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Summary 

The objective of this research is the conception, development and 

critical evaluation of a new class of devices employing the nonlinear 

interaction of acoustic surface waves (ASW) and photo-excited charge 

carriers to achieve rapid-scan optical imaging. The device operating 

principles are to be demonstrated initially through the use of silicon; 

however, a subsequent objective is to obtain imaging with infrared radi- 

ation using narrow bandgap semiconductors. The experimental effort 

involves both separate medium and monolithic device configurations. 

The research is designed to emphasize the demonstration of newly 

envisioned device concepts for ASW imaging using silicon. The devices 

initially are fabricated using silicon in order to benefit from the well 

developed understanding and controllability of silicon surface properties. 

One of these devices, a transverse parametric imaging device, in addition 

to increased dynamic range, is expected to read an image in a time that 

is at least one-tenth of other proposed ASW devices. 

A second device, for which operation is based on second harmonic 

generation, has been successfully operated as an imager, with signifi- 

cantly better performance than previously reported devices depending on 

attenuation to form the image. The actual advantage achieved by the 

second harmonic generation device was about 10 db, although as much as 

a 30 db increase in dynamic range is possible. 

A study of a ZnO-silicon monolithic configuration for acoustic sur- 

face wave imaging was carried out in collaboration with the Naval Research 

Laboratory. The result of this effort is a convolver-type optical imaging 

device not requiring an air gap, and exhibiting a quite uniform inter- 

action along the entire interaction length. 
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On the analytical side, a new large-signal convolution theory has 

been developed which will account for previously unexplained results from 

ASW convolution experiments. 

Previously reported experimental results have been compared to theory 

for majority carrier mobility to demonstrate that acoustic surface waves 

can be used to explore charge particle motion in the surface region of a 

semiconductor. 

The research program will continue to explore the above mentioned 

device concepts, and additionally provide critical evaluations of these 

and other ASW devices proposed for optical imaging, as compared to com- 

peting solid state imaging schemes. 
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I.  Second Harmonic Generation for Optical Imaging 

(R. L. Gunshor, P. S. Schenker, C. W, Lee) 

Recently reported ASW optical image devices transform spatial varia- 

tions in light intensity to a corresponding set of amplitude variations 

in time on an electrical signal. This is accomplished by coupling rf 

surface waves propagating on a piezoelectric substrate to an adjacent 

semiconductor medium; the light-perturbed surface charge density is 

spatially variant along the path of ASW propagation.  Reported devices 

differ in the wave-particle interaction phenomenon employed to obtain 

the Image. This report concerns ASW conversion of optical irmges with 

light enhancement of second harmonic generation as the wava-particle 

interaction mechanism.  Similar in configuration to the device reported 

by Moll, et al.,1 the device described here employs two contrapropagating 

surface waves to form the converted image signal. One pulse serves as 

the power source for harmonic generation while another higher power pulse 

imparts image information to the harmonic by local decoupling of the 

semiconductor-ASW interaction.  The second harmonic and its copropagating 

fundamental source will subsequently be referred to as reading signals; 

the higher power contrapropagating signal is termed a decoupling pulse. 

The use of harmonic generation for optical imaging makes available 

the ^0 db dynamic range associated with second harmonic generation of ASW 

2 
in the presence of a semiconductor.  This effect portends a large har- 

monic signal amplitude variation for surface carrier density variations 

introduced by a given range of light intensity.  In addition, unlike a 

device which is based on 1ight-induced attenuation of the fundamental, 

output in the dark can approach zero. 

"(This work is reported in Applied Physics Letters, Vol. 25, 688, 
December 15, 1971».) 
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Figure 1-2 shows the image of two illuminated strips respectively 

0.3 mm and 0.6 mm wide separated by 1.0 mm. The display is obtained using 

the second harmonic output scheme. The dimensions of strip widths and 

spacing correspond to two, four, and seven wavelengths at the fundamental 

frequency. 

The level of illumination producing unity signal-to noise ratio in 

2 
the second harmonic output Is found to be about 6 db deblow 1 mW/cm at 

6328 A. 

A more complete description of the experiment was given in the Semi- 

Annual Technical Report. 
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FIG, 1-2 Second harmonic image of two slits. 
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||.  Optical Image Scanning with a ZnO-Si Monolithic Device 

(R. L. Gunshor, R. F. Pierret, J. K. Elliott, K. L. Davis ) 

I 
i 

fe 

'-'(■ I: 

14 

An optical image memory device using a zinc oxide-on-si1 icon surface 

acoustic wave convolver has recently been demonstrated.  The behavior of 

this structure was found to be strongly affected by the presence of a 

large number of traps associated with the zinc oxide. Measurements are 

presented in this report which indicate the presence of two distinct types- 

of traps.  In addition, an initialization procedure has been developed 

which permits the choice of the device operating point.  It is shown that 

the device can either be used to image and store a fixed pattern, or it 

can be used to scan a nonstationary optical pattern without storage taking 

place. 

