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ABSTRACT

Schwartz, Stephen Sylvester. Ph.D., Purdue University, May 1985. Zinc Oxide-
on-Silicon Surface Acoustic Wave Devices. Major Professor: Robert L.
Gunshor. - BRI T : : . o ,

A monolithic ZnOeon-silicoh' surface acoustic wave (SAW) memory correla-
tor has been fabricated which ‘dtiliggg indﬁce,d junctions separated vby ion
‘ implanted ‘r‘e.g_i_ons‘ to store a r‘eferelnc“e signal. The performance characteristics
of this device hﬁve been investigated including storage time, dynaﬁlic range,
and degeﬁerate convolution efficiency. Verification of the existence of charge
storage regions ié possiblie prior to completed device fabrication. |

A theory expléining ‘the charge storage process is developed and applied to
the implant-isoiated st_ofage correlator. The i’mplanf-isolated correlator f.heory
is.a-pp'lied to related structures which employ slightly different 'storagé mechan-
isms. The ion implanted correlator is used to determine the wavé ‘potential‘
assOcié_fed w1th a propagating SAW. |

Characteristiés ‘of ZpQ-on-Si SAW resonators with spu_tt'er_ed ZnO films
limited to the interdigital transdgcer (IDT) regions are investigated. Upper
limits on propagation loss for surface waves on silicon subsirates are deter-
mined by employing éxternally coupledv limited ZnO SAW resonators. Resona- ~
_ tor Q-values g.rse eﬁhapced by restricting the lossy ZnO Vz‘u'eva, and predictions are
madé as to achievable Q-values for resbnators fabricated: in the externally cou-
pled cohﬁgi_;ration. Experimental results for limited ZnO, internally coupled

ZnO-on-Si resonators are also given.



Xvi

A complete t‘h‘eory for the mode conversion resonator is presented which
predicts the array separ?,tion for proper device operation. The theory also
gives wé,y to a special condition for spatial indepe»nden‘ce of resonator output
with respect to IDT - placement. Mode conversion resonators are fabricatéd

which experimentally verify these predictions.



CHAPTER 1
INTRODUCTION

The introduction of surface acoustic wave (SAW) devices has per‘mi"tte'd‘
the performanéé of mdny éign31 processing functions ovn the surface of cryétéls
which previoubslymrequi'red unwieldy waveguides and microwave stiuctufes.
Because surface acoustic waves propagate at"veiocities' of the order of 10° tinies
slower than electromagnetic waves at the same f'r'equencies,‘ signal p‘roc‘essing
functions in the UHF-VHF range inv‘olving many rf cycles can take place on a
Very. émﬁll area of the substrate. Sihgle érystal piezoelectric materials such as
quartz, LiNbO3, and GaAs permit the transduction betvs;een electrical and
acoustic microwave signals. The excitation of surface acoustic waves has also
been demonstrated on non-piezoelectric substrates through the use of
piezoelectric thin ﬁhﬁs deposited on their surfaces. Boundary conditions
imposed by the surfaces of these material configurations support surface
acoustic wave modes (Rayleigh waves) which propagate with wave energy
confined to within roughly onve wavelength of the surface. In the”layered
medium .case, where the piezoelectric film thickness is much less than a

wavelength, most of the wave energy is in the silicon substrate.

Signal processing capabilities afforded by SAW devices include delay
functionsl:2, filtering® 43, and SAW resonators®:7:89,10. Furthermore, when

used in conjunction with semiconductors, these devices can be used to perform



11,12, 13, corre]ationM’ 15, 16, parametric

such functions as convolution
amplification!?, and optical imaging!8. Although some of these operations are
possible using bulk waves, it is the ability to alter, reflect, and sample waves at

the Surface of the material which allows most of the functions to exist.

In this répo’rt we are concerned with a variety of SAW devices which use a
thin rf .sputtered piezoelectric ZnO film atop thermally oxidized silicon
substrétes for wave excitation. It is important to note that despite the need
fdr only very thin ZnO layers for SAW excitation, the piezoelectric has a
signiﬁgant effect upon thp wave velocity, dispersion, and coupling level. An
éﬁ(haustive study of these, properties of wave propagation in the layered
medium has been undertaken by seiferal aﬁthorslg'zo’zl. In this work we

utilize the results of their investigations in the fabrication of several de_vices._'

The vlayered ¢onﬁguration, shown in Fig. 1.1, consists of a silicon substrate
which has been thermally oxidized‘. The oxide layer, which ié an excellent
surface on which to grow well oriented ZnO films (necessary Vfor high
electromechanical éoupling), serves to passivate the substrate and to isolate the
silicon from the semiconductivé ZnO film. In addition, it has been shown that
by controlling the S5iOy thickness, one can ﬁiak_e SAW resonators which are

temperature stable over a wide temperature range?2,

The piezoelectric ZnO
film permits not only the excitation of surface acoustic waves, but it allows one
to capitalize on SAW-semiconductor interactions. Because of the ZnC layer, an
acoustic wave has a propagating electric field associafed with it which
penetrates into the -.underlying silicon substrate through the thin SiO, layer,

thereby enabling one to take advantage of the nonlinear effects of the

semiconduqt}or.» More about thisi later.



Zn0 o

S105
Si

Figure 1.1

The layered MZOS configuration.



The layered ZnO/SiO,/Si configuration has been a starting point for many
sigeal processing devices. The attractiveness of the composite structure is that
it allows one to fabricate rugged monolithic devices capable of being integrated
as on-chip components as part of an existing silicon technology. In this report
we present results assoclated with a new monolithic SAW storage correlator
and several resonator conﬁguratlons all fabrlcated in some form of the ZnO-

on-Si composite structure.

1 .vl Research Summary

.Coﬂlmon to all devices in the layered ZnO/SiO,/Si structure, are the use
of interdigitated metallization patterns placed either on the top or lower
surf_ace‘uof the ZnO layer, for SAW excitation. Interdigital transducers (IDT’s),
as they are known, are the most efficient means for exciting surface acoustic
waves and an understanding of IDT operation is essential in the design of SAW

devices. We discuss transduction in the layered medium in the next chapter.

As mentioned above, surface acoustic wave devices, when fabricated in
conjunction with a semiconductor, enable . one to exploit the nonlinear
interactions between semiconductor charge carriers ‘and the electric fields

associated with acoustic waves to perform many signal processing tasks. These

~devices are useful in that. the real time multiplication of signals can take place

to. yleld both the convolutlon and correlation of two signals. A storage
correlator is a dev1ce which is capable of stormg the replica of a reference signal

as a spatlally varylngvcharge pattern. At some later time, while the reference

signal still exists in the device, a “reading” signal is introduced which excites a
surface acoustlc wave whose ‘envelope is the correlation of the stored reference

', ‘SIgnal and the apphed readmg signal.



In Chapter 3 we describe both the convolution and corrél‘zi’tio’n prbcesses
which.can be performed in SAW devices. AdditionaHy, we ré&iéw brieﬂy’ the
history of correlators and present resuits Qf a>new surface acoustic wave storage
correlator.  Although signal storage in correlators has been demonstrated
effectively through the use of surface states and diodes at the silicc;n surfa'c’é‘,"
‘the implant-isolated storage correlator, presented in Chapter 3, is a device
which utilizes induced junction storage regions which are isolated from one
another by ion implanted regions. We present a theoi‘y for charge storage in
the implant-isolated storage correlator which is based upon MOS 'fundamentais
and we obtain excellent agreemént with experiment. Our theory is used. to
~predict accurately the behavior of a closely related pn diode corr:‘elator
structure.’

' The new correlator is seen to éXhibit long storage times, bias ‘stability, and
the promise for high dynamic rang‘e.i Furthermore; the simple structure of the
implant-isolated device enables one to determine, experimentally’ 'and
analytically,-the electrical potential associated with a propagating surface
acdustic. wave. )

In addition to nonlinear acoustoelectric interactions available in SAW-
semiconductor configurations, acoustic reflections alone arevemp’loyed fof many
SAW device applications. Scéitéring of surface acoustic waves from short-
circuite(i metal strips, isolated metal strips-,‘ 5nd grooves " etched into
piezoelectri.c‘suffaces héve been employed in the fabrication of SAW resonators,
reflective arrayA compression devices and, recently, a mode conyerSion resonator
which exploits the conversion betwéen propagating surface wave modes for its
operation. The ;eﬂection mechanisms' _from the various feﬂeéf_orf con‘ﬁguratibns

on numerous piezoelectric materials have been studied in some detail. Our



interest lies in the reflections of surface acoustic waves from reflectors on the

ZnO surface in the ZnO-on-silicon composite structure. '

To date, SAW resonant cavities have been formed by placing reﬂector
arrays OppOSlte one another on the surface of the ZnO. Surface acoustic waves
exclted between the reflectors by an IDT are confined to the two dimensional
atrea between reflectors. The resonant standing wave is then detected via
another IDT. ZnO-on-silicon SAW resonators have been fabricatedv which
utilize'reﬂectors of metal strips, as shown in Flg 1.2, :but the most efficient
reflectors are those made by ion milling grooves into the ZnO surface.
Resenators fabricated with such reflectors have yielded Q values in excess of
12,000. Device Q’s are limited by propagation loss associated with the lossy
ZnO layer Furthermore, attenuation due to the plezoelectrlc film is thought to
increase as f2 The frequency squared loss dependence would severely limit any
practical applications for these dev1c_es at frequencies above a few hundred
: megahertz; As such, ene focus of onrb research has been the design of SAW
t'esonators on silicon with reduced propagation loss.

- Results of our resonator stndies, included in Chapter 4 of this work, deal
with. ZnO-on-silicon devices constructed in a variet); of configurations to
maximize efficiency. for high frequency applications. We have fabricated
externally coupled and internally coupled resonators with ZnO limited to
transducer regions only. In addition to enhanced Q values achieved by
restricting the ZnO area, we have minimized previous problems related to
velocity dispersion and nnnecessary radiation dalnage caused by sputtering.
F uvrt_hermore, the: limi‘ted. ZnO devices a]lew one to predict the SAW
attenuation for waves propagating in the Si02/Si ‘configuration and on

unoxidized silicon.
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The implant-isolated correlator of Chapter 3 and the resonators described
in Chapter 4 aré devices which utilize the 'ﬁrst order Rayleigh mode of the
ZnO-on-silicbn layered conﬁgﬁration. When the ZnO’ layer is of sufficient
thickness, one can excite not only the Rayleigh mode, but aIso the second order
Rayleigh mode, also known as the Sezawa mode. The Sezawa mode has been
employed 1n convolvers and correlators because of the large bandividth
gapability afforded by its high électromechanical coupli';xg. vRe'cé.ntly, Melloch
ét_. al?3. observed the conversion betwéen Rayleigh and Sezawa modes when
propagating a surface wave throﬁgh an array of strips or grooves with -
periodicity corresponding to n’éithelf the Rayleigh or Sezawa wave periodicity at
the - conversion frequenéy. In the ‘_experiment, a forward _prop’agating Sezawa
wave was scattered as a backward propagating Rayleigil wave with véry _liigh
convevrsi(‘)‘n efficiency. |

 The mode conveision:’process was studied and then applied to a resonator
configuration whefe, fafher ‘than Bragg reﬂéction of a single longitudinal mode,
the conversion back and forth between‘Rayleigh and Sezawa modes was
utilized for ,con‘ﬁnem‘en_tfof SAW energy. The ’privnci_ple behind the mode
vczo_nversi‘,onfi resonator is that by vp‘lacing an IDT of Rayleigh or ‘Sezawa
periodicit‘y ‘between properly spaced' mode converting reflectors, one can
| simultar‘xeofuvsly create standing Ra,yleigh and‘ Sezawa wéves by -excitation fi'om :
a éingle IDT. The two standing wave pétterns,are a result of contra-

propagating traveling waves and will be explained in more detail in Chapter 5.

The advantages of the mode conversio‘n‘ resonator are that by coupling
ihto the resonant cgvity through one mode and coupling out of the cavity
through another, one can reduce the direct acoustic coupling level .below.tha_t‘

found in conventional resonators which employ IDT’s of the same periodicity.



In SAW resonators f:ibficaté(f to date, the separation distance b‘etw‘een the
IDT's aﬁd the properly spaced réfiéctof arrays._is critical for proper operation.
In Chapter 5 we present a revised version of the theory for the mode
conversion resonator. We use the ﬂie‘oi‘y to predict and experimentally verify
the positional indépendencé of IDT placement between properly spaced mode
conversion reﬁe’ctofé for both oﬁé—ﬁoft and two-port resonator structures.

Finally, Chapter 6 consists of a summary of the research effort and

recommendations for further research.
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CHAPTER 2
TRANSDUCTION IN THE LAYERED MEDIUM

‘bTo déte, the most eflicient means of eXciting’ a,rid detecting surface
é,coqstic waves (SAW) on piezoelectric substrates as ‘well as layered
piezoelectric/semiconductor A-sy'stems is through the use of interdigital
transducers .(I‘DT’S). A typical IDT, shdwn in Fig. 2.1, consists of a périodic
. pattern of metal electrodes which are alternately connected to different busbars
and separated ‘from ohe another such that fingers and spaces have t‘he"s‘ame
Widtlifs. When an rf signal 1s applied between the two busbars of the IDT', the
adjacejﬁt ﬁﬁngers of alternating - polarity induce périodic stresses in the
piezoelectric layer which in turn excite acoustic waves which propagate along
the sutfa.ée of the device. The center of the transducer frequency response
“occurs when the IDT finger width and spacing are one-quarter wavelength of
~ the excited wave. It should be ﬁoted that, in addition to the IDT structure
shown in Fi‘g. 2.1, other IDT configurations are routinely employed to provide
apodiza’ti(’)n‘,‘ special weighting, and even unidirectionality. One variation on
the surface acoustic wave transducer, the separate comb transducer?4, will be

de’séribed for use in the implant-isolated storage correlator.
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Interdigital transducer (IDT) configuration and accompanying crossed-field
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2.1 IDT Coupling

To perform an analysis of IDT op'ér'ation, it is imperative that one know
the phase velocity, v, and the' degree of perturbation in phase velocity, Av,
which occurs when a inassless conductor is placed upon the previously

unperturbed surface The parameter _A_v is related to the electromechamcal
v

o :
coupling coefficient k2 by = Av = %— In both single crystal substrates and

layered piezoelectric-on-semiconductor configurations, =—— is the most
~ . v

important parameter used for calculating vel‘ectromechanical coupling.

In the -ZﬁO/SiOé/Si layered structure there are four possible boundary
conditions which are uséd in the calculation of %V—- for different IDT
conﬁguratlons These. conﬁguratlons are shown in Flg 2.2 where the shorting
plane( ) (if any) are placed at different positions in the Zn0/8102/81 structure.

We refer to the IDT cOupllng -év— for a partlcular conﬁguratlon as

W

where the superscript, A, refers to a particular propagating mode such that
A=R and A=S dencte the Rayleigh and Sezawa modes respectively. The
value vi A refers to the unperturbed wave velocity, that is, the wave veloc1ty for
a wave propagating in a structure made up entirely of the conﬁguratron which
exists between IDT fingers. Simllar-ly, the perturbed wave velocity, j , refers
to the v.ia‘l‘b’_'citjf of the wave propagating in a atructure of the same configuration
that exists at an IDT finger. As an example, the Rayleigh wave coupling

strength for the transducer configuration of Fig. 2.1, is denoted AR.



- SHORTING PLANES

Zn0O
Si0,

Figure 2.2

The electrical boundary conditions available when employing shorting
planes above and/or below the ZnO layer.
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Phase velocity versus normalized film thicknesa as well' as coupling
coefﬁciehts for various boundary conditions are shown in Figs. 2.3 and 2.4 and
Figs. 2.5 and 2.6 for two different orientations of silicon. The normalized film
thickness, hk, consists of h, the film thickness and k;_the wavenumber of the
propagating SAW. In Figs. 2.3-2.6, all values were computed for a ZnO film
thickness 49 times ‘greater than the SiO, layer thickness. The surface wave
velocity plots were computer generated from a program written by K. L. Davis
of the Naval Research Laboratory, while the electromechanical couphng curves
are from Elliott25. |

In the i)iots. of electromechanical coupling there are peaks of vRayleigh
coupling for Ag and AR for hk < 0.5 on both (100)-cut and (111)-cut silicon
substrates. To maximize the‘coupling level in devices such as convolvers and
memory correlators, ZnO films are grown whose thicknesses correspond to
maximum coUpliog at the synchronous frequency. For example, when
fabrlcatlng a Raylelgh wave SAW convolver on (lOO)-cut [010]-propagating
silicon with IDT s at the top surface of the ZnO (Flg 2.1),.one would grow a
ZnO ﬁlm of thlckness h such that hk=0.30 (correspondrng to the first
max1mum) at the IDT center frequency. At 125 MHz, this corresponds to a
ZnO film thickness of 1.7 pm. It should be noted that higher electromechanical
coupling for the Rayleigh mode is possible using very thick ZnO films but such
films increase propagation loss and decrease operating frequency.

