0 15CUO4 sample is shown in Figure 5-1. The mid- 
point of the transition is 38 K, and the transition width (10- to 90-percent full transition) is 5 K. 
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The transition temperature for a YBa2Cu307 sample is shown in Figure 5-2. The inset shows an 
expanded view of the transition region. (The temperature scale is slightly nonlinear since it is 
proportional to the resistance of the Ge thermometer.) The midpoint of the transition is 93 K 
and the transition width (10- to 90-percent full transition) is 3 K. X-ray analysis confirmed that 
this sample consists mostly of the desired high-Tc orthorhombic crystal phase. Subsequent pro- 
cessing improvements have led to entirely single-phase samples. 

Efforts are currently underway to prepare superconducting thin films by both e-beam evapo- 
ration and RF magnetron sputtering. Initial measurements on films deposited by e-beam evapora- 
tion show an onset of superconductivity at 95 K. Both thin-film and bulk materials are being tai- 
lored for use in a stripline resonator measurement4 which will provide a direct measurement of 
the conductor losses at higher frequencies, from which can be inferred the superconducting 
energy gap. 

M.S. Dilorio 
A.J. Strauss 

E.J. Delaney 
B-Y. Tsaur 
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5.2   INTEGRATED CIRCUIT IMPLEMENTATION OF AN ARTIFICIAL 
NEURAL NETWORK BASED ON CCD AND MNOS TECHNOLOGIES 

A Si integrated circuit which implements a dense array of synaptic coupling elements for an 
artificial neural network has been designed and fabricated5 using charge-coupled device (CCD) 
and metal-nitride-oxide-semiconductor (MNOS) technologies.6"7 The coupling strengths of the ele- 
ments are analog and nonvolatile, and they may be reprogrammed entirely under electrical con- 
trol at any time during the operation of the device. The performance of this coupling matrix has 
been studied by operating it in a Hopfield iterative feedback network, as shown in Figure 5-3. 
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Figure 5-3.    NX N Hopfield associative memory. 

The chip contains the coupling elements and sense amplifiers, while off-chip peripheral circuits 
provide the nonlinear operations and feedback control. 

For the Hopfield model,8-10 the synaptic weights are defined by a Hebbian or outer-product 
learning rule of the form 

ivi rvi 

T = X |FXXFX| or Tu =  X Fx:Fxj 
M 

2 
x=l 

(5-1) 

where the M facts | Fx> stored by the network are each N-dimensional binary state vectors with 
component values of ±1. 
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The retrieval of the facts stored in the network is accomplished associatively by iteratively 
multiplying an input vector | S> by the matrix T and taking the sign of the components of the 
resulting vector. Specifically, if an input state | S°> (where the superscript indicates the iteration 
number) is presented to the network, it evolves according to the following equation: 

(5-2) 
N 

Si(P+1) = sign XT{: S:(P) 
j=l    J    J 

When the network operates successfully, the system converges to a state which does not 
change upon iteration, and this stable state is the stored fact that most resembles |S(°)>. 

As a requirement for the implementation of the Hopfield model, each synapse must be capa- 
ble of both excitatory and inhibitory operation and each must be able to accommodate both pos- 
itive and negative signals on the axons and dendrites. To accomplish this, and at the same time 
to make the circuit highly tolerant of processing variations across a chip, a fully differential 
design was implemented, as shown in Figure 5-4. Each neuron (comparator) has two input den- 
drites, one for positive signals (Dj) and one for negative or inhibitory signals (Dj), and two axo- 
nal output lines, again one for positive signals (Aj) and one for negative signals (A:). Each syn- 
apse contains two MNOS elements (My, My). The Ty coupling strengths are represented by the 
difference between the flat-band voltages of these two MNOS elements; the vector-matrix product 
operation is performed using charge-coupling techniques. A state vector component of +1 is 
represented in the circuit by a signal on the normal line, and a -1 component is represented by a 
signal on the "bar" line. 