Image scanning was achieved by using the surface wave convolver tech- 

nique,   although alternative schemes for scanning optical images by 

means of propagating,.acoustic surface waves   have been used. Figure I hi 

illustrates the configuration used for these experiments. The (ill) cut 

silicon substrate is n-type with a bulk resistivity of 350 ohm-cm. Acoustic 

surface wave propagation is along [zTTl. The 0.1 micron Si02 layer was 

phosphorous gettered and' then annealed under an aluminum film which was 

subsequently removed; the ZnO layer was rf diode sputtered to a thickness 

of approximately 1.2 micron.  Optical images were focused onto the thin, 

semi-transparent aluminum convolver electrode. The maximum convolution 

efficiency obtained with this device (under optimum dc bias conditions) 

was -74 dBm. The 179 MHz two port delay line insertion loss (untuned) 

varied with bias from 26 dB in depletion to 30 dB in regions of accumu- 

lation and Inversion where acoustoelectric absorption was strongest. 

+To appear in Applied Physics Letters. 
-Dr. Davis is with the Naval Research Laboratory, Washington D. C. 
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A plot of convolver electrode capacitance vs. bias voltage is shown 

in Fig. Il-2a. The characteristics of this curve are typical of the 

devices we have tested. The portions of the curve labeled A and B gen- 

o 
erally agree with results previously reported by Coldren.  As the bias 

voltage is varied from zero to more negative values, the capacitance 

follows curve A.  With an applied negative bias, states in the ZnO and/or 

at the ZnO-SiO- interface charge via electron injection from the metal 

Q 
gate.  This charging is sufficient to shift the flat-band region of the 

curve to positive voltages.  When the bias is changed in the positive 

direction, the capacitance follows curve B. Thus the magnitude of the 

trapped charge can be more than enough to compensate for the built-in 

positive charge.  (This positive charge seems to be present in all of 

the devices, both n and p type, that we have fabricated to date.) These 

traps discharge very slowly; taking from one to three days for the flat 

band voltage to relax back to the equilibrium value (curve A). The mag- 

nitude of the voltage shift and the relaxation time are found to be 

strongly dependent on the size and duration of the negative bias voltage 

9 
applied initially to the gate. A similar dependence was found by Coldren. 

The relaxation is slightly accelerated by the application of a large posi- 

tive gate bias, but it can be greatly accelerated by illuminating the 

device through the semi-transparent gate electrode. After generating 

curves A and B of Fig. Il-2a, it is observed that white light illumination 

with zero bias voltage causes the flat-band capacitance to shift to the 

left. After 10 to 15 seconds of illumination the capacitance follows 

curve C when the voltage is again varied from zero to negative values. 

Additional illumination, even in combination with a positive bias, does 

not shift the flat-band point beyond curve C; at least a day in the dark 

is required for the device to relax completely back to curve A. 
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The data of Fig. I l-2a can be used to identify two major types of 

states associated with the ZnO. Both types are charged by application 

of a negative bias to the gate electrode. One type of state discharges 

within about an hour in the dark or within about 15 seconds in white 

light, thus causing the capacitance characteristic to shift from curve B 

to C. The other type of state can remain charged for periods longer 

than a day. The discharge of the slower states is not noticeably accel- 

erated by white illumination, but when "nitially uncharged, white light 

in combination with a small negative bias is found to charge these states. 

The above observations were used to establish a standardized proce- 

dure for initializing the device operating point so that stable and 

repeatable imaging could be performed,  initially the device was biased 

at -20 volts for five minutes; then the bias was reduced to zero and the 

convolver gate was illuminated with white light (100 mW/cm ) for 15 sec. 

This procedure was used prior to obtaining the remainder of the data in 

this letter. 

Figure ll-2b illustrates the effect of light on the C-V character- 

istics of the imaging device after initialization. 

The variation of second harmonic convolver output voltage as a 

function of dc bias level is shown in Fig. Il-3a for relatively high- 

power input signals. This data was taken with 27 dBm, 1.5 ysec rf bursts 

applied to both input ports.  The maximum convolver output appears to 

occur when the silicon surface is just changing from depletion to accum- 

ulation. There is a secondary maxima in the output at abojt -Ik  volts, 

which clearly occurs when the surface is inverted and where small signal 

convolver theory predicts zero output.  It is in this region that optical 

minority carrier generation causes the greatest perturbation In the 
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convolver output.  Similar data is presented in Fig. Il-3b and II-3c for 

differing input power levels. Comparing the parts of Fig. 11-3, it is 

noted that the relative magnitude of the light induced perturbations in- 

creases as input power is reduced. The shape of the characteristic in 

inversion also depends on the acoustic power level. 