Because of. the Signiﬁcant diﬁerences in achievable coupling levels between
the two silicon orientations shown in Figs. 2.4 and 2.6, different sobstrates are
used for different aoplications. Since available coupling levels on (100)-cut
silicon are higher'than on (111)-cut silicon for the same ZnO thicknesses, (100)

substrates are most common for convolvers and correlators where high coupling
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is desired. In SAW :eéonator configurations, however, maximﬁm coupling is

not necessary or desired because large peak-to-background levels are sought.
Additionally, thinner ZnO films give lower propagatién loss and higher Q
‘values. As a result, SAW resonators are usually fabricated with ZnO films
which are thinner than those corresponding to the first coupling peak.
Typically, ZnO-on-(111)-cut silicon resonators are fabricated with hk = 0.15.
It should Be nbted, however, that the mode conversion resonators, which will
~ be discussed in Chapter 5, are fabricated on (100)-cut silicon substrates because
~one can couple to the Sezawa mode on (100)-cut [010]-propagating silicon with
a ZnO film less than half as thick as .would be necessary on (111)-cut silicon

and at the same time, achieve greater maximum coupling. -

2.2 Elecffical Characteristiés

In the devices discussed 1in this work, the inferdigital transducer
-configuration of Fig. 2.1 is employed most often and a knowledge of its
electrical properties are essential. Characterization of IDT's h_sis been

526,27 a5 well

performed for interdigital transducers on semi-infinite piezoelectric
as IDT’s on piezdelectric thin films deposited on nbn—piezoelectric substrates20.
The treatment of IDT analysis varies with assumptions madé concerning the
field patterns emanating from the transducer electrodes. In the ZnO-on-5i
composite structure _w‘e assume, because of the proximity of the IDT fingers to
the shorting plane, that the electric displacement lies beneath each finger and is
perpendicular to the substrate surféce. This ﬁeld configuration, devpicted in

Fig. 2.1, 1s knoWn as the ”crossed-field” model and has been dealt with in

detail by Smith et. al27.
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In the analysis of an IDT which has a crossed-field configuration, the IDT
can be modeled as a shunt circuit similar to the one shown in Fig. 2.7. The
IDT model consists of a capacitor {Cr) representing the static capacitance of
the transducer, and G, (w) and B,(w) which are the acoustic radiation
conductance and radiation susceptance of the IDT respectively. The radiation
conductance, G,(w), is real and varies with the amount of electrical energy
which is transducgd into acoustic energy. The admittance terms near the

synchronous frequency are given by

. 2 _
G,(w) = G, i‘%ﬂ} | (1.2)
and
, 2x? }
(w B OJO) A 4 2 . .
where x = Nw——;—— and G, = o (w,C)NZ Here, C; is the capacitance

per IDT period, and N is the number of IDT periods (finger-pairs).

The synchronous frequency, w,, occurs when the excited wave ha.s
wavelength equal to fhe IDT periodicity. It should be noted that at w = w,,
B,(w) becomes zero and the radiation conductance is. maximized. Furthermore,
the radiation conductance (more often referred to by its reciprocal, r}adiation
resiétance) is a function of N2. Additionally, the zeros of the IDT response

(and hence the bandwidth) are also dependent upon the number of IDT periods

because of the sinc(x) dependence of the radiation conductance.

It is interesting to note that the radiation conductance at w = w, is the

same as that calculated by Martin28 in his approach which also uses a crossed-
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Electrical model for an IDT.
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field approximation. The difference of a factor of eight between the expressions
is thaf the technique of Smith considers N to be the num_ber of periods (finger
pairs) a;id Cg to be the capacitance per period whereas Martin’s N represents
the number of IDT fingers and C; is the capacitance per finger. |

We make reference to the approach used by Martin because it will be used
ip a discussion of the mode conversion resonator in Chaplter 5. Whereas the
model of Smith predicts accurately the operation of an. isolated IDT on an
infinite substrete, Marﬁn’s technique allows one to compute IDT characteristics

in the presence of propagating acoustic waves.



' CHAPTER 3
IMPLANT-ISOLATED SAW STORAGE CORRELATOR

3.1 Introduction -

The original acoustic wave convolvers were fabricated as. bulk wave |
devices which émployed the nonlinearities associat‘ed with a stressed crystal to
producé the convolution of two signals. The bulk crystal nonlinearity relating

the electric displacement, D, to the strain, S, is given by29,30

D = KS? o SRR % §

where K is a constant. It was determined, however, that significant
enhancement in the nonlinear effects of piezoelectric substrates could be
achieved via interactions of sufface wave induced electric "fields. with éhargé
| carriers in semiconductors. | |

The first SAW devices which exploited the nonlinear characteristics of the
semiconductor were fabricated in a separated medium configuration as shown
in Fig. 3.1, where avbpiezoelectric material and» a semiconductor are inoun_ted in
| <_:lose proximity (typically < 2000 A) In a sep.arated mediﬁm dévice;
transverse electric fields accompanying propagating acoustic waves extend
outside the piezoelectric crystal a.nd'penetrate into the semiconductor cvréating
~a depletion condition inside the semiconductor. The depletion region width,

W, is related to E, the electric field at the surface of the semiconductor, by
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Figure 3.1

Schematic for a separated medium SAW convolver.
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qNgW
E,= - (3.2)

8

where Ny is the donor density inside the semiconductor and €, 15 the
permittivity of the semiconductor. The corresponding semiconductor surface

potential ®; due to the propagating SAW field is given by

N W2 €, o
,= 4 B2 . (3.3)
2e 2qNy

8

i

. The squared dependence of potential upon electric field is the nonlinearity
which is exploited in SAW convolvers and correlators. Because of the
enhanced nonlinear effects available in the SAW /semiconductor system, surface

acoustic wave devices rapidly overtook their bulk wave counterparts.

Another attractive feature of the separated medium configuration is that
both semicondﬁctor and piezoelectric can be interchanged to exploit the
different characteristics of each. For example, LiNbOj; is a popular
piezoelectric material because its high electromechanical coupling yields high
efficiency and wide bandwidth capability. Silicon is a common semiconductor
material because its properties are well -known. It should be emphasized,
however, that it is the characteristics of the piezoelectric crystal and properties
of the semiconductor, including resistivity and surface state density, which
determine the strength of the interaction between the SAW and the
semiconductor. |

Although a great deal: of work has been performed on the separated
medium devices®1,13,32, 33, several drawbacks to this configuration have been
noted. A mechanically complex structure to fabricate because of the critical

spacing requirement of the air gap, quantity production of these devices is
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impractical. These devices also suffer from a large background spurious bulk
wave signal level due to modes launched in the gate region by rf signals.
Fufthermore, to control the surface bias condition of the -silicon (essential for
optimizing device performance) large bias voltages of the order of 1000 V are
required,v making the necessary accompanying electronics rather inconvenient.
To alleviate problems associated with the separated medium cdnﬁguration,
monolithic piezoelectric-bn-semiconductor devices have been fabricated as an

attractive alternative.

The schematic of a typical monolithic ZnO/SiO,/Si SAW device is shown
in Fig. 3.2, consisting of a‘_piezoelectric thin film sputter deposited atop a‘
thermally oxidized silicon substrate. The top surface metallization pattern is
defined by standard photolithographic techniques in a single masking step.
Shorting planes located at »the}piezoelectric'/oxide interface serve to enhance the
electromechanical coupling of the IDT’s (Chapter 2).. The layered configuration
affords several vad.vantages over separated medium devices related to rugged
constri\uction, ease and repeatability of fabrication, and enhanced interaction
_uniformity. Because of | the proximity of the metal gate electrode to the
semiconductor, the surface condition of the vsubsvtvrate is readily controlled with
the application of modest bias voltages of the order of a few volts.
Furthermo_re, bécause of the thin ZnO film, the plate mode fesonant frequency
'of> the gate for a device fabricﬁted to operate at 1256 MHz is greater than 1
GHz. Thus, the monolithic conﬁguration‘ 1s without the inherent spurious bulk
wavve intérférénce pres}entiinb ifs separated medium counterpart, allowing for an
‘increase in ‘avab,ilable dynamic range. | |
- O_nc_e_ a limitation to the usefulness of layered medium SAW devices, the

bandwidth of these devices has.been increased dramatically through the use of
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higher order surface wave modes. It has been shown that the second order or
Sezawa mode of the 'layered ZnO/SiO,/Si configuration can be efficiently
excited in high quality films®%. The electromechanical coupling coefficient
available from this mode exceeds that for Rayleigh waves in bulk ZnO, and is
close to the value for LiNbO;. Thus, the wide bandwidth capability of the
separated medium is challenged by employing the high electromechanical
coupling of a higher order Rayleigh mode. Several convolvers and diode

storage correlators which exploit the bandwidth advantage of the Sezawa mode

435,36,12,37

have been reporte ,

The‘vfa,mily of monolithic SAW devices includes structures fabricated on
GaAs substrates which have demonstrated outstanding  time bandwidth
products38, Becaﬁse of the relatively weak piezoelectric nature of the GaAs,
however, .the'se‘ deifices, when implemented without a piezoelectric film
dverlayer,~ have lower correlation éﬁiciencies at .wide bandwidth compared with
other configurations, although substantial progress has been made toward
improving these 'e_fﬁcienciesg’g. The development of layered medium monolithic
SAW devices has emphasized the use of ZnO and AIN as piezoelectric films.
Althouigh ZnO was i;he first thin film having high performance in the SAW
c‘ontextf10, and hence vhas received the most attentionl:42 AIN%3,44,45 hja
some att.réctive featu,rés related to ruggedness and the potential for low

dispersion. Both materials can be utilized to achieve a temperature stable

configuration.
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3.2 Convolution

It is useful to examine the convolution of two rf signals using a SAW
convolver because of the similarity between the convolution and correlation

processes. We refer to Figs. 3.1 and 3.2 in our discussion of convolution.

The simultaneous application of modulated rf signals to each of the two
transducers of a convolver causes surface acoustic waves to be launched which
propagate toward one another in the gate region of the device. Because the
piezoelectric ZnO exists everywhere between thg: two IDT’s, the propagating
acoustic waves have electric fields associated with them. More specifically, if
the input signals V(t)e 3t a,ndez(t)e_j“’t are introduced at IDT 1 and IDT 2

respectively, the associated contra-propagating acoustic wave potentials present

| “jelt = )
in the gate region will be of the form® V,(t— i)e V' and
\4
A —jw(t + l) )
Vot + -v—)e V', The electric fields associated with these propagating

waves extend beyond the ZnO layer (or piezoelectric substrate) and penetrate
into the semiconductor through the oxide layer (or air gap). Due to the
nonlinear effects of the semiconductor, the resultant combined signal 1s
proportional to the product of the two signals, such that at any point

2z

t
V] ei2ut (3.4)

v

t ’ -
Vot + —
o .v)e

j

V = AVt~ L)e
v

where v, the acoustic wave velocity and w, the radian frequency, are taken to

# Because bi-directional transducers are used, waves are launched in both directions
from each IDT. We assume, however, that waves launched out the ends of the device
{which are potential sources of spurious signals) are acoustically absorbed and do not con-
tribute to the processed signal.
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be the same for both inputs. The coupling factor, A, relates the strength of the

nonlinear interaction to the output voltage.

.The function of the metal plate electrode {also known as the gate) between
IDT’s at the surface of ZnO shown in Fig. 3.2 (or the metal contact on the
back of the semiconductor in the separated medium device of Fig. 3.1) is to
sum the total signal over the entire interaction region giving as an output

signal

|

— o7 j2wt
Vout, €

AV, (t - %)Vz(t + %,)dz , (3.5)

o o S W

where L is the gate length. Assuming that the coupling, A, is uniform over the

interaction region, and making a change of variables such that 7 =t —Hi, one
v
obtains
w .
Vo = Ae2 [V (1)Vy(2t = 7)dr . (3.8)
-
In Eq. 3.6 the limits of integration have been changed assuming both input

signals have time duration less than or equal to L The resultant output
T v

waveform is, therefore, the convolution of the two functions V; and V, with
time scale reduced by a factor of two because the signals are propagating
toward one another with relative velocity 2v.

It can be noted from Eq. 3.6 above that if either V, or V, had been time
inverted before application to the IDT, the resultant output would be the

correlation of the two signals (again, compresséd in time). An electronic time

reversal technique?® has been demonstrated in a convolver system??, but at a
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sacrifice of ‘high ‘ins'ertion"loSs» which leads tb a dégradéd_ dynam’ic ‘range.
: Fu;'thermOré, -ﬁo'be vm(’)"\é't useful as a practical device, the SAW cdnvélVérmﬁs’t |
be able t-oco‘nvo,lvvé bét_ween a reference signal and a signal whic,h'ma.yb'apli)ear‘
at a convolver input at some,unknown time. ‘An incoming signal arriving at an |
unknown time necessitates répeated application of the reference"sig‘na.l to
counter the uncertainty .éf the - arrival time which in turn leads to a smaller
effective time-bandwidth product. | |

-~ The storage correlator is a devi¢e ‘which can pier'fofm both convolution and
correlation without the ne’ed for time reversal and wi}fhou"t ‘concern for the
ﬁncertaiﬁty of t.hev arrival time of the signal to be intérrogated;' Hence, two of
the majof drawbacks of perforlﬁing correlation with the convolver system are

. eliminated by ﬁtilizingt a memory co‘rrelatbr. |

3.3 Storage Cor'relatibn

A simplified vdesé':ription ‘:o'f the s‘tbrége correlation process can be givén'
with the aid of Fig. 33 which depicts a typical memory cbrreiétor.. Under
normal 0peratioﬁ, oﬁe:‘introdUCes a sigﬁal at oﬁe of the ti'ansducérs suqh that a
sampled ve'rs_ioll.,l of this reference signal, S(t), is stored beneath fhé gate of the
device by one of __several possible writing procedures. At some lat.er‘insta‘nt, but
still within fhe storage time of the reference signal, a second signal, R(t),
knéwn as ‘the’ reading signal, is applied to the gate.of “the correlator. 'The‘
introduction of R(t) at Lthe gate electrode excités two contra-propagating
signals representing the product of R{t) and S(t), which subséquently appear at
the two outpuf.t_l_'ansducers; it can be shown that the correlation apperars at one

transducer, while the convolution output is available at the othef.



© RCLRSCLY

<1+,

onn

sexr@dkx

/‘1/////////4'////////,//

¥ : CONUOLUTION
X% : CORRELATION

Figure 3.3

Correlation and convolution using a storage correlator.

_/\ |

 RCLIXXSCL)



33

By applying a particular ”writing” | process to the :correlator, one
introduces a reference signal to be stored as a spatially varying charge pattern
by one of several storage mechanisms. Schemes for signal storage by means of
surface states!®48 pn diodes?9,50,36,51,16 4nd Schottky diodes!® 52,53 have
been examined. More recently, a new type of junction storage correlator has
been introduced®? in which the spatial variation of inversion layer charge at the
Si0,/Si interface of the layéred monolithic configuration has been utilized for
signal storage. With the exception of this ”induced junction” storage
correlator, the various;storage schemes have been employed in both monolithic

and separated medium. configurations.

3.3.1 Storage Mechanisms

The first memory devices utilized semiconductor surface states for signal
storagel®48  In a surface state memory correlator, the electric field pattern
associated with an applied signal causes a bunching (periodic spatial
concentration) of free electrons at the Si/SiO, interface. Subsequently, a
portion of thé electrons are trapped 5t the interface thereby producing a
spatially varying charge pattern. The storage time of these devices corresponds
to the detrapping time which is a function of the properties of the interface.

- Surface state storage was subsequently replaced by more easily controlled
and repeatable diode storage arrays. Figure 3.4 is a schematic of a monolithic
pn diode storage correlator. In a pn-diode or Schottky diode array, the
application of a writing sequence imposes a time varying standing wave signal
proportional to the reference signal at the top surface of the diodes. When the
applied writing signal is positive, the diodes become forward biased and

minority carrier holes are injected into the n-type semiconductor where some
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recombine. When the signal goes to zero or becomes negative, however, most
of the injected holes are swept back into the p’ region, less an amount which
recombined, leaving the diode depletion widths altered by an amount
proportional to the number of recombined holes. The recombined holes
increase fhe depletion widths of the diodes and create a reverse bias condition
in the diodes. A replica of the reference signal is stored in the spatially varying

depletion widths of the diodes.

Recently, reference signal storage in induced junctions was reported54. In
both diode and induced junction array processes, the principle of charge storage
is essentially the same. Recombination of minority carriers injected out of a
p* region (or inversion layer in the case of the induced junct‘ionv device) by an
applied signal causes an alteration of the diode (induced junction) depletion
width. More will be mentioned about the induced jupction storage process in a

later section.