The two dendrite lines Dj and Dj are implemented as diffusions and act as sources and 
drains for the CCD structure. The memory structures My and My are CCD storage wells whosi 
gates have an MNOS nitride/tunnel-oxide dual dielectric. The structures labeled HW are CCD 

«H: 
MI HW 

T 

T*r ]-" 
HW M. 

Figure 5-4.    Single synaptic element showing fully balanced structure. 

a 
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holding wells with conventional gates. Finally, the axon lines Aj and A: are CCD transfer gates 
that control the movement of charge between the storage wells and the source/drain diffusions. 
Note that there are four axonal gates that are cross-connected. 

The Hebbian or outer-product learning rule of Equation (5-1) requires that the flat-band 
voltage of the positive memory element My be increased when either (1) both Dj and A; are 
active ( +1 • +1 = +1 ), or (2) both Dj and Aj are active ( -1 • -1 = +1 ). If one bar line and one 
normal line are active, then the flat-band voltage of the negative memory element My must be 
increased. The structure in Figure 5-4 accomplishes this in a single operation. Though we will not 
present the operating waveforms or describe the operations in detail, the principles can be under- 
stood. During a learning cycle, only one of the two dendritic lines is active and is pulsed to 
make a source of charge available. At that time, only one axonal line will be active and allow 
the charge to pass into the holding well. Since the positive holding well is connected on the top 
to normal dendrite and axon lines and on the bottom to barred dendrite and axon lines, the 
required charge transfer takes place. Similarly, the barred holding well on the right is connected 
to one normal and one barred line both above and below. 

A retrieval cycle [Equation (5-2)] is also accomplished in a single operation. Initially, the 
axons are set to the input state |S°> by activating the tristate latches and comparators. There- 
after, recall cycles begin with a pulse applied to both dendritic lines. Since each memory well is 
connected to dendrite diffusions by both a normal and a barred axon line, both memory wells 
will be filled with charge from one side or the other. After this has taken place, the dendritic 
lines are biased to a below-threshold reference level, and the bias on the memory wells is reduced 
to force the charge out. This charge will flow over the active axon gate. Thus, if line A: is active, 
the charge in the positive (normal) memory well will flow onto the positive (normal) dendrite, 
and the charge in the negative (barred) memory well will flow onto the negative (barred) den- 
drite. The net signal recorded by the dendrites is the difference between the charges received on 
the two lines. Similarly, if the barred axon line A: is active, the two memory-well charges will 
flow onto the opposite dendrite lines, and the net signal contributed to the neuron will be the 
negative of what it was in the first case. 

A photograph of the prototype integrated circuit is shown in Figure 5-5. The chip contains a 
13X13 array of synaptic couplers, 26 summing diffusions (2 per row), and 26 output-buffer 
amplifiers and reset transistors (1 per diffusion). The buffer amplifiers are single-transistor source 
followers with off-chip loads. The fabrication of this device required three levels of polysilicon, 
an n+ diffusion implant, and one level of metal to define the charge coupling gates and the inter- 
connections. With 4-/xm design rules, the size of each synaptic element is 90 X 50 /xm. 

We have performed two preliminary experiments with the chip, using only 9 of the 13 neu- 
rons. In the first experiment, we stored one state |F*> in the memory and then exercised the 
memory by presenting all possible input states that differed from |F*> in from 0 to 3 bit posi- 
tions. The results, shown in the left half of Figure 5-6, conformed well to the results expected 
theoretically. For the next experiment, we applied a second state |F2> and incrementally stored 
it in the MNOS devices in the synapses. We then presented all input states that differed from 
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Figure 5-5.    Prototype MNOS/ CCD artificial neural-network integrated circuit. 

either of the two F states in from 0 to 3 bit positions. The results of that experiment are shown 
in the right half of Figure 5-6. 

To summarize, we have designed, fabricated, and tested an artificial neural-network inte- 
grated circuit that can be erased, programmed and reprogrammed electrically, and which retains 
its memory without application of power. We demonstrated not only that the chip could be pro- 
grammed, but also that additional information could be accumulated in the chip incrementally. 

K.E. Thompson 
J.P. Sage 
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Figure 5-6.    Experimental vs theoretical associative-recall performance of artificial neural network. 
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