The sensitivity to lighc (both quantitative and qualitative) is found 

to be a strong function of dc bias level. For dc bias levels more nega- 

tive than -7 volts, the perturbation in second harmonic output voltage 

varies with light intensity as shown in Fig. Il-^f. This dc bias region 

is designated the region of positive perturbation because the effect of 

illumination is to increase the convolver output voltage. Here the 

response to a varying illumination level is rapid, and a nonstationary 

image can be scanned,  in contrast, when the bias level is between zero 

and -7 volts, the behavior is quite different. The perturbation in con- 

volver output due to illumination is now negative and this region of 

negative perturbation displays a memory effect. When a strip of illumi- 

nation is focused on the semiconductor with bias in the region of nega- 

tive perturbation, a "dip" in the trapazoidal output is observed. This 

dip will increase with time until the output is zero in the illuminated 

region, taking about 10 seconds to reach zero at an illumination level of. 

100 mW/cm . The image, apparently the result of photon integration, is 

then stored in the system for periods longer than a day. The region of 

positive perturbation is the most desirable operating range for scanning 

a nonstationary image using this device since there is no memory in this 

region. The data for Fig. Il-'t was taken with the same acoustic surface 

wave input power levels used for the image scanning shown in Fig. 11-5: 

a reading pulse of 17.6 dBm and 2.^ ysec duration, and a scanning pulse 
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of 27.6 dBm and 0.1 ysec duration. The behavior of the convolver output 

as a function of bias for these operating conditions was similar to the 

data of Fig. I 1-3. 

Figure 11-5 shows a one dimensional image (line scan)  detected by 

the device characterized in the previous figures.  Note that the convolu- 

tion output is limited in duration by the length of the reading pulse 

used. A longer reading pulse would allow imaging over the entire length 

of the integrating gate; the pulse duration used here was reduced to avoid 

overlapping a spurious signal. The scanned image consists of three strips 

of white illumination (100 mW/cm2) separated by 1.0 mm and having widths 

of 0.2 mm, 0.6 mm, and 0.2 mm, respectively. This projected image was 

mechanically swept across the device to demonstrate image scanning. The 

dc bias used was -11.5 volts. The overall sensitivity to light increases 

to a maximum at -1*» volts; however at bias voltages this far into inver- 

sion, some degradation in spatial resolution results from lateral charge 

transport. The bias value of -11.5 was chosen to optimize sensitivity 

(unity signal-to-noise is obtained at an illumination of 3 mW/cm ) and 

resolution. 

We conclude that it is feasible to perform optical image scanning with 

acoustic surface waves using a monolithic silicon structure. Nonstationary 

patterns can be imaged, or if desired, a fixed pattern could be stored 

using this structure.  For applications where memory is not required, device 

stability can probably be improved by depositing an insulating layer bet- 

ween the gate electrode and the ZnO film to block electron injection into 

the ZnO. Dynamic range could be improved by decreasing output in the dark 

using the techniques reported in reference 2.  In addition, the sensiti- 

vity and resolution of this initial device prototype could be greatly en- 

hanced by design improvements enabling effective use of a narrower scanning 

pulse. 
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Figure Captions 

Fig. I 1-1 Monolithic image scanner device configuration. 

Fig. 11-2  (a) Capacitance (at 1 MHz) of ZnO-SiO^Si structure versus gate 

bias voltage under the following conditions: A - measurement 

taken with device initially in equilibrium; B - measurement taken 

after 5 minute -20 V bias; C - measurement taken after 15 sec. 

white illumination with zero bias. 

(b) Capacitance (at 1 MHz) of ZnO-SiCySi structure versus gate 

bias voltage for difference light intensities. 

i   :l 

Fig. 11-3 Second harmonic output versus gate bias for the light intensities 

of Fig. 2b. Measurement made using identical input pulses of 

1.5 ys each and the following power:  (a) 27 dBm; (b) 19-5 dBm; 

(c) 9.6 dBm. 

Fig. \\-k    Second harmonic convolver output in excess of the output in the 

dark as a function of gate bias for three light intensities. 

The data has been normalized to the value in the dark. 

Fig. 11-5 Optical image scan of pattern described in text for 4 positions 

of the image. The horizontal scale is 0.2 ys/division. 
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I|. Large-Signal Acoustic Surface Wave (ASW) Convolver Response Theory 

(R. F. P'erret and R. L. Qunshor) 

1.  INTRODUCTION 

The acoustic surface wave (ASW) structure known as the convolver 

has received considerable attention recently because of its projected 

use in signal processing and imaging applications.  In evaluating its 

potential in such applications, and in design considerations, a simple 

response theory for the convolver is clearly desirable. Various opera- 

tional theories have been formulated, the mos. tractable of which is the 

small signal equivalent circuit formulation developed by Kino et. al. 