3.3.2 Writing Techniques

There are many modes of operation which are used in the SAW memory
correlator structure, all of which are very similar. We limit ourselves to a
discussion of the »gate-acoustic” writing technique and the ” gate-to-acoustic”
reading technique in the implant-isolated storage correlator. We use Fig. 3.5 to
illustrate these writing and reading methods!®. Descriptions of other writing

techniques can be found in the literature®® %9,

Consider the application of an rf signal S(t)e it to ome of the device

transducers. As in the convolver structure, an acoustic wave is excited which is

of the form S(t— l)cos(wt—kz). In the case of the memory correlator
v
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(a) Gate-acoustic writing (b) Gate-to-acoustic reading.
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operating in the gate-acoustic writing mode, we apply an rf “writing” signal,
G(t) = Weos{wt) (éf short duration compared to the inverse bandwidth of S),
to the gate in the presence of the propagating reference signal (Fig. 3.5a).
Summing the components present in the gate region, one obtains a net

potential given by

V \/(82 + 2SWecoskz + W?2)cos(wt — ¢(z).) ) (3.7)

Under normal operation |W| >> iSl which implies the net potential during the

writing process is of the form
V < (W + Scos(kz))cos(wt — ¢(z)) . (3.8)

Thus, what exists in the gate region during the writing process is a standing
wave pattern which consists of a uniform writing component, W, as well as the
spatially varying acoustic portion, S. During the positive cycles of this writing
process, the storage regions (surface states, diodes, etc...) will be charged as
described above. This technique involving a propagating SAW and an rf gate

signal is known as the rf gate-acoustic (or parametric) writing mode.

If instead of an rf writing signal, one applied a very narrow pulse, V to

the gate at time t, in the presence of the propagating wave

S(t — i)cos(wt — kz), the resultant gate potential would be given by (assuming
v

vy >>19)
- V =V, + S, — —)cos(wt, — ka) . (3.9)
v

Thus, a signal is applied across the diodes which is an imprint of the reference
signal superimposed on a uniform writing pulse. The electric field components
associated with this signal cause a signal to be stored which consists of a

uniform writing pulse component, V,,, and a spatially varying acoustic portioni
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S(z). This writing technique is known as the flash mode of operation.

If the rf gate-acoustic writing.mode is utilized, the injection of holes takes
place many timés (each positive cycle of the signal) during a writing sequence
depending upon the length of the writing signal. Each rf writing cycle
contributes to the change in depletion width but with each subsequent cycle
~ contributing less than the previous one (assuming uniform signals). The
‘parametric writing technique has been used for signal storage when emplbying
pn diodes, Schottky diodes, and surface state memory arrays. When operating
in .t‘he flash mode, however, there is a net forward bias of the diodes only once
'pevr writing sequence and only vfor’ a very short time.‘ |

To effectively write a reference signal into the gate region using the flash
Iﬁode, the response time of t_he diodes or surface states must be very fast. It
was originally demons‘trﬁted‘r’6 that the flash mode was an efficient Writing
technique in the sep_arated medium éonﬁgurétion for pn diodes in a mesa V-
groove‘ array but the accompanying theory did not apply well to ZnO-on-silicon
planar diode :irray conﬁgurationsm{ 58. The flash mode ‘has been discussed at
great length in the.literat’ure and the consensus is that only Schottky diode and
- surface state storage "are- practigal when using the flash writing mode in the
anolithic configuration. This ié,_by no meahs avlimitation because pn diode
memory arrays have been shown to be very efficient when utilizing the
parametric writing mode. | |

Irrespective of the writing technique used, the subséquent correlation
output is obtained by introducing a “reading” signal to the gate electrode.
This gate-to-acoustic readi_ng mbde is.shown in Fig. 3.5b. Application of the rf

reading signal launches contra-propagating acoustic waves whose envelopes
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represent the convolution and correlation of the stored reference signal and the

applied reading signal.

3.3.3 The Induced Junction Memory Correlator

Recently, a new type of monolithic ZnO-on-Si memory correlator was
fabricated®® 59 which utilized induced junctions to store a replica of a reference
sivgn‘al. The induced junction storage correlator developed by Weng et al54‘.-'
stores a reference signal by 's"uc'ces'sfﬁi’-iy exploiting the otherwise undesirable
charge injection phenomena associated with sputtered ZnO films. Because
some similarities exist between the implant-isolated storage correlator and the
induced junction device, it is worthwhile to review operating characteristics of

the induced junction storage correlator.

The induced junction device, a schematic of which is shown in Fig. 3.6, is
no more than a typical metal/ZnO/SiO2/Si (MZ0S)%0:61 convolver with a
metal grating at the Zn0O/SiO, interface. It is the metal grating, however, and
‘a phenomenon known as charge injection which define the storage regions of
the induced junction storage correlator. |

Charge injection 1s an imperfection which o_ccuré in devices fabricated in
the MZOS layered medium configuration. The charge injection phenomenon,
which has been exbamined by several authors®® !4 is a process whereby
electrons are injected into the conductive ZnO :it the gate 1electrode aﬁd
migrate into ti'aps at the ZnO/SiO, interface. The rapid trapping and
relatively slow detrapping of these states leads to what is known as bias
instability. An example of bias instability is illustrated by the large hysteresis
in the capacitance-voltage (C-V) characteristics of the MZOS capacitor shown

in Fig. 3.7. The magl_li_tude of the swing in the C-V curve is determined by the
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Schematic for the induced junction storage correlator showing (a) cross-

sectional view of the device, (b} top-view of the aluminum grating pattern,

- and (c) top-view of the gate region.
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amount of charge which has been injected into the ZnO and, therefore, changes
depending upon the reverse bias voltage applied prior to sweeping back toward
accumulation voltages. The induced junction storage correlator was designed

to utilize this otherwise undesirable condition in a constructive manner.

Appii,cation of a negative dc bias to tﬁe gate of the induced junction
device begins the injection of electrons into the semiconducting ZnO layer.
Eventually there is zero electric field present in the ZnO layer; the entire
voltage dr(;p is across the SiO, and the silicon. Under steady state conditions,
electronic charges are collected on the metal grating or located between metal
regions in deep level traps at the ZnO/SiO, interface. If the gate bias is
sufficiently negative, an inversion condition exists at the silicon surface and a
minority carrier inversion layer exists at the SiO,/Si interface as shown in Fig.
»3.8‘. At thi? point,® by making the gate voltage more positive, electronic
charges locatéd on the metal grating are readily withd‘rawn from the ZnO but
the electrons trapped in the regions between the metal grating are stored for
lbng. periods of time, typically days. The result of the positive _voltage shift
lea'ves the silicon surface ready as a storage medium with an array of induced
junctions as shown in Fig. 3.9. |

The induced junctions are inversion reglons located beneath the trapped
eléctrons The mlnorlty carrier 1nver51on layers are separated from one another
by depletion regions directly beneath the aluminum grating. Charge storage in
the induced junction device is similar to that which occurs in a pn diode

correlator whereby the application of a positive pulse causes the injection of

* Typically, a. negatlve bias of -35 V was used to invert the silicon and fill the traps at
the zinc oxide-silicon dioxide interface. The device was usually operated with a gate bias
~of approximately -2 V..
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Figure 3.8

Creation of an induced junction array by total inversion of the
semiconductor.
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Array of induced junctions formed after inﬁerting the entire gate region.
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.inveréion layer minority cafriers into the depletion region where some
‘recombine before the pulse is turned off. The recom'bination'r'of injeéted
inversion layer holes changes both the eQuilibrium surface charge density and
depletion - width of the storage regions, thereby altering the "equilibi'iutn
depletion capacitahce of the storage regions. The depletion widths associated
with signal storage are greater than the maximum equilibrium inversion layer
depletion widths; a condition known as deep depletion. Thus,bjust as in a pn
diode array, a signal c‘an'be stored in a spatially varying‘ pattern of depletion
widths. |

Cimilar to. the indubed jﬁnction ‘device,.'- the monolithic implant-isolated
memory correlator, diséussed next in this chapter, ufilizé’s depletion regions in
the silicon to store a reference signal in an MOS region of n-type silicon omnly;
that is, no d_iodes or stirface states are employed for storage; Furthermore, the
uncontrollable and often undesirable charge injection process62,18,53,63 which

was used constructively by the induced junction storage -correlator is

successfully ignored in the implant isolated storage device.

In t‘he following section we present a detailed description of thebimplant-
isolated storagé correlator fabrication and operation as well as experimental
verification of the existence of induced junction storage regioms. Section 3.5
contains an in-depth discussion of charge storage in the implant-isolated device.
An approximation for the effective recombination lifetime of minority carriers
is also presehted. Experimental results for the implant-isolated storage
correlator are‘g’iven in Section 3.6 followed by a discussion of ﬁnique device

applications in Sections 3.7 and 3.8.
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3.4 The Implant-Isolated Structure

The implant-iso]ated storage c‘orrelator presentedi in this ’chapter is a
unlque monohthlc SAW device which uses alternating regrons of highly doped
and lightly doped srhcon to store- a reference srgnal for correlation or
convolution at some later time. The implant-isolated device will be shown to
be a bias stable device capable of signal storage more than ten times ‘longer
than any other monohthrc storage correlator reported to date. Additionally,
the implant 1solated structure provides a means by which the electrlcal.

potential of a surface wave can be determined.

3.4.1 Device Structure

The implant isolated storage rcorrelator, pictured rn Fig. 3.10, consists of
an n-type 10 Q—cm (100)-cut vsilicon substrate which is‘ ion implanted with
phosphorus in a érating pattern at the sarrlplevs‘urface. Charge storage, it
should be noted, occurs in the non-implanted regions. Subseouent to the
grating region implantation, a wet oxidation is performed at 900 °C for 40
minutes. This oxidation, yielding a 1000 A thick insulating layer,
simultaneously passivates the silicon surface and activates the implarlt. Prior
to depositinglthe 1.7 pm ZnO layer by rf spdttering; iOOO A thick aluminum
shorting planes are evaporated on the substrate in the regions Below the
transducers to enhance the electromechahical coupling. The top aluminum
metallization pattern consiets or' two pairs of single comb trans_ducers24 and a
split gate electrode arranged so as to form a dual track structure®®. The
transducers, used to excite Rayleigh waves, have equal 17.75 pm finger widths
and gaps; the center frequency of the transducer response is 128 MHz. The

separate comb dual track structure is employed because this technique has been
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Schematic of an implant-isolated storage correlator. (a) Top view of dual
gate structure and single comb transducers. (b) lon implantation pattern.

(¢) Side view of completed device.
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shown to supprgss ‘the se]f convolution caused by reflections from the
transducersf%. By slanting the g:ite metallization pattern adjaéent to the
transducers one minimizes the undesirable output observed at thé transducers
caﬁsed by waves launched at the ends of the gate. In Table 1 we summarize

the important device parameters for the implant-isolated storage correlator.

3.4.2 Implant Isolation Concept

‘Insight into operation of the implant isolated storage correlator can best
be achieved by understanding the method in which charge is stored in the
device. We present a qualitative explanation based on typical n-type MOS
capacitance versus voltage characteristics. - To first order the ZnO layer can be‘
modeled a's_a'constant,capacitance. in series with the constant SiO, layer
capacitance; the combination éan in turn be modeied as a single effective
insulating layer. C-V curves for two structurally identical buf differently doped
MIS-capacitors are dispiayed in Fig. 3.11. Note that for both devices,
accumulation occurs over thé same bias range. Howeirer, the onset of inversion
occurs for different values of capacitor bias. Suppose the two differently doped
devices were side-by-side as part of.‘the same substrate and covered by the
same ‘insulator and metal gate. Unde'r\this conditioﬁ a range of gate bias
voltages would exist where the higher doped device would be depleted and the
lower doped device would be inverted. In the implementation of the implant-
isolated storage correlator, higher doped depletipn regions are ﬁsed to isolate

the lower doped storage or inversion regions.
To achieve lateral variations in doping density one can employ either ion
implantation or ‘diffusion; ion implantation was chosen because it offered

advantages in ease of fabrication. Phosphorus was implanted into the
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Table 1

Device parameters for the implant-isolated storage correlator

Silicon type
Resisti{fity

Silicon cut

SAW Propagation d,irection‘v

ZnO thickness
SiOg thickness
Wa?ele_ngth

Center fréquepcy
Fingers per éomb
Storage region width
Grating periodicity
Gate length

Gate width

‘ 10 Q-cm
(100)
<100>
1.7 pm
1000 A
35.5 pm
128 MHz
20

'O pm
10 pm
1.4 em

0.1 cm
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Normalized C-V curves for typical MOS capacitors
(A) highly doped (1.25X10" /em®) n-type Si
(B) moderately doped (5.0X10' /cm3) n-type Si.
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unoxidized silicon wafer through a photoresist mask at a concentration level of
8.0X10'%/cm? using an implant energy of 25 KeV." The implant concentration
varies of course as a function of depth into the semiconductor. An estimate of
‘the doping profile derived from the C-V profiling technique®, however, indicates
that the semiconductor may be approximately modeled as uniformly doped
("10'7 /em®) in the bias ranges of interest. As a result of the ion implantation,
a periodic grating pattern of alternating highly doped and lowly doped
semiconductor is established beneath the gate of the correlator. The
periodicity of the grating corresponds to 5 gm wide storage regions separated
by 5 pm wide implanted regions. A simple electrical model for the correlator
gate appears in Fig. 3.12, while Fig. 3.13 shows experimental C-V curves
derived from an unimi)lanted wafer, a wafer implanted over its'entii‘e surface
area, and a grating structure wafer. (The rise in the.capacitance of the grating
structure capacitance near -8.0 volts is caused by lateral effects.) It is apparent
from the curves in Fig. 3.13, that one can select a bias voltage between -1.0
volts and -10.0 volts such that the inverted storage (non-implanted) regions wiil
be electrically isolated from one-another by depletion regions in the implanted
areas. This is the desired result as illustrated schematically in Fig. 3.14. The
implant-isolated storage regions, however, in contrast to those formed by
charge injection and tfapping at the ZnO/Si0, interface®d are established by a
repeatable, well-controlled fabrication process and simple selection of the

proper operating gate bias.

* Performed by Dr. R. F. Pierret
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Figure 3.12

Electrical model for the gate of the implant-isolated storage correlator. The
implanted and non-implanted regions are denoted by Cp, and Cy

respectively. Rg; is the bulk silicon resistapce and Cj is the combined oxide
capacitance.
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Figure 3.13

Experimentally determined C-V characteristics derived from a (A) totally
implanted (B) combined (grating) (C) non-implanted wafer. (V,, Vg, ete.

refer to the curves in Figure 8)
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3.4.3 Verification of Storage Region Isolation

Subsequent to ion implantation, implant activation during thermal
oxidation, and deposition of the shorting pad metallization, special'gate‘-pattem
test structures were formed directly on the oxidized silicon surface. The test
structuresv were subjected to a- post-metallization anneal®* at 480 °C for five
minutes to minimize the SiOz/Si interface state concentration. Capacitance-
versus-time (C-t) transient measurements were then pérforined on the Si0,/Si
system in order to determine the storage capability of the grating, and to

examine the effectiveness of the implant in isolating the storage regions.

The C-t transient results can be readily explained with the aid of Figs.
3.13 and “3.15. Figure 3.15 shows a series of capacitance-versus-time
characteristics of the grating region when pulsed from an e'quilib'rium state at
Vg =V, (accumulation) to various voltages (V,, Vg, etc.) labeled.in Fig. 3.13.
Trace A shows the result of pulsing the capacitor from the accumulation
reference bias V, to an applied bias which is still in accumulation. As
expected, there is no change‘ in capacitance with time. Similarly for Curve B,
when both the storage!and isolation regions are depleted the t>0 capacitance
is time independent, but is lower because of the increased depletion widths of
the two regions. Once the device is i)ulsed such that the non-implanted region
beneath the gate is inversion biased (curve C), the sudden pulse causes a deep
depletion condition in the non-implanted region with an accompanying ﬁnite
relaxation time back to equilibrium. The difference in the C-f transient of
curves C and D is that a larger negative pulse causes a greater degree of

depletion in the implanted region and also a greater deep depletion width in

* Developed by Dr. R. D. Cherne and Dr. R. F. Pierret
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Capacitance versus time (C-t transient) results for applied pulses described -

in the text.



the non-implanted regions. After relaxation, the non-implanted .depletion
widths remain at their maximum values. However, the total equilibrium
| ’capacitance is lower due to the larger depletion width in the implanted regibn.
Once the gate is pulsed from accumulation to a bias tending to invert both the
implanted and non-implanted regions, the total capacitance always relaxes to
the same minimum value as exemplified by Curves E and F. This is true even
though a larger negative pulse deep depletes the capacitors farther and for a
longer time. The existence of a biasing range where the device relaxes to a
decreasing final capacitance, followed by a biasing range where the final
capacitance is always the same independent of bias, is direct verification of the
underlying device concept -- implant isolation of the storage regions. The
biasing range over which the device relaxes to a decreasing final capacitance
corresponds, of course, to the set of biases used in the normal operation of the

storage correlator.

It should be noted that ion implantation is a well defined process with
excellent repeatability. Even slight variations in dose or energy level, however,
would not affect the implant-isolated storageicorrelator because signal storage
occurs in the non-implanted regions. Variations in implant parameters,

however, would have a noticeable effect upon the operation of a pn diode

correlator.

3.5 The Writing Process

Several methods for writing a reference signal into the storage regions of a
device have been demonstrated including the flash mode!® and various rf
writing techniques®®; we limit ourselves to the rf gate-acoustic writing mode for

the implant-isolated storage correlator. As mentioned in Section 3.3.2, the rf
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gate-acoustic _wrifing method involves the appliéation of an rf signal of short
duration to the gate of the correlator while the reference signal to be stored is
propagating beneath the gate. 'The‘resultant electricai potential in the gate
région during the writing proéess has components of potential due to the
acoustic reference signal, V,(t)cos(wt — kz), (launched by a traﬁsduéer) and the
writing signal, V,(t)coswt, applied to the gate. Both signals contribute to the

total gate potential associated with the writing process which is given by

Vy(z,t) = '\/vaz + 2v v coskz + v cos(wt — ¢) (3.10)

where
‘ _’t | vlsinkz 311
¢ = tan vg + v,coskz (3:-11)

Here v, and v, :;re the acoustic signal and gate signal potentials referenced to
the gateB®. As will be déscribed below, Vg(z,t) determines the surface charge
density during a write sequence for any b(z,t).

In this section a éimple model is presented to-describe the information
storage process. At any point in the gate region during the writing process, the
applied signal' appears as a const’ant 'a,m.plit.u.de time varying sinusoid. To gain
physical insight into the operation of a svt(')rageb array, we first examine the
~ response of the inirersion layer charge and depletion capacitance of a single
element of the storage re}gion‘ (located at z = z,) to a nafrow (much shorter
than one rf period) pﬁlse applied to the gate. After analyzing the effect of a
narrow pulse, each period of the rf signal of Eq. 3.10 is treated as a discretized
sequence ofi narrow pulses as shown in Fig.i 3.16. Using this discretized
- representation, the charge storage in response to any time vérying writing

signal can be estimated.,
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Figure 3.16

Applied writing signal at a single storage region (a) actual signal and (b)
discretized signal approximation.
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3.5.1 Charge Storage

Consider the eﬂ"ect'upon a single storage region resulting from the
_application of a narrow positive pulse at the gate of a device which is biased -
for normal operation. Under equilibrium inversion conditions there is a
maximum depletien width in the silicon. Application of a short duration
positive pulse to the gate while it is under equilibrium inversion bias will cause
the storage region depletion width to narrow by some amount dependent upon
the pulse amplitude and durzition; af the same time, minority earrier holes in
the inversion layer will be injected into the semiconductor depletion region
where some will recombine. Termination of this pulse causes the depletion
width to instantaneously assume a new value equal to its equilibrium width
plus an increment dependent uvpon the amount of minority carriers which
recembined during the pulse. The change in depletion width changes the
capacitance of the storage region, thereby -clontributing to signal storage in
much the same w:iy as in a pn diode memory correlator.

In a quantitative description of the charge ';torage process, some
assumptions have been made regarding the recombination and generation of
minority carriers in the silicon. 'Herein it is assumed that the recombination
rate of injected holes, crucial to information storage, can be modeled by an
effective recombination lifetime, 7g. Moreover, the generation of carriers during
a Narrow negaﬁive pulse (part of the negative geing portion of the writing cycle)
can be neglected because, as is obvious from the lengthy storage times, the
return to equilibrium is very slow chpared to the writing recombinatien rate.
Surface states, traps in the semicohdﬁctor and ZnO, and ‘charges in the oxides
- will also be neglected because they cemplicate.the analysis _without offering any

insight into the writing process. With the stated assumptions, a quantitative
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description of the charge storage process has been performed (outlihed below)
for a single storage region. | o

As discussed in Section 3.4, proper operation of this device is depende'nt_.'
upon the selection of -an appropriate operating point gate bias. Assuming that
'Va ‘Bias of Vg has been applied to the gate,vone can, using the 4-depletion
apprloximationﬁﬁ, calcﬁlate the inversion layer charge at the silicon surface.
Because the ZnO layer is only semi—insulatin'g, the d.c. charge applied to the
gate is readily injected into the ZnO film and is subsequently stored in traps
adjacent to the ZnG/SiO, interface; i.é., under steady-state conditions a vvirtua.l
gate is formed at’the Zn0/Si0, interface®3. The Zn'(),layer, therefore, can be
neglected when calculating the equilibrium minority carrier inversion layer
charge density whose magnitude is given by |

| ; 2kT qND 4'["'sfo kT
Qeeq = Co Vg——Up - ‘\/ — | '
1 ¢ ¢ " oq aNp q | "

(3.12)

J

where C;, is the capacitance (per unit area) of the SiO, layei, Np. 1s the
background doping lev;al of the n-type silicon substrate, and Uy is the subétrafe
doping parameté_r. The dielectric constant of the silicon is repres_ented by &,
the temperature by T, ¢, is the perinittivity of free space, and k is Boltzmann’s

constant. The constant Uy is given by

Np

1

Up =—-In (3.13)

where n; is the intrinsic carrier concentration.

Due to the localization of injected charge at the ZnO/SiO, interfacé, the
equilibrium inversion layer charge under dc bias is independent of the ZnO

layer capacitance. However, this is not true of the inversion layer charge
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density when there are rapid changes in the gate bias.r For rf signals in the
frequency range of interest, voltage changes are. too fast fof the gate—injected
electrons fo follow the applied signai. Hence the capacitance of the ZnO layer
must bbe included in any calculation of the redistributed surface charge. ‘T.he
condltlon just described can be v1sua11zed more easﬂy w1th the aid of Fig. 3. 17
In this figure, the solid curve represents a normal C-V characterlstlc for an n-
type semiconductor;v V is the bias point. In a normal MOS capacitor one
would have to pulse tl.le' gate to some bias greater thany VT to move oﬁt of
inversion and into depletion. .‘ In the case of a correlatorﬁvw.jth an injecting ZnO
film, however, thé gate must be pulsed to Vp_(on the dashed c‘urve)‘to be at
th‘e edge of inversion. For comparison to the redistributed charge it is
therefore more convenient to rewrite -the equilibrium inversion layer charge
density (Eq. 3.12) for a given gate bias Vg in terms of Vi o and Gy (the series
combination of the ZnO and SiO, capacitances).  The resulting equivalent

expression for Q4 1s given by

| - 2kT aNp 4K €, KT
=C Ve + Vo — —Up — U .
Qseq = C1 |V Ta™ T4 UFT QG \/ Np g FI (3:14)
where
- Csi0,Czn0 '
Csio, T Czno (8:15)

The analysis of the charge storage process deals with the redistribution of this

éurface charge in response to an applied signal. ‘
The'application to the gate of a narrow positive pulse 6f amplitude V4 will

cause a portlon of the equ1hbr1urn surface charge to be injected into the

| »semlconductor where some of it will recombine. The amount of charge which
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C-V characteristics of a typical MIS capacitor (solid curve) and an MZOS
capacitor exhibiting charge injection into the ZnO.
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recombines per pulse is dependent upon the pulse amplitude, pulse duration,
- the - minority carrier recombination rate, and the inversion layer ‘charge |
available prior to each pulse. Repeated applications of such a pulse within an
interval that is short cOn{pared to the device storage tirﬁe (" 1 sec) eventually
leads to a “steady-state” deep depletion condition beneath the gate where the
new inversion layer surface charge density, Q,, saturates at

| 2kT aNp [ 4Kk, kT
=G [Vg=Va + Vp — =—Up - v
Qra =G Vg = VA T V1, ¢ UF G \/ et

Up| | (3.16)

For a given V,, the maximum charge storage by one storage region in the

implant-isolated correlator is therefore
AQ = Ceseq - Q)A = CIVA © . (317)

Assuming an effective reéombination lifetime, the application of a dc pulse
of amplitude V, and arbitrary duration t, changes the inversion layer charge

by an amount
AQ, = C V(1 — e /™) (3.18)

The expression for the inversion layer surface charge as a function of gate bias,

applied pulse magnitudé, and applied pulse duration is given by
Qs(VG;VA’tp) = Qseq - CI\[A(1 - e_tper) . (319)

If one were to pulse the device again immediately after the application of the
first pulse, the stai‘ting inversion layer minority carrier density would be
Qy(Vg,Vasty) instead of Q.. The subsequent surface charge‘after additional
pulses would be dependent upon the pulse durations as well as the pulse

amplitudés.
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" As mentioned above, the change in surface charge caused by
recombination during a positive pulse of duration t; results in an increase in -

the depletion width of the storage regions; the new depletion width is given by |

N2
Vo — st(VvaAvt’p)
; G ;
W(VVt)—ﬁE"——1+ 1+ | (3.20)
G ’ - : i , .
Arlp Co VA
wh.ere
k.€,9Np ' . ' :
Vy=———mF . 3.21
A 20,2 | 32y

The modified depletionb width corresponds to a decreased capacitance given by

C(VG)VA7tp) = ‘ Q (V V.ot ) 1172 , ‘(322)
VG _ s\YGr ¥ Ay p

1+C 1+ |1+ ¢
Co | Vu

(o]

Thus far we have described a method for determining fhe change in the
depletion capacitance of a single storage region in respdnse to a narrow pulse
applied to the device gate. To elaborate on the writing process, it is necessary
to determine the effect of a time varying signal on the several hundred storége
regidns. Trlllat‘ is, for a complete description of the writing function, one must
define the depletion éapacitance (stored charge) as a function of‘ time and
position. The treatment of a time varying signal is dealt with in Appendix A

for a signal represented by a 'sequence of pulses of finite duration.

It is important to riote that as a storage region becomes deep depleted it
’w1ll eventually reach a steady-state saturation value. That is, as a storage

region nears saturatlon only the maximum portion of each rf cycle contrlbutes
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to the stored reference signal and the effective writing time of each signal
decreases. ‘We illustrate this with the aid of F ig.\ 3.18 which shows the deep
depletioh C-V characteristics for a single storage region during various stages of
the writing process. Also shown in Fig. 3.18 are select rf writing cycles during
the writing process showing which portions of the rf 'cycle actually contribute

to signal storage.

3.6 Experimental Results

In the remainder of this chapter we present experimental results associated
with our implént-isolated storage correlator. The writing sequence described
for the gate-acoustic writing technique is shown in Fig. 3.19a along with the
éorres’ponding correlation output voltage after the application of a read signal
to the gate. The cdrrelation output shown in the photograph of Fig. 3.19b was
obtained using identical writing and i'eading signals (128 MHz  bursts of
_duratfon 1.0 ps) The time delay betWeen read and writ}e sequel_lcesvwas 10 ms.
The duration of the output. signal is 2.0 ps whivch7 as exp'ected, is twice the
duration of the reading signal. Furthermore, the frgquency of the output signal
is 128 MHz, the same as the 'Il'ead'i_ng signal frequency.

To obtain the fesults shown in Fig. 3.19, an rf w‘ri,tixllgb signal of 200 ns
duration ’rw’as used- because ‘it produced a maximu}m correlation output. It is
important to note that simply increasing the duration of the writing signal does
not necessarily increase the"{correlation voutput. Rather, the lengthy writing
signal can upset the phase Information previously preserved by the’writing
process. In Fig. 3.20 we show the'variation of correlation output versus writing
time for a single writing sequence. The maximum' correlatidn output occurs for

a short writing time and then decreases as the writing signal increases. The
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Figure 3.19

Memory - correlation . experiment (a) Write-in sequence consisting of an
acoustic pulse (upper trace) and reference signal (lower trace). (b)
Correlation output. ‘ ’
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unex pected decrease‘in correlation output versus Writing time for a single write
sequence is due t6 phase slippage which is caused‘ by the difference ih the
acoustic wave velocity between the implanted- and non—irﬁplanted regions. To
increase the effective writing time without the phase slippage problem, one
must perform more than one writing sequence per readout. That is, to avoid
phase slippagé, one must write the same reference signal twice with write éignal

duration 0.2 us to have an effective writing time of 0.4 [s.

In the photogfaph of correlation output shown in Fig. 3.19b, one can see
not only the correlation output but also rectangular pulses 1.0 us wide on both ‘
sides of the correlation output. The first rectangular signal is a direct rf pickup
of the gate-applied reading signal at the output IDT. ‘The rectangular signal
which appears after the correlation output (3.0 ps after the first signal)
corresponds to an acoustic signal launched by the input IDT caused by direct rf
pickup of the read signal by the input IDT. 'Bbth of these spurious signais
cause problemsbin the fabrication of SAW correlators and great amounts of
effort have—_‘been taken to reduce these spuribus levels. It should be noted thét
in a degenerate convolver, the 'spurious rf signals can be filtered out because
the convol‘uﬁion output occurs at the sum'ffequency of the tWo inputs. In the
memory correlator, however, the cbn_‘elation output is at{ thve same frequency as

both the input signal and the reading signal which makes simple filtering

impractical.

3.6.1 Effective Recombination Lifetime
As described in the previous section, the :amou_pt of charge stored in the
gate region of the device is dependent upon the amplitude and duration of the

write signal, the effective recombination lifetime, and many parameteré which
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are determined by the materials used. In this section an experimental method
is presented for determining the effective recombination lifetime for the

correlator.

To obtain the desired correlation output after a reference signal is stored
beneath the gate, one applies the rf signal to be correlated at the gate electrode
(gate-to-acoustic reading mode). This process is analogous to the reading
process in a pn diode memory correlator®®. Due to the spatially varying
depletion capacitance, electric fields are established in the ZnO film which
excite éontra—propagating acoustic signals representing the convolution and
correlation of the stored reference signal with the applied reading signal.
Furthermore, it can b; shown that the correlatibn output voltage is directly
p‘roportion;il to the amount of stored charge in the device. Therefore one can
determine the effective recombination lifetime by fitting the predicted stored

charge dependence of Eq. A.3 to the actual correlation output versus writing

time.

| To observe the variation of correlation output with write time, an
experiment was performed using the gate-acoustic writing mode and the gate-
to-acoustic reading mode. The reference and reading signals were of 1.0 pus
duration and the writing signal duration was 0.2 gs. To vary the writing time,
multipie writing sequences were performed in rapid succession prior to each
reading sequence. | The number of successive writes determined the effective
writing time (200 ns writing pulse times the number of writes prior to each

read). In this manner, the effective writing time is increased without

degradation of the output due to phase slippage.

The writes were performed 20 ps apart so any storage region relaxation

between write pulses can be ignored. The experimental variation of correlation
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output versus write time is seen in Fig. 3.21. All values are normalized to the
maximum  value of jcorrvela‘tion -output. (It should be noted that in this
experiment the time between readouts ,.was sevefal seconds to ensure sufficient -
decay of the stored signal before initiating a new write sequence.) The solid
curve represents the predlcted dependence of the correlation output voltage for |
an effective recombmatlon llfetlme of Tr = 0.67 pus as computed for the

discretized sinusoidal approximation.

It ‘ShO;lld be noted that each of the inverted storage regions is very similar
to a pn diode in that njlin‘orityv carrier injection governs the charge storage
| procedure. As such, the model for ciharge storage in the implant-isolated
storage correlator can be applied directly to the pn diode correlator structure.
A similar correlation output versus effective writing time experiment was
performed by Tuan and Kino% for their pn diode storage correlator, enabling
ubsf to use their data to test our theory. We plot one minus the normalized
co;rela}tioﬁ output versus eﬁective. write time for t,hev pn ‘diode memory
rcorrelator in Fig. 3.22. The data is plotted on a seﬁli-logafithmic plot to
demonstrate that the information charge storage‘ process is not purely
exponential. The non-exponential behévior is due to the time variation of the
writing signal. | | | |

In addition to the data points presented in Fig. 3.22 for the pn diode
device, Tuan’s 'it,heoreti.cal ;prediction for vcorlrelation: output dependence is
shown by the'dashed curve in Fig. 3.22. The aisparity between theory and
experiment stems from the fact that, in Tuan’s theory, each writing signal is
treated identically with every other. We argue, however, that consecutive
identical rf cycles of a writing signal will have different contributions to the

writing of ‘a reference signal because a smaller portion of later cycles contribute
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Normalized correlation output voltage versus effective writing time. Solid
_curve corresponds to an effective minority carrier lifetime of 7z = 0.67 ps.
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Normalized correlation output for a pn diode storage correlator employing
multiple writes.
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to signal storage as discussed in Section 3.5. In the implant-isolated storage
correlator theory, each rf signal is treated lndependently and the charge storage

pI‘lOl‘ to any wrltlng cycle is taken into account in the computatlon of

addltlonal charge storage

In Fig. 3.22 we plot the predlcted normalized correlation output versus
eﬁectlve write time (solid curve) using an effective recomblnatlon lifetime of
r = 0.044 ps. Our prediction for the pn diode device is within 3% of the
‘experimehtal value at every point. It is interesting to note that in a fast
charging system 'like the pn-diode array correlator, fewer if signals are
necessary to saturate the diode étorage regions. Careful inspection” of our
predicted curve for the pn diode correlator shows it to consist of many steps.
Each of these steps represents the contribution from a separate rf cycle ’_There
are 128 cycles :depicted’v in Fig. 3.?2. For the‘ sloWercharging implant-iSoiated
‘storage correlator, shown in Fig. 3.21, however, approximately 5000 rf cycles
are necessary to saturate the device so the effect of individual cycles is not
evident. |

Thus, we have demonstrated the application of our theory for the -
implant-isolated stora:ge correlator and obtained excellent agreement with
experiment. Furthermore, our theory, when applied to the pn diode storage

correlator, gives good agreement even for a much faster charging system.