The small signal approach, however, suffers from the questionable gener- 

al validity of the small signal approximation. Even though the output 

of the convolver at twice the fundamental input signal may indeed be 

small in size, the excursions of the semiconductor surface potential in- 

side the structure at the fundamental frequency may often preclude the 

use of the small signal approximation.  Furthermore, the separate compu- 

tation of an open circuit signal source and the subsequent incorporation 

of the signal source into an empirically derived equivalent circuit leads 

to a somewhat complex model for arbitrary d.c. biasing of the convolver 

gate. 

Herein we present a relatively simple large-signal ASW convolver 

recponse theory which emphasizes the similarity between the ASW convolver 

structure and metal-insulator-semiconductor (MIS) devices. MIS device 

modeling and formalism is first used to obtain a large signal circuit rep- 

resentation for the ASW convolver, and this in turn is used to derive the 
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control equation specifying the convolver's large signal response.  Sub- 

sequently, the small signal limit is invoked to provide a basis for com- 

parison with earlier theories.  A direct correspondence between the con- 

volver output and the small-signal convolver gate capacitance, a corres- 

pondence noted in the experimental work by Coldren, is also established 

and clearly exhibited.  Finally, operation of the convolver when the con- 

volver gate is Inversion biased, a bias region which has been heretofore 

neglected or unproperly characterized, is discussed in terms of MiS-capa- 

citor transient characteristics and charge-coupled-device (CCD) like action, 

2.  LARGE SIGNAL CIRCUIT DERIVATION 

Following previous formulations, the dominant effect of the trav- 

eling surface waves pictured in Fig. 1, the dominant effect as far as the 

convolver structure is concerned, is taken to be the establishing of trans- 

verse electric fields at the semiconductor surface of the form 

Exl(y' ^ = Ewl COS (ky " ^ 

Ex2(y' ^ =  Ew2 C0S (ky + ^ 

(la) 

(lb) 

Assuming for simplicity Ew] = Ew2 = Ew> the total surface electric field 

In the region where the waves overlap will be 

(2a) E (y, t) = E cos (ky - wt) + E , cos (ky + ait) 
x        w w 

= 2E cos ky cos ait 
w 

(2b) 

In the. overlap region there therefore exists a standing-wave electric field 

perturbation external to the semiconductor surface. This standing wave re- 

gion Is of course the active portion of the device giving rise to the con- 

volver output. 
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Simplified  cross  section of an ASW convolver picturing 
acoustic  surface wave propagation.     The  figure also specifies 
the assumed  coordinate system and  pertinent  geometrical 
features. 
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Variation of the effective ASW-induced "surface state' 
charge .. s a function of position and time. 



v**m'*y"f^*m^**it.ww* 
-m.ttmtßimHiaimiM  i     i*lWi 

'»^tmmsM&sm M>aw,«wa*wMi««i^^^ 

Zk 

We next note that the appearance of a standing-wave E^-fleid 

pattern at the semiconductor's external surface is functionally equiva- 

lent (in a one-dimensional analysis of normal to the surface electro- 

static variables inside the semiconductor) to placing a surface charge 

per cm , Q,' , of magnitude 

%s{V' *) = Wx (y' ^ 

= ZK.e.E    cos  ky cos tut 
1   0 w 

(3a) 

(3b) 

over the surface of the semiconductor in the overlap region.  Kj rep- 

resents the dielectric constant of the insulator immediately adjacent 

to the semiconductor and 6,. is the permittivity of free space.  Hence, 

the net effect of the overlapping acoustic surface waves may be alter- 

nately characterized in terms of an effective surface state charge. 

The charge when averaged over a wavelength exhibits a net zero value 

and can be conceived to "slosh" back and forth as a function of time 

between half-wavelength regions (see Fig. 2). 

At this point we will simplify the subsequent analysis by re- 

placing the Q' charge appearing In any given half-wavelength region 

by a uniform charge distribution equal to the average value of Q' (y. t) 

within the half-wavelength region; i.e., 

Q' -> ± - K.G^E cos wt 
ss    ir  I 0 w 

w 
The indicated simplification (also pictured in Fig. 2) could be omitted 

in the theoretical development.  However, a more exact analysis is ques- 

tionable considering our Initial use of a simplified representation for 

the E-field at the semiconductor's surface and the general one-dimensional 

nature of the entire analysis. 