3.6.2 Operational Characteristics

In this section we present experimental results fo’r the correlation of two
1.0 ps rf bursts iu order to examine cOrrelat‘or storage time, dynanric range and
efficiency. All correlation measurements were perforrned using the rf gate-

acoustic writing mode and the gate-to-acoustic rea’ding’ mode. It should be
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pointed out that the implant-isolated storage correlator presented in this report
is bias stable; results of all correlation measurements -al;e totally repeatable at
‘kany time without any special p;ecautiOns, irrespective of the previous gate bias.
A key feature of the implant isolated correlator device is the time the
| dew}ice is capable of storing a reference signal. Figure 3.23 displays the
correlation output versus storage time; the data points fall along the dashed
curve which cOrrespbnds to a 3 dB storage time of 0.56 seconds. Although this
is certainly a long storage time compared to other previous MZOS correlator
configurations, with advanced fabrication procedures it is not unreasonable to

expect storage times of at least several seconds.

}A plot of norrhalized correlation output versus gatg bias 1s shown in F 1g.
~ 3.24 for three different values of read—write power level combinations. It is seen
that for gate biases less than a certain value, the correlation output always
remains within 85% of its maximum. This indicates a very wide bias 'ra,ngé
over which one may bpe_rate the device without significant degradation of the
output signal. Based on theoretical considerations, one might expéct that once
the d.c. gate bias was sufficiently large to invert not only the storage regions,
but also the ion implanted separation (and lateral) regions, then the lateral flow
of inversion layer minority carriers from implanted regions surrounding the
storage areas would eliminate the stored signal. The experimental result
presented, however, indicates that the implanted region is of insufficient area to
supply the signal eliminating ﬂow of min‘orit‘y carriers. The top surface of the
device after sawing and mounting extends approximately one millimeter to
either side of‘the one millimeter wide gate. This area is subject to lateral
effects and should contribute to the overall relaxation, but it is apparently too

small to degrade the output significantly.
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Correlation output versus storage time.
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Figure 3.24

Correlation output versus gate bias for dlﬂ'erent read-write power level
combinations

(A) Py = 40.1 dBm, P = 36.7 dBm

(B) Py = 37.1 dBm, Pp = 33.7 dBm

(C) Py = 34.1 dBm, Py = 30.7 dBm.
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An rf Wfiting signal of 140vnan‘oseconds (18 cycles) was found to produce
the highést éo’r"relation output, and this writing pulse dl.lrat,i‘on"wzié used when -
.:peffoi'ming tﬁe correlation measurements shown in Fig. 3.25. Figtfll"e 3.25
shows the/(éorrelati‘c;n oufput versus the reference signal a.mplit,"ude and the
res’ulf is linear over a 25 dB range in correlator ou‘tput POWET. Thc dynamic
range is limited on the low poWer end due to‘ noise and spurioﬁs Signaﬁl levels
and on the high power end measurements were halted before‘exceveding the
power liﬁlitation of the IDT. The correlation outpuf versus read puls.e ‘power
can be seeh itl Figure 3.26, here again the dynamic' range of the device is
: approximat‘el'y‘ 25 dB. It is the dynamic ré,xige of the output power with
respect to the read signal power which is important in sigﬁal processing
applications. In all’v‘measureménts'the correl:ition efficiency is betWéen -100 and
-110 dBm. The eﬁicién’cy and dynamic range of this device are lower than
expécted‘. ZnO film quality during this pafticular sputter produced a delay line
insertion loss some 14 dB more than in previous devices with the same
dimensions. .(The same was true for non-implahted test structures.) A better

piezoelectric film should upgrade both figures of merit into the range of

previously reported monolithic memory correlators.

3.7 Th_e‘ Implant-Isolated Device as a Degenerate Convolver

In- addition to storage correlation and storage convolution, the implant-
isolated deviCé‘ aﬁords the possibility to perform degenerate convolution. The
' implaﬁt-isolateii correiator is, afteral'l,'identical to the standard mqnolithic
ZnO/Si0,y/Si convolver pictured in Fig. 3.3 with the addition of the ion

implanted grating pattern in the interaction region. We wish to determine the
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Correlation output versus reference signal amplitude.
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- effect of the ion implanted region on the degenerate convolution of the

implant-isolated structure.

If again one considers the gate region to be made up of alternating regions
of highly doped (10'7/em®) and lightly doped (5X10'*/cm®) n-type silicon, one
can view the implant-isolated degenerate convolver as two uniformly doped
»inde‘pendent cronvo‘Ive'rs connected in parallel. ‘The power levels in each of the
two con\?é:lvers wéuld be half that found in >tlv1e composite struc‘turve and each
convolver would have different doping levels as mentioned above. Analyzing
the implant-isolated degenerate convolution in this manner greatly simplifies
_the pro’cess since detailed convolver analyses have already been performed for
unifofmly doped monolithic convolvers. Using an existing convolver model, we

determine the relative convolution efliciencies for. these two differently doped

" convolvers,

3.7.1 Convolution Efficiency
The terminal convolution efficiency, F, is a figure of merit defined by

FT:PC—(PI +P2) ’ (323)

where P, is the coh?olufion output p‘owé'r and P, and P, are the terminal input
ﬁo%ver levels aippli-éd to IDT 1 and IDT 2 respectively. Also known as the
externé.l“ convolution ;eﬂic,ienc.y, Fr tavkesv into account transduction loss,
misma.t.ch loss at the terfninals, and ’propaga,ticvm: loss in ther deviée. The
internal convolution efficiency, however, does not include these additional losses
‘and 1s a measure of open-circuit outputb voltage as a function of the acbustic
pdwer levels of the propégating surface waves. Since we assume identical

convolver structures (same physical dimensions, electrical connections, coupling
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-levels IDT conﬁguratlons etc ) the difference between the terminal -

convolutlon eﬁicxency between a hxghly doped dev1ce and a llghtly doped dev1ce.

' .;vw1ll be due only to a dlﬁerence in their internal efﬁcwncws

Thé literature is full of reports of different types of SAW convolvers and.

_almost an equal number of theories explammg the operatlons of the dev1ces o

We take our results from Lo19 as his structure is nearly identical to our devrce '
Since a complete analysis has already been performed, we repeat only the result

her'e for irrternal convolution efﬁéiency, M, of a ZnO/SiOz/Sj convolver which is

_given by
\/’élffsMp]Mk< TR Co
“ R § fox ‘ Av. 1 dC ERERN "N
T A? v [ 1C)]dVe| B2

“where Mp and Mk are constants associated with: a device of particular
e AV L
dimensions and =— is the electromechanical coupling constant. The

; qu'aritity A is given by

& Mp
1+ —=7Gl6s) |
A= : (3.25)
/ 1+ €s _.yi + & G‘(¢so)
. Gy)', € S
.where G(qSSO) is a functlon of the applled gate bias, € € und €y - Are the

B ‘perm1tt1v1t1es of the 5111con Si0,, and . ZnO respectlvely The thlckness of the

- ZnO layer is glven by yp, and the SiO, layer thlckness i Yo The last two

“j_"_terms on the rlght side of Eq 324 involve. C the gate capacitance of the

' ~_comp051te structure and VG is the applled gate blas A detallcd explanatlon of

~allof the above parameters can be found in Lol*.
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| At this point we use the expression of Eq. 3.24 to compute the relative
internal convovlution efficiencies ef the highly doped and lightly doped regions.
If the relative efficiencies "are comparable in' certain bias ranges, one would
| expect to observe contributions to the convolution from both type regions in
the structure. If the relative efﬁciencies are very mnch different, then one
would expect a significant contribution in only one-half of the area beneath the
'gate and hence a decrease in convolution efficiency of a.ppfoximately 6 dB from

what could be achieved if the entire silicon surface had been a single doping.

Since the calculation of convolution efficiency for a particular configuration
depends npon knowledge of the capacitance versus voltage characteristics (Eq.
3.24), the C-V characteri.stics of devices with and vtzithout ion implantation
were determined by di’gitizing actual C-V curves. From the C-V data we have
determmed the relative convolutlon eﬂic1enc1es of the dlfferently doped regions
and normalized them to the maximum efficiency calculated. The results of this
computation which are shown in Fig. 3.27 are informative yet not surprising.
The maximum  convolution efficiency was achieved for the,b lightly doped
substrate configuration (curve D) and the maximum occurred when the silicon
is in depletion. The heavily .‘doped sample convolution efficiency (curve C) can
be seen‘ to dominate over a much wider range of eperation than does the lightly
doped device, yet the nmximum efficiency for the highly doped tegion is twe
orders of magnitnde low‘er than for the»lightly doped silicon. ‘The results of
thls computatlon mdlcate a contrlbutlon to the degenerate convolutlon in
essentlally Just half of the mteractlon reglon so one would conclude that the
max1mum convolutlon efﬁmency attalnable in the 1mplant isolated correlator

structure is 6 dB less than the maximum for a uniformly doped device.
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Figure 3.27

Internal convolution efﬁc1ency for (C) uniformly doped (10'7 /cm?) silicon
substrate convolver and (D) umformly doped (5X10" /cm?) sxllcon substrate, ’
convolver for the C-V charactenstlcs of (A) and (B) respectlvely
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3.7.2 Experimental Results

Té v:erify this result experimentally, convolution measurements were
performed. for both the .implant-isolated structure as well as a non-implanted
uniformly doped (5X10'%/em?) convolver with the same dimensions and a ZnO
film sputtered in the same run. Results of this experiment are shown in Fig.
3.28 ‘with the efficiency of the non-implanted device "4 dB greater than for the
implant-isolated device. © An explanation' for the discrepancy between
experimental results‘ and our prediction stems from the fact that the implant-
isolated device used in this experiment had non-implanted regions comprising
approximéte]y 609% of the interaction region. Thus, a greater portion of the
gate area would contribute to the maximum convolution resulting in an
‘expected driﬁ‘ere‘nce of bnly -"4’.4 dB from thé maximum possible convolution
ou‘tput. |

A plot of Fy versus gate bias is shown in Fig. 3.29, for an implant-isolated
correlator. As expected, the maximum ,convolutioh output occurs for gate
biases which deplete the non—implanted regions. For biases more negativé, the
implanted region dominates,. as predicted from the calculation of internal
convolutién efficiency plotted in Fig. 3.27. It should be noted that although
one doping region dominates the overall convolution efficiency in any particular
bias range, the efficiencies are comparable for gate biases between -1V and -3V.
This is indicated in Fig.-3.29 by the vgr'ad,ual transition from the maximum

efficiency toward the region where the heavily doped device dominates. -
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3.8 Measurement of SAW Potential

Ii the design of nearly all devices fabricated in the layered ZnO/SiO/Si
configuration which utilize the interaction of the silicon carriers an‘d fhe Aelec'tric
fields of thé SAW, a knowledge of the silicon surface potential asso'ciat‘ed with
the acoustic wave is essential. Information about the wave potential is
invaluable in the deSIgn of convolvers and correlators as well as SAW charge
transfer devices67:68 and SAW CCD’s%9, We have de51gned an experiment in
which the implant isolated storage correlator is utilized to determine this

potential relative to transducer input power.

Beglnnlng in an eciulllbrlum state with the correlator gate biased at some
value for normal operation, one has a condition in the gate reglon similar to
t'hatb shown in Fig. 3.14. Application of any short duration positive signal will
cause the injection of éome minority carrier inversion layer charge into the
- semiconductor bulk where some will recombine. When the applied~signal is no
longer positive, the ‘depletion regions will be changed by some amount
dependent upon the amount of recombined holes resﬁlting from the positivé
portion of the signal. As mentioned in Section 3.5, when the applied signal is a
spatially varying standing wave pattern, information will be stored in the gate
region. As}» described above, application of ah_rf gate-acoustic writing sequence

introduces a gate potential V, given by
V(z,t) = Vycos(wt = ¢) (3.26)

where V,,, the writing signal is given by

\/v2 + 2v,v cos(kz) vg2 L (3.27)

The value v, is the unknown magnitude of the acoustic wave potential

referenced to the gate electrode and v, is the magnitude of the gate-applied rf
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writing signal. Whenever V, > 0, there is infdrmation storage and a
subsequent readout signal, R(t), gives the correlation between the stored

reference signal and R(t), the readout signal.

It was noted that durlng negatlve going cycles of the applied writing
signal, there is no contrlbutlon to the stored s1gnal Furthermore, after thet
- presence of a negative signal component, the gate region will remain in exactly
the same. condition as it was before the negative signal was applied. If one
were to apply a hegétive; dc pulse of amplitude AV to the‘gate immediately
prior to writing the reference signal and’ leave‘ it on for the duration of the

writing sequence, the total gate signal during the writing process would be
V(z,t) = V cos(wt = #)— AVg . | (3.29)

Clearly,‘ if the a,>p‘plied pﬁlse AV, is greater than V, then no signal will be.

" stored because V,(z,t) will always be negative. If, however, AV is less than

V;N, it is possible to store a reference signal. -

By actually applying a dc pulse AVGV dm"ing the w}iting process, a great
deal of information about SAW signal levels can be determined. The effect pf
AV upon the writing process can bé Qbserved by.monitoring the correlation
output as a function of AVy,. As long” as some signal is being written into the
AV

gate region (i.e. < v, * v,), then the correlation output V; is nonzero.

While varying AV, the correlation output voltage disappears when
AVg = AVg, = v, T vg where AV . represents the threshold value at which

the writing process will no longer store a reference signal.

The interesting feature about this observation is that, experimentally,

AV, and v, can be measured directly at the gate, allowing v,, the acoustic

wave p'oten‘tialv referenced to the gate, to be easily determined. " The
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exPerim‘eli‘ta.l setup is,diaéramed in App,endix B. Thé experimént éonsists of
the standard correlation experiment descrvibed in .Section 3. 6»(Consist'ing ‘of the
~gate-acoustic wrltmg mode and the gate-to-acoustic readmg mode) w1th the
addition of a pulse AVq applled to the gate just prior to the 1ntroduct10n of
the writing signal. In the experiment, AV, the applied gate pl__;lse,» is varled»
during the writing p‘roxces.s and the correlation output-is;monitore(-l ,fbr each‘o'f
the AV values. Whén the correlation output becomes zefo, this implies that

‘no signal is being written into the device and AVg = AVq,.

3 8.1 Experlmental Results

Experlmental results of V versus AVG are shown in Fig. 3.30. The shape
of the curve can be explained with the aid of Fig. 3.31 which shows the gate
~signal during the writing process including the dc pulse, AV(;_. Since only
* positive portions of the tétal signal contribute té ‘the storéd signal, the
éorrelat_ion output is extremely sensitive to the. applied pulsé magnitude.
Furthermore, the sﬁoi‘_jed writing signal (and hénce the .(:or_relationb output) is
dependent upon not oﬁly thev magnitude of the poéitive swing dufing wrifing

but also the time duration of the positive signal because the amount of charge

t

storage varies as V(1 —e 7). Clearly, as AV becomes more negative, not only

does the I’nag\nitud'e of the posi,tiveb signal decrease but the effective writing time
decreases as illustrated in Flg 3.:31. Thus, the change in correlation output
with AVG is dependent not only upon the change in writing signal magnitude -
bult>ablso writing bsign.al' time duration. | |

it is d.iﬁv“icult' to thain an analytical expression for the effective writing

time when the negative dc pulse is applied in addition to the writin‘g séquence,
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but it is easily calculated wit,hv the aid of a computer. Results of a predicted V,
“versus AV (using the method of Section 3.5) afe shown in Fig. 3.30 along with
the experimental results. The nonlinear behavior of the plots is due to the fact
‘that ﬁhe effective writing time changes 1n response to AV as explained above.
Furthermore, once AVq > | v, ~ Vg | as can be seen in F‘ig. 3.30, ‘the
reference signal bécomes distorted because the lower portion of the writing
signal is essentially cutoff. That 1s, for | v, Vg | < AVg < | v, t v, i , the
stored reference signal will change drastically with changes in AV, The

AVl = | Vv, Vg | are shown on each of the curves

predicted points where

in Fig. 3.30.

In the experiment, v, and AV were measured at the gate of the device
using an rf voltmeter. From these values we compute v, for many. different
acoustic signal power levels. In Fig. 3.32 we show the gate—referenced acoustic
wave potential as a function of IDT terminal voltage for an operating point
gate bias of -10V. Because of the dependence of the acoustic wave attenuation
on the silicon surface potential, one would expect the acoustic potential versus

transducer potential to be dependent upon gate bias.