i I 1 
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Now, and this a critical step in the derivation, to achieve the 

same degree of semiconductor band bending, it is readily shown that the 

voltage vG actually applied to the gate of an MIS structure possessing 

surface states is rated to the voltage v' applied to an ideal device (no 

surface states) by 

ss 
VG = VG " — 

i 

(5) 

where C. is the insulator capacitor per unit area. This may alternately 

be interpreted as saying a MIS structure with surface states and biased 

to a voltage vr can be conceptually replaced by a MIS structure without 

surface states biased to a gate potential of v^ = v,, + v0, where 
la     u     U 

v. = Q /C,  Making the obvious extension to the ASW convolver, each 
U   ss  i 

half-wavelength region possessing a standing wave can be modeled as a MIS 

capacitor free of a semiconductor surface perturbation but subject to a 

gate driving potential 

(6) v- = v. (external circuit) ± V,, cos wt 
u    b U 

vo = 
- KienE IT   I 0 W ix. E 

IT   I   W 
(7) 

where x. is the insulator thickness." Summing equivalent wavelength re- 

gions over the overlap length, I, one then deduces the basic convolver 

representation shown in Fig. 3a. As displayed in Fig. 3b, the entire large 

signal circuit representation is completed by adding external circuit com- 

ponents, a resistance RB to model the semiconductor bulk resistance, and a 

ASW convolvers are commonly constructed with two insulating layers between 
the gate and semiconductor.  If this be the case then x; is to be interpreted 
as an effective insulator thickness equal to Xji + (K|]/K|2) Xi2f where sub- 
script 1 refers to the insulator immediately adjacent to the semiconductor 
and subscript 2 refers to the insulator immediately adjacent to the gate. 

'■^-■.-. .'  ■'^'- ■> ■'■ 
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FIG.   HI -3b 

Large signal circuit representation for the ASW convolver, 
(a) Overlap region equivalent circuit; (b) total circuit. 
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fi>. 

I.: shunting capacitance (l-l/L) C (v 0) to account for the gate capacitance 

in the non-overlap region. 

In examining Fig. 3b note that, in agreement with experimental 

observations, the inverted phase relationship of the V-. cos tot driving 

voltages and the identical nature of the varactors in the basic circuit 

automatically leads to a v „at only even harmonics of the fundamental 
' out      ' 

frequency w. Furthermore, at d.c. biases where V heavily accumulation 

biases the structure and V. is of insufficient magnitude to offset this 

bias on the MIS-C's, C(vGj) = C(vG2) = Cj (the insulator capacitance) = 

a constant at all times and v ^ ^ 0.  If V. is systematically varied from 
out G 

accumulation toward inversion, it is readily deduced, recalling in addition 

the well known C-V. dependence of an MIS-C, that v   will increase from 
u OUt 

zero,  peak at the V- gate bias corresponding to the maximum variation  in 

the varactor capacitances for a given V  , and then decrease again as VG 

approaches the  inversion bias point.     Under  inversior   biasing  there  is an 

interaction between half-wavelength semiconductor  regions  in the convolver 

structure and the capacitance exhibited by the MIS varactors appearing in 

the Fig.   3a model   must  be given additional  consideration.     A discussion 

of  the convolver response  in the  inversion bias  range  is therefore handled 

separately and  is deferred to a  later section. 

3.     LARGE SIGNAL RESPONSE 

Referring to Fig.   3,  circuit considerations yield 

v    . (t) =  i. R. out L L 
(8) 

MMmä .. ;       ■-■     ■■■■< ^a^^£^^^^^^^ 
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and 

VG0 = VG'+ Vout(RL + RB)/RL 

VG1  = VG + Vout(RL +  RB)/RL  "  V0  C0S  Wt 

vr^   =   Vf>   +   V      „(R,    +   O/R,    +   V^   COS   ÜJt 
G3 G        out     L B       L o 

Furthermore, considering the MIS varactors 

'GO 
^GO    dqG0 dVG1 
dt "   dvG0 dt 

qr being the gate charge, or 

dv 

'GO ('-r'c(vGo'-d7 
GO 

and 

1 C(v     )   dVG1 
'GI 

= 'K ^u* IT 

lG2-2lc(vG2)^2 
dt 

Combining eqs. (8)-(10) and (12) one obtains 

dv out 
(RL + RB) [(1 -f) C(vG0)+2l C(vG2)]-^ 

(9) 

(10a) 

(10b) 

(10c) 

(11) 

(12a) 

(12b) 

(12c) 

5 a 

(13) ^out^T RL[C(VG1) "C(VG2)] VQ.sin.t^O 

Eq. (13) [in conjunction with eqs. (10) and the MIS-C C-VG rela- 

tionship] is the large signal control equation which must be solved numer- 

ically to obtain the periodic variation of v  (t). Once this has been ac- 

complished, v   (2ü)) , the 2Cü component of interest in theoretical-experi- 

mental comparisons, can be readily extracted by standard Fourier analysis 

techniques.  Large signal computational results will not be presented here- 

in but are planned for a subsequent publication containing experimental re- 

sults. 

mi^mm^^am&mimmmm^.mwximmaimm!msas3smiiSisi!s 
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k.     THE SMALL SIGNAL UNIT 