3.9 Electronic Erasure

To be useful as a Signal processing device in practical applications, the
storage correlator must be able to process signal comparisoﬁs at a very high
rate ( > KHz ). Since signals can be stored for more than seéonds and the
reading process is non—destructive, the memory correlator must have a
mechanism by which the no-longer-needed reference sigﬁal can be erased prior

to the oceurrence of an ensuing writing sequence. In other correlator structures
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erasure ‘has been achieved by a number of méans; the moét common being
illumination of the device using light emitting diodes (LED’s) mounted inside
the device packagess. The rapid p‘hofogeneration of carriers.inside the silicon is -
sufficient to relax the debletion widths to their. equilibrium values within a few

microseconds and erasure is accomplished.

An electronic erasure scheme for the induced junction storage correlator
has been demonétrated by Weng®* 59 The electronic erasure method relies
upoﬁ a narrow negative pulse applied to the gate which is sufficiently large to
deep deplete the semiconductor in the entire region below the gate. This deep
depletion condition creates shﬁnting paths between what once were isolated
storage regions. ‘The erasure is complet'ed when minority carrier holes from the
regions surrounding the gate are sWept into the gate region and a uniform
inversion layer exists at the silicon surface. At this point in the erasure process
the semiconductor is in the same condition as when setting up the induced
junctions so that relaxation of the érasure bulse leaves-the device immediately -

ready for storage of another signal.

.Iﬁ the construction of the implant isolated storage correlator it was
binitially. thought that a type of electronic erasure similar to that of the induced
junction device mig'ht' be used; Experimentally, hbwever, we observe that
negative pulses applied to the device gate up to several tens of volts in
magnitude do little to reduce th‘e_amount of stored signal. This is consistent
with our predictions of Section 3.5 that the application of a negative pulse to
the gate has little effect upon the stored charge. Additionally, the plot of
correlation output versus gate bias shown in Flg 3.24 indicates that the
electronic erasure vschem‘e will not work becaﬁse increasing negative bias has

little effect upon the correlation output. It is presently thought that the lateral
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area surrounding the gate supplies an amount of holes whlch is 1nsufﬁc1ent to
wash-out the reference signal in a short period of tlme "The s1mplest form of
erasure, time relaxation, and ‘the electronic scheme are eliminated as ,
possibilities for: reasons mentioned above so an alternative method is sought.
One of the reasons for utilizing a monolithic conﬁgur'ation is the ease of
fabrication ~ and = rugged constructionv and although this implant “isolated
correlator has - proven to be extremely sensitiire to even the slightest
illumination, it seems self-defeating to incorporate another discrete component
(an LED) into the device pa’ckage. The device erasure scheme we propose
“involves using a voltage controlled diode for injection of the des‘tructi\fe
minority carriers necessary for erasure. The gate controlled diode erasure
scheme is identical to the electronic erasure shown by Weng except that the
signal erasing carriers are 1nJected from an external source rather than
generated 1nternally. |
A schematic diagram of the p'rop.osedr erasab:l.e correlator structure is
shown in Fig. 333 It consists of the same components an.d dimensions as the
implantisolated correlators fabricatedl to date with the addition of a diode
surrounded by a metal ring ad]acent to the gate region on one side of the
device.” The diode serves as the source of the injected holes and the metal strip
~ is biased during the correlation process to form a potential barrier between the
diode and the gate region. " The diode is .constructed‘iria a p+ (l30ron) ion
implantation following_f the initial phosphorus grating implant and oXidation' to
avoid contaminatiOn of the boron drive furnace tube during the anneal. Tlle

“aluminum contact is made directly to the pT implanted silicon.

The electronic erasure process with this structure can best be explained

with the aid of Fig. 3.34 which shows a side view of the diode, barrier, and
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(a)

| ‘Fig'ure 3.33

Implant-isolated"storagé corrélator win erasure. (a) Top metallization
pattern (b) ion implantation pattern at silicon surface.
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(b)

(d)
Figure 3.34
(a) Cross sectional view of diode, guard ring, and storage region. (b)
"Energy band diagram at equilibrium, V4 =V, = Vg =0. (c) Energy band
disgram for Vg < V, < V4 = 0 showing the barrier between regions. (d)
Energy band diagram during erasure for Vg =V, < V.
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grating regions a,n‘d énergy bl')a,nd diagrams for various bia,sing schemes. The
énergy band diagrams are sketched with reference along the plane shown by
the dashed curve of Flg 3.34a. Figure 3/.34b shows the équilibrium condition
of | the serﬁiconductbr with Vhovbias voltages applied to the: dev,ice; 'Under
r_rormal operating chditiorls, however, the gate bias is negatirre'(VG = -8V} and
 the diode voltage is zero (VD'——-O); To prevent prernatlrre eraéure of bthe
reference signal, stored beneath the gate, the barrier voltage, Vg, will be held at
- -2V. This reverse biases the diode and prevents communication between holes
in the diode rind those in ‘th'e inverted gaté region by increasing the -potential
barrier between regions. The condition just deséribed can be visualized in Fig.
3.34c. With this bia‘sing‘ in effect, the correlator should operé,te exactly as it -
did Without the dio_dé.: Erasure s acf:ompl_isrled by removing the barrier
b_etw_een the gate and diode regions by pulsing the guard ring voltage to Vg
(Fig. v'Zv_’>.34d) thereby flooding the deep dep’letédétorage regions with minority
carrier holes. This rapid diffusion of holes should cause complete erasure of the

stored signal within a few microseconds. .

This erasure mechanism involves a few extra fabrication steps but no more
electronics than any other erasure technique. Furthermdre, erasure will be
accomplished without complicating the device package with LED’s but in the

same time period.
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CHAPTER 4
SAW RESONATORS

i

In marked cdntré,st to the monolithic SAW memory correlator which
utilizes the nonlinear electrical properfies of the silicon for its operation, the
SAW resonator relies ﬁpon the scattering properties of surface acoustic waves -
“ from surface discontinuities for proper operation. As a matter of fact, electrical
interaction of propagating acoustic waves with metal features or semiconductor
charge carriers gives ‘rise to undesirable acoustoelectric losses which can
severely limit device performance. In the SAW resonator, one relies upon
efficient reflectors to confine acoustic wave energy to a resonant cavity. The
reflections can be both mechanical and electrical in nature but reflections which
are dependent‘ upon electrical loading effects are less efficient than purely

mechanical reflections.

LAong before the introduction of SAW resonators, acoustic bulk wave
resonators were demonstrated to be high Q, low loss elements. Because very
thin piezoelectric membranes are needed for high frequency bulk wave
resonators, however, their practicality extends into theifrequency range only as
- high as thin film _rhachining will allow. Kline and L:adj‘(in70 have fabricated bulk
wave resonafors on GaAs with operating frequeﬁcies higher' than 1 GHz. In
their devices, sputtered AIN films are effectively removed from the G:;As

substrate by chemically etching pouches in the underlying substrate. Using
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this technique, the ability to achieve resonance at a particular frequency

depends upon ones ability to control the sputtered film thickness.

Alternatively,. the utilization of surface acoustic wave structures has
resulted ih resonator epefatiOn as high as 2600 MHz! with excellent frequency
control which is deterrﬁined by the accuracy of the pattern definition on the
substrate surface. As such, surface acoustic wave resonators have pfov,en to be

72,73,74,75,76 and are used as

effective high frequency, narroWband filters
frequency control elements in oscillators in the UHF-VHF range’ > 78, These
devices have also been used as plfessure sensors’9, accelerometers8® and gas

detectors8l.

Fabricated en single crystal piezoelectrics such as quartz and lithium
niobate826:83,8,84,85 45 well as in the ZnO/SiOy/Si layered medium
conﬁguration7, SAW reslonators‘ a‘rei‘ugged high Q devices®6:10.9 capable of
operating at frequencies above 1 GHz87:88,  Single crystal substrate SAW l_
resonators fabricated on LiNbOj are attractive beeause of the possibility for
low insertion loss by virtue of its high electromechanical coupling coefficient
while the advantages offered by resonators on quartz are ternperéture stability
and low propagation loss. B

Recently, the single crystal SAW resonators have been challenged by -
devices fabricated in the ZnO/SiO2/Si layered configuration?. Martin et al.22,
have demonstrated high Q resonators which can be made temperature stable
by exploiting the compensating nature of the temperature coefficient of phase
delay from a thick 510, layer. Additionally, by varying the dimensions of the
SiO; film, one can make these devices temperature stable over a temperature
range selected by the designer. One'further advantage of the layered medium

resonator, not possible with single crystal resonators fabricated to date, is the
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possibility of incorporation of the resonator as an on-chip element which can be
fabricated alongside other components in monolithic circuits. Moreover, in
addition to their rugged construction, ZnO-on-silicon SAW resonators ha\fe
| displayea p'otentiaily faVorable aging characteristics®9.

In this chapter we discuss further coﬁtributiohs to the study of on-silicon
SAW resonators in an effort to increase their attractiveness for high freQﬁency
applications. We present a brief discussion of the 0p/efé1_:ion of a typical SAW
resonator followed by experimenfal' results -"deaiiﬁg with new on-silicon

resonator configurations.

4.1 Introduction

The operation of any SAW resonator involves the confinement of the
acoustic wave inside & resonant cavity. The resonant cavity is formed by
pla;cing SAW vreﬁectors' some distance L apart such thé.t at a particular
fpé(iuéncy, a standing wave pattern will exist inside the cavity. The surface
a‘cou”sticv wave which is to be confined is introduced by way of interdigital
tl’r’ahsd,ucers and the résonant condition standing wave is detected using either
the same (one-port), or another (two-port), IDT. The operation of IDT’s for
wave excita‘tioh was Oﬁtlined il Ch. 2 and we now turn our attention to the
reﬂe_ctor ’array pfoperties'.

In a SAW resonator, ideally éne would u_tilize abrupt vdiscon‘tinuities
(either parallélAcleaved substrate edges or two very deep grooves);to achieve
total reﬂ'ectiofn’y of the surface acoustic wave. Such a stttlctﬁre; however, would
lead to severe éoﬁiefsion to bulk modes and hence a power loss which would
gréétly decrease the resonator performance. Instead of lérge reflections from a

single r}e'ﬁ-ector’,, reflection consisting of contributions from a series of distributed
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reflectors has been ‘suc’cess_fully‘ employed.

The fundamental princ:iple behind the operation of a SAW resoria,tor is
that near total reflection of a surface acoustic wave can be achieved by using
an array of distributed reﬂeciOrs consisting of a large number of periodic
discontinuities placed normal to the propagation path%0 73, Tt is.v because the
SAW resonator utilizes waves propagating on the surfaee of a substrate, that
eriables one to employ | surface perturbations for the reflection process.
Furthermore, if the periodicity of the perturbing features is one—bhalfb
"~ wavelength, only a small fraction of the incoming wave energy need be
reflected by each of a le,rge_number of reflectors to form an efficient Bragg
reflector ca‘pablebof large coherent reflection over a narrow bandwidth. A

resonant cavity is ,fermed when two such reflectors of the same periodicity are
placed opposite one another 1thereby confining SAW energy between the |
“reflectors. Resonance occurs whenever the stirface acoustic wave lies within the
bandwidth of the reflectors and the total round trip ‘phase shift of the confined
~wave is a multiple of 2m. When the resonant condition is satisfied one has a
stahding acoustic wave in the cavity. Furthermore, the use of a sufﬁcierit
number of »distributed- reflectors per grating has been shown to make the bulk
mode conversion loss in SAW re“sonato_rs negligible compared to other energy

loss mechanisms present in the system91,92,

A convenvtional SAW resonator consists of one (single-port) or two (two-
port) interdigital transducersb placed between symmetric reflector arrays on a
piezoelectric surface. The schematic of a typical two-port Zn0O/SiO,/Si SAW

resonator with etched groove reflector arrays is shown in Fig. 4.1. The etched
groove reflector arrays actually consist of ridges rath‘er than grooves. From

Figs. 2.3 and 2.5 one can determine that the wave velocity in the ridges (where
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the ZnO is thicker) is sloWer than in the region surrounding the reflector array.
That is, the eﬂ"ectiv‘e SAW velocity in the grating region is slower than in the
surroﬁnding region. Thus, a waveguiding effect occurs which tends to confine
the SAW laterally within the grating region. Placement of transducers between
reflector arrsys allows one to couple energyb into and out of the cavity. The
two-port interhally coupled configuration, as well as an externally'coupled

structure, (transducers outside the resonant cavity) will be discussed later.

4.2 Reﬂector Array Properties

In SAW resonators fabricated to date, it has been demonstrated that the
surface reﬂector arrays can consist of metal strips 'either _Ashorted or isolated?? as
well as grooves etched either chemically or by ion millihg7. Although
metallized reflector 'resonators are easiest to fabricate, and ZnO is etched
readily with a dilute nitrie acid sQlution‘, the most efficient reflectors have
proven to be gratings of ion beam etched grooves in the substrate surface. As
such the majority of our work deals with devices fabricated in the ion beam
etched groove conﬁguratlon Since the operation of the SAW resonatoe is_
critically . dependent upon the confinement of energy, we will examine the
grooved reflector array in some detail as a means of establishing an efficient
resonant cayity.

Traditionally, the reflective grating has been modeled as a periodically
mismatched tfansmission lin'e as shown in Fig. 4.2; this report is no exception.
The transmission line model, first applied to the SAW reflector array by Sittig
and Coquin®3, has proven very accurate for long reflector arrays ﬁtilizing small
perturbations. In our device conﬁguratiens, the ridges are vmodeled as having a

characteristic impedance of Z, while the impedance of the grooves is given by
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| ~ One Reflector Period
i 1

Fxgure 1.2

Matrix represéntation of one reflector period.
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Z,. By assuming a particular impedance mismatch between regions 1 and 2,
one can determine the reflection (and transmission) magnitude and phase for a
reflector array of N tperiodic’ seetions Figure 4.3 shows a plot of reflection
magnltude versus number of reflectors for dlﬁ‘erent values of 1mpeda,nce,
mlsmatch per sectlon One can see that as the number of reflectors increases
(for a fixed impedance mlsmatch), the reflection magnitude of the array
becomes nearly total. [Figures 4.4 and 4.5 show plots of calculated reflection
magnitude and phase versus frequency, assnming a lossless reflector. From Fig.
4.4 one can see that as the number of i'eﬂectors increases, not only does the
reﬁection, magnitude increase, but the reflector ;',ba{ndwidth decreases.
Furthennore, as‘,shown in Fig. 4.5, the reflection ph,zl\,se variation is neariy
linear at the reflector center frequency. This enables one to model the gr‘ating
as a single reflector lecated a distan‘ce L, away from’ the grating edge with
reflection coeﬂic_ientvequ}al' to that of the entire array. The distance L is given
st » _ , v .

f
L =
P 4r

do

df fr=rt,

o (4.1)

.wher}e f, is the reﬂecfor'center frequency and ¢ is the reflection phase. The
reﬂectlon phase is dependent upon the number of reﬂectors per array as well as
the 1mpedance mlsmatch per periodic section.. A plot of L, versus impedance
mismatch, ¢, is shown in Fig. 4.6 for three dlﬁerent values of N, the number of
reflectors per array. In general, for a constant Ne, L, will be greatest for large
N and small e. Additionally, if the wave excited by the IDT is within the
‘reﬂecter bandwidth, and the separation between reflectors, L,, is an integer
number of half-wavelengths’, a resonant cavity will be formed with an effective

cavity length L g given by
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reflectors. -



113
Lg=2L, +L, . . (4.2)

4.3 Resonator Q

The eﬂ'ectiveness of a resohant cavity for confinement of energy can be
dete;mined by means of a figure of merit known as the device Q, or quality
factor. The Q of a resonant cavity is a measure of the ability of the cavity to
store energy and is>give‘n by

27U
P,

Q= 43)

whe;‘e U is the peak energy stored in the cavity, and Py, is the power lost per
cycle. An alternative expression for the device Q assﬁming no losses except for
radiation out the ends of the reflector arrays caused by insufficient reflection, is
given by | |

- b (4.4

M1-|R]|? o

where \ is the wavelvength at the synchronous frequency and R is the
magnitude of the reflection coefficient. Clearly, to obtain a high Q resdnator,
one desires to increase the effective cavity léngth, and at the same time,
maximize R. At this _point the problem appears to be a simple one as both
conditions for enhanced Q can be met by increasihg the number of reflectors
per ‘grating‘ and, dec_r_easing the reflectivity per' grdove (shallower grooves). The
actual solutibn, however, is not so simple because one must take into account

practical considerations by dealing wi‘.thv the various loss mechanisms in the

resonator.
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4.3.1 Loss Mechanisms

"Any losses which increase the power lost pér cycle, increase Py, thereby
lowering the device Q (Eq. 4.3). The main sources of loss are due to
propagation_ loss (viscous damping and air loading), diffraction loss and other
leakage out the sides of the device, losses due to éonve;sion of the Rayleigh
wave to bulk waves, and radiation loss from the ends of the reﬂecting'arrays. .
The overall Q one can attain is limited by each of these mechanisms. That is,
as one takes into account the Q’s associated with various loss mechanisms, one

can determine the overall device Q as follows

1 o1 1, 1 1,1,
Lopgl L L, L Ly .
Q Vg T T T T (49)

where the Q’s on the right side of Eq. 4.5 are the radiation, diffraction, bulk
- wave loss, and propagation loss Q's respectively plus any other loss mechanism
Q’s. We assufne the foﬁr loss mechanisms mentioned here to bé th‘e dominant
Qélimitiﬁg factors associated with our resonator strﬁctures. Several efforts have
been made at. reducin_g each of the. lossesg4; two which %:an be m_inimized by
changing the grating dimensions are diffraction loss ‘a,nd"b‘ulk wave conversion

loss.

Diffraction loss is caused by incorﬁplete confinement of the wave enérgy at
the edges of a reflector array. Li, et. al?®9 have shown that diffraction loss Q
varies as the square of the beamwidth and that a Sufﬁciently wide grating
aperture (50 \) will make diffraction losses negligible with respect to the other
losses. Losses associated with generation of bvu"l_k‘waves from grooved reflector
arrays has been ex’aminedg6 and it has been éhown that bulk wéve generation

can be made negligible by utilizing a large number of reflectors with very small

| -perturbationvsv (shallow grooves)gl., A thorough analysis has yet to be performed
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for bulk mode conversion in the layered Zn0/Si0,/Si configuration and as will
be seen later, this will be a major concern in the design of low loss, high Q-

resonators.

The radiation Q for a SAW resonator is dependent upon the reflection
magn‘itude of each reflector - array. As discussed earlier, the reflection
magnitude is a function of the nﬁmber of reflectors per ari‘ay as well ars“the
impeq-ance'-fnismatch per periodic section (groove depth). Also entering into
the computation of tl{e reflection 'ma_g'nitude, however, is the propagation loss
per unit length associated with a given structu‘re. The propagation loss will be
shown to have a profound affect upon the device Q.

To maximize device Q oﬁe requires a large effective cavity length and near
total reflection from each of‘ the reflector arrays. One assumes that this can be
achieved by using a large number of very shallow grooves. As the effective
cavity length L.g is increased, so is the effective propagation "path of the
confined SAW, so iﬁ the expressiOn‘for radiation Q, the increased L.g from
shallower grooves may be ;nore than offset by thbeA décrease in R.v That s,
depending upon the ﬁropag:’aﬁbn loss in a particular résonator configuration,
increasing L.y while holding Ne constant may or may not increase the device
Q. |

* The rather complex goal of the SAW re‘sonator designer is. to maximize the
device Q whilé keeping the device dimensiéns to a reasonable size. In the
Z'nO/SiOz/ Si layered medium configuration, the main source of loss (and hence
the limiting Q factor) is propagation loss due to the viscous nature of the ZnO
layer. That is, it is assumed that the device is limited by Q, and"thatv
diffraction loss, bulk wave loss, and radiation loss are comparatively small. .

These assumptibns will be verified in following sections. -
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4.3.2 Propagation Loss,

It should ‘be noted that the SAW resonator has long been a valuable
diagnostic - tool in the determination of wave attenuation because the Q
provides a very sensitive measure of propagation loss within a structure9>9.
By minimizing all other loss mechanisms (by methods described ,above), one can
assume >all remaining loss to be due to propagation loss thereby allowing an
‘yattenuatio’n factor, a, to be determined from the well kh_own‘ relation

g . .'Q:E K o | ~ (4.6)

where X is the wavelength of the SAW at the synchronous frequency and « is
the propagation loss per unit length. The value of & computed from Eq. 4.6 is

an upper bound on propagation loss. |

'Propagation_losé in the ZnO layered medium is .much greater than for
Rayleigh ;Wa,ves propagating in silicon or on bulk ZnO. Hickerne1197 reports
IosSes for sputtered ZnO films typically “eight to 30 times greater than
predictions made based on bulk ZnO ,sémples. The higher propagation loss is
believed to be caused By physical discontinuities at fhé grain boundaries of the
polycryétalline ZnO films as well as surface roughness which is an unavoidable
result of any sputtering /process; It has been shown that as surfaée roughness
and defect density increases, so does pr‘opagation loss%7.  An added
complication associated. with the propagation loss in the thin film ZnO layer is
that the propagation loss increases with the square of the frequency?’; a
potential limiting factor in the operation of hri‘gh ‘Vfrequency SAW resonators.

. Té observe the effect of propagatipn,lqlss‘f upon the device Q we have
' simulated the response }of a SAW r(esona,tor'using the cascaded traﬁémission

line model while incorporating }propagatio‘n. loss.. We have assumed a
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vpr"op'agation loss of 0.45 dB/cm and"'hav'e let the s‘eparat‘ion between arr'ays (L ) ’
be 30). Q is then calculated from Eq. 44 where the computed reﬂectronv
coefficient -includes the effect of propagatlon loss. Flgure 47 is a plot of
resonator Q versus Ne the number of reflectors t1mes the 1mpedance mlsmatch
per reﬂector where the number of reﬁectors per grating was. held constant and
¢ was varied. For this particular array separatlon and. propagatlon loss the
maximum Q s achleved for small 1mpedance discontinuities and actually
decreases slightly as the 1mpedance mlsmatch per perlodlc section - (groove
depth) increases. That is, as groove depth 1ncreases ‘the reﬁectlon magnitude
increases but the eﬁ‘ectlve cavrty length -decreases and the overall Q decreases |
The degradatlon of Qis attributed to the fact that the slow lncrease in the
reﬂection coefficient from deeper grooves is ‘not sufficient to ;cOUnteract'the
decrease in effective cavity length because the propagation loss in the cavity
region‘betvveen‘ reﬂectors dominates the device' Q. | o
Understanding V‘the relationship between these * effects is, e‘s‘pecially'
lmportant in the desrgn of hlgh frequency resonators where it is thought the

propagatron loss will increase dramatically because of the f2 loss. mechanlsm

One should also keep in mlnd the fact that once propagatlon loss becomes '

| large one no longer gains a great deal in the way of maximum Q by 1ncreasrng
vthe number of reﬂectors in the gratlngs Rather, by sacrlﬁcmg a small
percentage of the maximum Q one can reduce the size of the dev10e by great
~amounts; a very important consideration if these devrces are to be 1ncorporated
into monohthlc circuits. Note in Fig. 4.7 that a devwe represented by the data
of curve A corresponds to a dev1ce of approx1mately one—half the area of the
device of curve B whlch is half the area of the dev1ce represented by curve C.

‘Thus one has srgnlﬁcant savmgs in valuable substrate real estate ‘without
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sacrificing an appreciable amount of the resonator quality factor. From the
curves of Fig. 4.7 one can see that it is unreasonable to expect higher Q values
from different combinations of groove depth and grating length after a point

because the device performance is limited by propagation loss.

4.4 Limited ZnO SAW Resonators

To improve the ZnO film quality and to reduce the propagation loss
associated with the ZnO/SiO,/Si composite structure, various annealing
techniques have been employed. Results of a laser anneéling experiment have
been reported by Martin et. al?8. whereby the grating regions of a SAW
resonator were laser annealed in an attempt to reduce the number of defects
located at the ZnO/SiO, interface. These interface defects are highly
concentrated in sputtered films and are thought to contribute significantly to
surface wave attenuation. The results of the CO, laser experiment by Martin
are shown in Fig. 4.8. Clearly the slight increase in device Q is not enough to
warrant significant interest in the laser annealing téchﬂique as a method of
reducing propagation loss. It was not noted in this experiment whether there
was a change in the op’tical propagation loss which is what had been of interest
to those laser annealing ZnO up to this point98.

In addition to laser annealing, thermal annealing in furnaces has been
attempted?® but with no improvements noted in either optical or acoustié

propagation loss.
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4.4.1 Device anﬂguration

Rather than resign ourselves to the fact that ‘not.hing can be done to
reduce the surface wave attenuation caused by the ZnO film, we have
attempted to circumvent the problem through the use of alternate
configurations which are variations of the devices fabricated to date. Tﬁe
function of the piezoelectric ZnO layer is that it provides a means by which
electrical energy can be transduced into acoustic energy and vice-versa thereby
allowing a means for coupling into and out of the resonant cavity. Efficient
reflection of surface waves can be achieved without the ZnO film. By reflecting
the waves using grooves et\ched into the SiO, layer (ZnO removed), the lossy
ZnO layer can be limited to the transducer regions. ‘To examine the effect of
elimination of the ZnO on delvice Q, resonators similar to those depicted in Fig.
4.9 have been fabricated. One will note the transducer regions are the only
places where ZnO is to be found. These ZnO regions can be defined either by
chemically etching the ZnO layer or by using a shield during the sputtering
process. An advantage of the latter technique is that sputtering damage can be

restricted to a minimum area of the wafer.

A feature associated with the growth of thin films is the possibility of
some nonuniformity in thickness over a sample. In fabricating resonators using
etched grooves in the ZnO layer, it is important to maintain good control of
the film thickness in the grating region; this is especially important due to the
velocity gradient associated with a change in film thickness of the dispersive
ZnO layer. The velocity gradient can both degrade the reﬁéction magnitude
and increase the bandwidth of a reflective array. The nonuniformity problem

is alleviated in devices constructed using grooves in silicon or grooves in SiO,

where the dispersion is considered negligible.
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A series of experlments involving the mea,surement of the transmlsswn
_ through reflector arrays of 400 1on—mllled grooves were performed to determme
the reﬂect1v1ty per groove for various values of groove depth. A plot of' :
reﬂ’ectivitv per periodic section versus normalized groove depth, hk, is shown in
Figure 4.10. Experimental points together with a theoretical curve for grooves
both in silicon and SiO, indicate that experimehtal results appear to be in close
agreement with theory101, 102 Also included in the figure is a line showing
experlmental reﬂect1v1ty data for grooves etched into the surface of a 0.7 pm
ZnO film on 305 pm SIO2 as previously reported”. All measurements and
predictions are for (111) cut -[211] propagation direction silicon substrates:
Clearly, by ellmlnatlon of the ZnO layer 1n the grating region, one must use
deeper grooves more reﬂectors or a combination of these two to obtain the‘
same amount of reflection from a grating etched 1nto silicon or SiO,. An
increase in the groove depth will ‘eventually decrease Q due to scattering into
bulk IhO(les, 'Wherea,s an increase in the number of reflectors per grating will
increase the effective cavity length and hence, raise the Q at the expense of an
increased device size.

With this reﬂeetivity information as a 'startihg point, resonators similar to
those shown in Fig. 4. 9a were coh‘structe(l with 400 grooves per reflector array
and a pel‘lOdlClty of 20 um The separation between reflector arrays was 30
wavelengths The motivation behlnd using an externally coupled resonator was
to leave the transducers outside of the resonant cavity to try to maximize the
device Q by not loading the cavity with the output port. The reSonzttors were
constructed with grooves etched into a 3.05 um SiO, layer and also grooves in
. unoxidized silicon. The Qs for these devices were 25900 and 31,400

respectively; a significant improvement over the previous high of 14,400 for an
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Reflectivity per grodve vs. normalized groove depth for the following
configurations: v

(A) Grooves in 0.7 pm ZnO on 3.05 pm SiO,,

(B) Grooves in 3.05 pm Si0,

(C) Grooves in unoxidized sﬂlcon All substrates are (111)—cut <211>

propagating silicon.
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externally coupléd SAW resoriato'r with grooves etched inte the ZhO layer.
Experimental results of Q versus ‘impedance mismatch pef perio‘dic'section for
the just described configurations are ShO‘WI) in Figs. 4.11 and 4.12. The
'expver'imental data obtained in these measurements was used in the resonator
simulation program to. determine values for propagation loss for each
convﬁgurationb. -In the Si02 reflector configuration a value of a = 0.24 dB/cm
best fits the data .and,similquy a = 0.19 dB/cm for the unoxidized array .in
silicon. The computed values of resonétor Q using these fa"ctors‘ are
represented by the solid curves of Figs. 4.11 and 4.12. These factors are far
below the value of @ = 0.45 dB/cm computed from the best resonator with -
grooves in ZnO. Using these values; an extension' of the ’reso‘nator model leads
us to believe Q’s of at least 27,600 and 36,100 are attainable at 115 MHz for
the silicon dioxide and silicon groove arrays respectively. This information
enables us to examine_not only the degree of surface wave attenuation which
can be attributed to the ZnO layer, but we can also begin to draw conclusions

about the effect of the SiO, layer onvpropagation loss.

The two-port transmission magnitude response of an externally coﬁpled

resonator is shown in Fig. 4.13. The sharp resonant peak centered within the
" reflector array stopband is characteristic of thqsé devices. The peak-to-
backgrou_mj level is approximately 25 dB but only in a narrow frequency band
near resonance and the insertion loss at resonance is nearly 50 dB. Externélly‘
coupled resonator filters are useful for nérrowband applications where gain is
not an important factor.

The two-p'ort‘inté'rn'all.y coupled resonator, however, has a large peak-to-

backgrdund level over a wide freﬁilency range, and has exhibited insertion

losses in the layered medium configuration of less than 5 dB. A two-port
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Figure 4.11

Resonator Q versus reflectivity per periodic section for limited ZnO
externally coupled resonators with grooves etched into SiO,. .
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Figure 4.12

Resonator Q) versus reflectivity per periodic section for limited ZnO
externally coupled resonators with grooves etched into unoxidized silicon.
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transmission response plot for a typical internélly coupled resonator is shown in
Fig. .4.14. For obvious reasons, the internally coupled two-port resonator
configuration is of much greater interest for practical signal processing
applications and as such, we have applied the above-mentioned changes to the

‘.inte’rnally coupled structure.

SAW resonators in the configuration shown in Fig. 4.9b have been
fabricated for both grooves in SiO, and grooves in unoxidized silicon. In both
strﬁctures' the ZnO was chemically etched away from the grating region to
form an abrupt step at the edges of the transducer regions; no tapering of the
ZnO was attempted. Each reflector array consisted'of 400 ion mill grooved
sections. Experimental results of Q versus reflectivity per section for limited
ZnO internally coupled resonators are shown in Figs. 4.15 and 4.16. In both
cases of grooves in SiO, and grooves in unoxidized silicon, the maximum Q
achieved was below 5000. ‘One would first conclude that perhaps the deeper
grooves needed becausev the lower reflectivity per groove (Fig. 4.10) of both trial
configurations caused a seifere bulk mode conversion and hence greater power
lbss. However, the high Q’s of the externally coupled resonator configurations
quickly discount that_ as a possibility. The severe degradation of Q is blamed
on the babrupt step discontinuity at the edge of the ZnO -'region which leads to
severe bulk wave generation. Several analyses have been performed on the
conversion of Rayleigh waves to bulk waves in reflector arrays and at a single
shallow groove of finite width. Our interest, however, pertains to a single

vertical step and the various reflections which occur at this discontinuity.
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Two-port frequency response for an internally coupled ZnQ/Si02/Si SAW
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Resonator Q vs. reflectivity per strip for limited ZnO internally coupled
resonators with grooves etched into unoxidized silicon.
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4.5 Recessed ZnO SAW Resonator

| Still wanting an internally cdﬁpl‘ed SAW resonator which exhibits.highef
Q-values because of the limited ZnO area, we designed an expefiment “to
minimize the mechanical reflection at the edge of the ZnO region. The
-proposed structure, shown in Fig. 4.17, consists of the same features and
dimensions as the internally coupled limited ZnO resonator shown in Fig. 4.9b,
but with the ZnO layer recessed into the silicon substrate. The device is
fabricated by placing a two mil thick metal mask” atop a silicon substrate on a
special aluminum pall.et. The mask/substréte/pallet assembly is fastened
together by affixing an aluminum shield to the pallet as shown in Fig. 4.18.
While all of the layers are in intimate contact, the entire assembly is placed
into the ion mill and the silicon is etched to a depth of 8000 A. After the
groove is etched, and without breaking vacuum, a 1000 A layer of Al is
deposited as a shorting plane. The pallet and masks are then placed into the
sputtering system ahd‘ a 7000 A ZnO film is sputtered, thereby m;;.king the ZnO
film flush with the silicon surface. At this point, the mask is removed from the
substrate and resonators are fabricated as described in Appendix D to yield the

devices of Fig. 4.17.