In the small signal limit the MIS-C capacitances can be expanded 

in a Taylor series about the d.c. dias point to obtain' 

(Ua) 

C('G,r'C~'V+3iK>ut (^fV- V0 cos „rtl 
b L 

(14b) 
a 

R + R 

^V =■ C(V + %   [vcut «"V^' + V° C0S ^ G L 

(l^c) 

giving in turn 

(' -U) C(VG0)+2T C(VG1)+2T ^   KC(V 

and 

^   -C(VG2)  =  "2Wr
V0COSü)t 

u 
Hence, in the small signal limit eq. (13) simplifies to 

dv out 
+ v . = V., sin 2üjt 

dt    out   N 

T = (RL + RB) C (VG) 

VN H i  RL WG    
V02 W 

(15) 

(16) 

(17) 

(18) 

(19) 
' 

Note that the dC/dv ./V (j = 1, 2, 3), which should actually appear in 
the Taylor series expansions, have been replaced by dC/dV .  In an accumu- 
lation or depletion biased ideal MIS structure dC/dv is Identically equal 
to dC/dVg. For the same bias range in a real MIS structure operated at ASW 
convolver frequencies dC/dvg will be equal to the voltage derivative of the 
structure's ideal C-VQ relationship.  In other words, dC/dVg in eqs. (14) 
must be interpreted as the voltage derivative of the ASW convolver's ideal 
C-Vp characteristic and not the voltage derivative of the observed C-VQ 
characteristic. 

. ...   yaOMiiSMäi faiKffiSAiBhSiJrV.. '.,-...        ^   ,        , j iiafeur >,&■>■ ihijttrSinii'fa' ViarrtifiV'rtii nrf rVrf fl 
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1/,  I (1-^)0 T -VVy (2«) 
§>■ 
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RL   vout (2ü) ) 
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FIG.  ni-4 

ASW convolver small signal equivalent circuit, 

'I 
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The periodic solution of eq.   (17)   is  readily established to be 

v    Jt) = 
V 

N in   (2ü)t + (j)) (20) 

where (j) is a constant phase factor for a given set of operating conditions, 

The magnitude of the small signed 2a) output is thus predicted to be 

Vout(2w) = /l + Uarrr 

. kx.  2 
•1 /  i 

(21a) 

^T'^-) "RLE„ 
dc 
dV„ 

]/ A  + [2 (RL + RB) C]2   (21b) 

Upon examining the preceding result one notes that vout(
2'ü) 's 

proportional to the overlap length (1) and the product of the ASW field 

ma gnitudes (E  ) in agreement with other analyses.  In addition, subject 
w 

to the qualification presented in a footnote earlier in this section, 

the output should be directly proportional to the slope of the small sig- 

nal C-V. characteristics derived from the convolver gate. This is pre- 
G 

cisely the general behavior observed by Coldren.  Finally, previous analyses 

have modeled the 2(i) small signal response in terms of the small signal 

equivalent circuit shown in Fig. k.     Clearly, the output predicted by the 

Fig. k  model and that obtained herein are identical if one sets 

V2 

0 
V2»' ■ w- 

dc 
dV„ 

(22) 

where v (2ü)) is the magnitude of the small signal voltage generation ap- 
w 

pearing in the Fig. ^ model 

..: ■.■■■■ ■■■■■'-■:■ ■ -v- 
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5.     COMPUTATIONAL  RESULTS 

Sample computational   results of v    ,. (2(jü)/\/f,    vs.  V- at selected 
OUt U u 

signal   levels   (as  specified  by \IQ)   are displayed   in  Fig.   5(a).     The corres- 

ponding  theoretical   high-frequency C-V-  characteristic   is also shown   in 

Fig.   5(b)   for  reference purposes.    The  system parameters  used   in  the compu- 

tations,   it  should  be noted,  are those of a monolithic ZnO-SiO?-Si   convolver 

presently under   investigation   in our   laboratories.     (A complete  list of 

assumed   structural   and measurement parameters  has  been  tabulated   in 

Appendix   1.)     The three circled points  appearing   in  Fig.   5(a)   represent 

exact  large signal   results obtained from a direct numerical  solution of 

eq.   (13);   the  remainder of the plot,   including the small   signal   limit, 

was constructed employing an approximate  solution which will   be detailed 

below.    As a computational  check,  the  small   signal  output was also calcu- 

lated directly from eq.   (21),  using a  separate computer routine,  and was 

found to be  identical   to the corresponding approximate solution output 

plotted   in  Fig.   5(a). 

The approximate solution to which we have been  referring  is  based 

on  two simplifications.     (1)  The convolver output   [v    ^(t)]   is assumed out 

negligible compared to the d.c. and \lQcosut  voltages appearing in eq. (10), 

permitting one to write 

(23a) VG0 a VG 

VG1 ^ VG " V0COSÜ),: E V 

VG2 a VG + V0Cosa)t = VG+ 

(23b) 

(23c) 

(2) The time varying coefficient of dvout/dt in eq. (13) is approximated by 

a time constant, T, obtainet 

over the period of a cycle. 

a time constant, T, obtained by time averaging the dv  /dt coefficient 
out 

1  -....-     '■    -    -  ■.;   .. .-J..-   ■»■ : ijS^MMsiAuüSai . ,/ „'.^^.y.,  '   ...[   L,.t,   , ^~    .      ..'Is J 
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Utilizing the cited simplifications eq.   (13)   reduces to 

dv 
T ^r-+ Vout = 21 RL  P^Gf)   - C(vG_)]V0Wsina3t ilk) 

This simplified control equation can readily be solved, and the solution 

subsequently manipulated, to obtain 

IV. ' 
Vout(2^ = 

N1 

[l + (2a.T)2] 
1/2 (25) 

where 

T s (RL+RB)- G(VG) ^vjf^ ^M " 2C(V]d(ü)t) 

o" 
(26) 

and 

VN S ^ RLV02- 
J_4 
y0* 

■n/2 

"c(vG+) - C(vG_)"|sin2ü)t sinwt d(wt) (27) 

The approximate solution, eqs. (25)-(27), is expected to closely approach 

the exact solution in the majority of envisioned applications, and, of 

course, reduces to the eq. (21) solution in the small signal limit. 

Capacitance-voltage relationships which were used in conjunction with 

eqs. (25)-(27) to obtain the Fig. 5(a) results are included in Appendix 2. 

Of note in examining Fig. 5(a) is the excellent agreement (to 

better than 1^) between the exact and approximate solution results, thereby 

validating use of the approximate solution.  One also notes the qualita- 

tively predicted (and experimentally observed >°''^''^)   bell-shaped form 

of the characteristics. With increasing signal level the peak of these 

characteristics diminishes in magnitude and shifts toward inversion, 

while the output in general is seen to be significant over a larger 

.     y .   ■■ ■■■„^   ■" ilW8!aMSW!tiii».iu.üil)li«iiiimijimiiüimiiiMM ■■■■■■■■ -i .»-a. 
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voltage range.  Finally, it should be pointed out that the large signal 

characteristics have been extended a distance 2V. past the start of 

inversion using a formalism strictly valid only for accumulation and 

depletion biases. The reason for this extension will become obvious 

after we have discussed the inversion bias response. 
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FIG. III-SA 

Sam^le computational results illustrating the effect of 
signal level on the convolver output characteristics. 
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FIG. III-5B 

Corresponding high frequency capacitance vs. voltage characteristics. 
0 denotes exact solution results. A complete list of measurement 
and Zn0-Si02-Si structural parameters assumed in performing the 
computations is tabulated in Appendix 1. 
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6.  INVERSION BIAS RESPONSE 

For accumulation and depletion biasing of the ASW convolver 

the response analysis is relatively straightforward because only 

majority carriers are involved in the operation of the device.  Under 

inversion biasing, however, the situation changes drastically; minority 

carr'cr generation, minority carrier recombination, and the lateral 

transfer of minority carriers between adjacent half-wavelengths in the 

overlap region must all be considered in establishing the structure's 

response. 

Let us first examine the expected inversion bias response as- 

suming minority carriers cannot transfer between adjacent half-wavelength 

regions; i.e., assuming the Fig. 3a MIS capacitors are simple isolated 

circuit components.  At the high frequencies encountered in the ASW con- 

volver and provided the signal magnitude is relatively small, very little 

minority carrier generation-recombination will take place in any given 

cycle and the capacitance vs. voltage locus followed by an isolated MIS-C 

will be that of curve (a) sketched in Fig. 6a. This capacitance vs. volt- 

age dependence will be essentially independent of inversion bias and will 

be functionally equal to the deep depletion capacitance-voltage dependence 

observed at the inversion-depletion transition point (VT in Fig. 6a). 

Hence, v .{2(a)   in the small-signed no-interaction limit is predicted to 
out r 

be a well defined bias independent constant under inversion biasing. 

For larger signal levels in the no-interaction limit minority car- 

rier generation still proceeds at a negligible rate.  However, carrier re- 

combination increases at a rapid rate with excursions above the high-fre- 

quency capacitance and initially leads to the capacitance-voltage locus of 

curve (b) in Fig. 6a at sufficiently high signal levels.  (The situation 

i  J 
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is similar to that in a forward biased pn junction.) The removal of 

minority carriers from the system durinfi the first few cycles in turn 

causes the capacitance vs. voltage locus to quickly settle along the 

Fig. 6a curve (c) locus where again both generation and recombination 

proceed at a negligible rate per cycle.  This capacitance vs.  voltage 

dependence will be essentially independent of inversion bias and will 

be functionally equal to the deep depletion capacitance-voltage depen- 

dence observed at a bias |V | > |V |.  Hence, the inversion bias large- 

signal no-interaction v  (Zu) is predicted to be a bias independent 

constant and, as can be readily established, will be somewhat smaller 

than the small signal v ,.(2Cü), (see Fig. 6b), a    outx '' x 

The preceding analysis suffers from the fact that the lateral 

transfer of minority carriers between adjacent half-wavelength regions 

cannot be ignored. Actually, the inversion bias situation inside the 

ASW convolver is very similar to a charge coupled device (CCD) if one 

were to apply equal and opposite clock pulses to alternate CCD gates 

(corresponding to alternate half-wavelength regions). As one set of 

gates (half-wavelength regions) is driven further into ii.version therely 

calling for an increase in minority carrier charge, the second set of 

gates (half-wavelength regions) Is driven back toward depletion tending 

to build up an excess of minority carrier charge.  In both structures 

the proximity of adjacent regions and existing lateral fields clearly 

favor a lateral transfer of minority carriers as illustrated in Fig. 7a. 

If the charge transfer were totally efficient, then changes in 

the minority carrier charge would track and cancel changes in the effective 

surface wave charge (CT )> leading to an identically zero convolver output 

V^i^^^L^^^^ 
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HIGH 
FREQUENCY 

DEEP 
DEPLETION 

N-BULK 

FIG.   n-6a 

SMALL 
SIGNAL 

INCREASING 
SIGNAL LEVEL 

Vn
2 

V, 

FIG.    IE-6b 

(a) The small signal capacitance vs. voltage dependence 
exhibited by an MIS-capacitor when the gate bias is rapidly 
modulated about an inversion bias point will typically follow 
curve (i) at relatively small signal levels and curve (ii) 
(initially) and curve (iii) (after repeated excursions) at 
large signal levels.  (b) Expected inversion bias convolver 
output if one ignores the lateral transfer of minority 
carriers between adjacent half-wavelength regions. 
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once the voltage swing on half-wavelength regions was totally contained 

in the inversion bias range. However, from the analysis of surface 

channel CCD's one finds a relatively poor transfer inefficiency at low 

minority carrier concentrations (especially at typical ASW convolver 

frequencies).  The transfer efficiency improves rapidly with increasing 

minority carrier concentration and the overall transfer efficiency should 

also depend on the total number of carriers to be transferred. Using 

this information we conclude the no-interaction analysis will be approxi- 

mately valid near the start of Inversion, but lateral charge transfer will 

gradually decrease the response as one progresses into the Inversion bias 

range yielding the envisioned response of Fig. 7b. 
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FIG. III-7a 
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Vout (2ü») 

V. 
VT 

FIG.  ni-7b 

(a) Visualization of lateral minority carrier motion 
in an inversion biased convolver.  (b) Expected 
inversion bias convolver output taking into account 
the lateral transfer of minority carriers between 
adjacent half-wavelength regions. 
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IV. Acoustic Surface Wave Measurement of Majority Carrier Mobility 

(R. F. Pierret and R. L. Gunshor) 

In a recent publication Bers, et al.  utilized acoustic surface wave 

(ASW) techniques to ascertain the effective mobility of near surface car- 

riers in a semiconductor accumulation layer. Their experimental configu- 

ration consists of a high resistivity n-silicon sample placed on top of a 

lithium niobate substrate. The ASW is launched on the lithium niobate, 

and propagates under the silicon. The piezoelectric fields associated 

with the ASW tend to produce a drift of electrons along the direction of 

propagation. The resulting direct current, called an acoustoelectric 

current, is measured and used to compute the value of the surface mobility. 

The cited paper was significant in that it illustrated the potential of 

ASW techniques in probing semiconductor surface properties. 

We note that the appropriate theory for majority carriers in accumu- 

2 
lations layers was first formulated by Greene, et al. and was later pre- 

3 
sented in a more convenient form by Goldstein, et al.  For the Bers, et al 

structures and the normalized surface potential (U<,) range probed, the 

theoretical effective mobility to bulk mobility ratio (y ff/lO 's accu- 

rately approximated by 

J rr -Uc/2 eff ,   r   S   = l - -rr- e 
yB    72 

xr,   ~f(x)/r1 , ; [1 - e     Jdx 

Us-7 

where 

f(x) = e"x/2 erf/(Us-x)/2 

(1) 

(2) 

ATo appear in the Journal of Applied Physics. 
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and r = 0.001. The preceding majority carrier theory and the Bers, et al. 

experimental results are compared in Fig. IV-1. Very good agreement bet- 

ween the corrected theoretical predictions and the ASW measured mobilities 

is clearly evident. 
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