4.5.1 Experimental Results

A series of r'esonaéors wére fabricated with varying groove bdepths and Q-
values were determined. Resulté of this experiment are shown in Fig. 4.19 for
.the recessed ZnO SAW resonators on silicon. The rather disapbointing'fésults

are shown to béhave the same as those of devices fabricated with limited ZnO

* Moly permalloy (76% Ni, 20% Fe, 4% Mo)
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Schematic for a recessed ZnO SAW resonator.
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Recessed ZnO fabrication assembly.
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but no recessing of the ZnO. The highest Q-value obtained was 4000 and was
achieved for only a modest reflectivity per strip of ~ 0.5%. Increasing groor_ie ,
depth again resulted in a degradation of Q-value. The recessed ZnO structure

behaved as if a step existed at the edge of the ZnO.

To examine the edge of the transducer region, we have examined a 'device
with 4 Dektak step measuring apparatus by dragging a stylus‘across the
vertical ZnO/Si interface. A replica of the step reglon is shown in Fig. 4. 20 for
the 1nternally coupled structure. It is apparent that the metal mask approach
to. recessing the ZnO layer to form a planar structure was unsuccessful. The
ledg’e of the ZnO region is seen to taper off over a few wavelengths and become
very thin at the edge of the very large silicon barrier. The change in film
thickness near. the ZnO region edge is most likely due to the altered electric
field pattern at the’ edge of the mask during both ion milling and rf sputterlng
The reason for the large ridge at the edge of the silicon is still unexplalned
Irrespective of its origin, the step has a severe effect upon the device Q (as
shown in Fig. 4. 19) Furthermore, because of the very wide gap between the
ZnO and srhcon regions, the metal mask recessed structure is not a reasonable

technique for achlevement of the structure of Fig. 4. 17

One pOSSlblllty for reducing the bulk wave conversion at the step
dlscontinnity is to taper the ZnO layer in a non-recessed structure. vIn addition
to the increased fabrication complexity, however, the design of such a resbnator
becomes very complicated. Because of the ‘dispersive nature of the layered
Zn0/Si0,/Si system, reflectors in the tapered reglon would have to be spaced
aperiodically to achieve maximum coherent reflection from ‘each array.
Additionally, the tapered ZnO layer would compnse a greater surface area of

the substrate thereby incr-ea’sing the propagation loss in the structure.
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Profile of recessed ZnO edge determined by dragging a stylus over the
surface.
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4.8 Conclusions

We have demonstrated a means by which the Q-values of on-silicon.SAW
resonators can be enhanced through a minimization of the ZnO film area.
Significant improvements were noted in externally coupled conﬁguratibn_s -bu'tl a

degradation occurred for internally coupled devices.

The rationale behind fabricating these limited ZnO devices was to improve
Q-values so that high frequeﬁ(:y SAW resonators could be constructed with
reasonavble Q-values. At high frequencies, propagatioil ‘loSs in the ZnO film is
the major Q-degrading factor and by reducing the area éf the device containing

ZnO, the device characteristics can be optimized.

We note here that the upper limit for device Q- in the internally coupled
resonator coﬁﬁguration is 5000 for an abrupt step at the edge of the ZnO. This
maximum Q is frequency independent for the same ratio of step height to
wavelength. The upper limit von dev’i.ce Q imposed by this step will always be
_ 5000 because all diménsions scale »proportioﬁally at different frequencies. At
freéluencies in the GHz range, then, the Q limit imposed by the step will be far
above the achievable Q due to other loss mechanisms in the structure
(including propagation loss in the ZnO-less structure). Thereforé, 6ne can still
benefit from the limited ZnO struéture at high frequencies and take advantage
of the reduced propagation loss in the regions without 'ZnO" and without

concern for the effect of the step discontinuity.
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CHAPTER 5
MODE CONVERSION RESONATOR

8.1 Introduction

.Most SAW resonators ito f,date‘ have emi)loyed Bragg reflection of a single
longitudinal mode f_rom periodic gratings of distributed reﬂectors to form
resonant-cavities >In addition to single mode Bragg'reﬂection‘ the'layered
Zn0/8102/81 conﬁguratlon permits a different means by which- wave energy
'can be conﬁned to form an efﬁclent resonant cavity via mode conversion
between dlﬂ'erent propagatlng SAW modes. It has been demonstrated34 that
when the ZnO film is of sufficient thickness, the layered structure will support
not only the ﬁrst order Rayleigh mode but also higher order Rayleigh modes.
Moreover in the layered structure ‘it has been shown23 that one can eﬁimently
| convert between these propagating modes by employing surface perturbatlons
of a particular perlodlcrty. ’ | -

Recently,‘ Martin et. all93,  have demonstrated a .ZnO-on;Si ‘mode
gconversion resonator which employs conversion between the Rayleigh mode and
the second order Raylelgh mode (or Sezawa mode) for the conﬁnement of
energy. In addltlon to the poss1b111ty for enhanced out-of-band rejection oﬂ'ered '
by this new conﬁguratlonsg, the positional 1ndependence of transducers within
the cavity has been demonstrated104 which has greatly relaxedfthe previously

critical spacing requirements necessary in-all SAW resonators.
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In this chapter we. present a theoretical deveiopment of the mode
cor'lvérsionvresonator. We first describe the basic.device struéture and principle
of operation, followed by an analysis of the device theory. Prior to drawing
conclusions we piesent experimental results 6f the mode conversion device to

demonstrate the validity of our predictions. :

5.2 Structure and Operation

A schematic of a two-port mode conversion resonator is shown in Fig. 5.1.
"The device consists of two interfacel®® transducers, one of Rayleigh type with
periodicity Ag and the other of Sezawa type with periodicity Ag. The rf diode
sputtered ZnO film is 6.5 pm thick, which is of sufficient thickness to Su‘pport
both Rayleigh and Sezawa modes. The reflector array consists of grooves

etched into the 1.0 pm SiO, layer. The periodicity of the grooves (with equal

groove and space widths) is d, where d is given by 23,106 -
: _ 27 ' '
kp T ks =" _ _. (5.1)

at a fixed frequency where kg and kg are the Rayleigh and Sezawa

wavenumbers, respectively.

A complete qualitative description of the operation of this device has been

89,103

described elsewhere so only a brief outline will be given here with the aid

of Fig. 5.2.

Consider the excitation of a Rayleigh wave by the application of a
sinusoidal signal to the Rayleigh IDT. The Rayleigh wave will propagate into
the mode conversion grating where it will be back;scattered as a Sezawa wave.
After traversing the cavity as a Sezawa wave, the wave will be re-reflected by

the opposite grating as a Rayleigh wave. Since bi-directional transducers are
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Mode Conversion

Figure 5.1

Schematic for a two-port mode conversion resonator utilizing interface

Rayleigh and Sezawa type transducers.
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Schematic for a mode conversion resonator showing a resonant mode of the
cavity. ‘ '
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used, this occurs in both directions such that vn’ravesk of both tybeszprobaga_te
- simultaneously in each direction as a result of the exciitatioh by 'o'n\l‘y one
transducer. It. is the ,prvesence of the transducer that gives a definite phase.
relationship between the two propagating cavity modes. Each of these loops,
as a Rayleigh wave in one direction and a Sezawa wave in the other direction is
an eigenmode of the cavity. Furthermore, when the total round-trip vphzise.
shift of these modes, as a Rayleigh wave in one direction and a Sezawa wave in
the other direction, is a multiple of 27, then each of these modes is é resonant
mode of the cavity. As long as no coupling iexistvsv between these cavity modes,

they will be independent and degenerate. It should be noted that the safne
conditions could be realized had the Sezawa transducer been used to excite the .

waves.

It will be shown in thls chapter that when the spacing between reflector
arrays and the spacing between the transducers of different perlodlcltles is
equal to some critical value, a resonant condition is established whereby each
transducer couples optimally to a standing wave of the same periodicity.
Furthermore, it will b,e shown that under certain circumstances, the spaci'ng '
between the transducer and the reflector arrays is non-critical for optimum

device performance.

5.3 Analysis

To analyze the SAW mode conversion resonator, first consider a single
IDT 'p‘lﬂacedbbetween mode converting arrays as shown in the schematic of Fig.‘.
53. By eﬁ(amining the lone transducer one can formulate a method for
determining the current in the IDT inb the presence of propagating surface

acoustic waves. This information, which leads to an expression for IDT
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conductance; 1s readiiy tran-sferredito the case of the two-port mode c‘on'version
resonator (described in the next section). | | |
The .transducer can be eXarnined as a linear 3-‘}v)ort device ,(having tivo
acoustic ports and one e_lectrical." port). One can relate the input and output :
wave potentlals to the voltage and current at the electrical port. For s1mphclty :
1t is assumed that the transducer is symmetrlc about its center, y,, so th‘lt
there is no difference ‘b‘etyveen coupling to propagatlng,waves in the +y or -y
directions. Ref_erring to Fig. 5_.'2,‘ one can write the acoustic w_a\re ‘amplitudes.in

the cavity as

S =S tasve ()
Rg(yc)_zn;(y_;) + ugVr | - o e
S1(yd) ,=vS£(yc) + sV | | ‘_ “ (5.20)
RAGOSRIG) F Ve - e

Here R and S represent the Rayleigh and Sezawa wave amplitudes respectlvely
and the numerical subscripts reference a particular side of the transducer The
superscript + or - 1ndicates the direction of propagation. -

Wevare using the travelingie»lectrostatic potential associated with an
acoustic wave to denote its amplitude Thus, in Eq. 5.2, pgr and ué are
dlmensmnless quantltles representing the outgomg Raylelgh and’ Sezawa
-potentials per volt applied (V) to the transducers The values Is and pg can
be determined by examining the case of an 1solated IDT in the absence of a
grating‘ such 'that | R (v '; S;f(y.) =Rs(y.) =S5(y)) = 0.. Following

Martin28, g and pg are given by
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n ( . [ ks\vv .
' sin :
Av 2 N . .
_ Jkw S iKs¥n i#n -

B = e e : 5.3a
,S . 2 VS ksw v n{:l . ( )

: o sin

: Av 2 N .. . ‘ '
_ jkw R , JKRYn,i¢n
Hr — . 1 € e ,. 5.3b
’ 2

where ¥, and ¢, are the location and phase of the n'h ﬁngerrelative to the IDT
center, w is the finger width, and N is the number of fingers in the IDT. The
‘eleetromechanical ‘coupling to the Sezavra' and Rayleign modes is represented
| Avs Av . |

by and - R -respectively, and w is the width per IDT finger.
Vg VR . )

For» an IDT placed in the presence of propagating waves one has .
components of IDT current due to both the potentlal apphed to the IDT and
induced by the potentials of the propagatlng surface acoustic waves. The total

current in the [DT is glven by '
I_GSVT + GRVT + 85,51 () + gs. S2( ) + gr Ry (yc) + gr Ry(y.) (5:4)

The terms Gg and Gg represent-.the'-radlatlon ’cenductance of the transducer
for Rayleigh and Sezawa waves res'pectivelyvand Vq is the applied transducer
voltage. _Here we have not 'inc‘lnvded the pu‘rel‘)'r capacitive current which is
independent of the acoustic interac'ti-on (assuming weak coupling). The terms
gg and gg are conductance-type terms which relate the potentials of incoming
surface waves to the current induced in the IDT. Due to ‘symmetry,

gs, = g = s, and gg, = gg_ = gg Where®
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. lksw]
. sin .
JwC; 2 N oy —ig _ o
g5 - — 5 ksw : Ze ] S)'ne 1%n 7 (553)
n=1 :
‘ 2
[
“ Sln ; : . .
N _ chf 2 N ke~ :
e T A G
: n=1 . :
2

where Cf is the capamtance per finger and w is the finger W1dth Here again, y,
is the position of the nth ﬁnger with respect to the IDT center and N is the

number of fingers in the IDT.

We are now in a position to relate the wave potentials outgoing from the
IDT to the potentials incident up'on the IDT via the reflection coefficients of .
the reflector arrays; I'igs, T'ors, T'isr, and Fagg. The reflection coefficient T'ypg
represents the scattering from the Rayleigh mode to the Sezawa mode by
reflector array 1 (Fig.‘ 5.3) and similarly for Tggg, I'isp, and I'ygg.  The
relatiohships’ between the wave potentials incident upon an array, and back-

scattered from an array (referenced to the IDT center), are gi#en by

Si7(5) = TypgRi(yJen ¥ il tod | (5‘;63)
Ri(r) = DasgSy(yoJe il ¥Ry  (5.69)
R*(y,) = [yspSilyo)e e+l 30 | (5.6¢)

S3(y,) = DypsRst(yo)e iln ¥ hall=vd , (5.6d)

where —1; and 1, are the edg’és of the reflector array as shown in Fig. 5.3. In
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Eq. 5.6 the array reflection coeflicients are referenced to the edge of the

reflector array such that

Tirs = [Tirsle™® | | (5.7a)
Fyst = l“181{9_’.‘; o | i ~ (5.7b)
Tpsr = |[Dysp|e ¢ | o ' (5.7¢)
 Togs :.Tst 9—j¢ o (5.7d)

where ¢ is. the. array reflection phase referenced to the edge of the array.

The expression for incident IDT potentials in terms of array scattering
coefficients (Eq. 5.6) enables one to rewrite the stea;iy-state Rayleigh and
Sezawa potentials inside the mode conversion cavity in terms of the array
reflection coeﬁfcients, the voltage applied to 'th‘e IDT used for excitation, and
the coupling terms MR, and pg. Solving Eq. 5.2 subject‘to Eq. 5.6 one obtains
expressions for surface wave potentials incoming to the IDT in terms of the
applied IDT voltage, giving

“jlkn + k) “ilkn + ks)l‘zle—i(kn ey,

Yo + Topstige

1- FISRP2RSe_j(kR +ksj(h + 1)

[ysr [ﬂse

"Ri(y) = (5.82)

By ) = LR [l‘sej(kﬂ,+ kS)y'°+FleuRe”j‘k“J.’kS)]’)e_j(k”kS)""VT b
2(ye) = - Tl e T G+ (5.8b)

1 e = “j(kn + kg)(; + 1 -o¢
1- FIRSFZSRe .l( R s)(h 2)
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Tors [uRej(k“ tks)ye 4 T srit Se—i(kg + ks)ll](;j(kR + kS)l"'VT

S5l = (5:84)

Substituting the expressions for wave potentials in terms of applied -

voltage from Eq. 5.8 into Eq. 5.4, one can obtain the IDT current in térnis of L

the IDT voltage and the various parameters fixed by the device dimensions.
The process just described allows one to calculate the input admittance of an
IDT in the presence of propagating surface waves. In the next section we will

use this method to analyze the two-port modve conversion resonator.

5.4 The Two-Port Mode Conversion Resonator
In the mode conversion resonator two independent resonant modes are
simultaneously presént. ~ Each of these independent modes consists of a
Rayleigh wax‘re in one direction and a Sezawa wave in the opposite direction.
In a two-port mode conversion resonator we coupler into the cavity through
either the Rayleigh or Sezawa mode and we couple out of the ca_vify through
the other mode. |
To analyze the two—porf mode conversion resonator we utilize a two-port

admittance matrix as follows

I
I

where the values for Iy, I, V|, and V, are referenced as shown in Fig. 5.4.

v Yo
Y2l Y22

Vi

v, (5.9)

When computing the matrix elements, the coordinate system shown in Fig. 5.4

will be used with the center of IDT 1 at y, = 0 and the center of IDT 2 at
Y., = 1. At this point, no restrictions have been placed on the IDT periodicity

although we show later the benefit of using ID'T’s "tuned” to different modes.
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A two-port mode conversion resonator with electrical variables indicated.
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The admittance matrix components can be evaluated srmllar to the
manner - descrlbed in the previous section by first obtaining an expressmn for
IDT current in terms of the applied voltage and incoming wave pot_entlals.

One can thus evaluate Y;; and Y, where

It ’ I
A\ - Yo Ty,

Yy, = (5.10)
A v, ( 0

V=0

The transconductance terms Y;, and Yy can be calculated by computing the
short-circuit current induced on transducer 1 due to an applied voltage on IDT

2 and vice versa, giving

I
Y2 = 72‘

Y, = 2 ' (5.11)
VI:O ! 21‘ Vl V2:=0\‘ ..

althohgh only Vone term need be calculated since reciprocity guaran.tees'tha,t
Y2 = Yor. |

To evaluate the admittance mzrtrix elements, one must have expressions
for the current in each transducer In terms of the incident wave potentials'

and the applied IDT voltage one has, similar to Eq. 5.4,

I; =(girir T ngIf‘lS)Vl + g {R1+(0) + RE(O)] + gls[sf(o)’ + SE(O)] (5.12a)

I = (gortor T Sastas)Ve + S2r [R1+(1) + Rz_(l)] + gzs[51+(1) + Sé_(l)] - (5.12b)

where the subscrlpts 1 and 2 on g and g make reference to IDT 1 and IDT 2. B

respectlvely When computlng Y,; and Yoo, the Sezawa and Rayleigh wave

potentlals are due to Vyand V, respectively. When computing le, however
the wave potentials that induce current in IDT 1 are due to a voltage V_2'

. appiied’to IDT 2 and similarly for Yoy
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In the two—port‘> mode con\"ersionv resonator the admittance .el,emen‘ts‘
Yll1 and Yo, are determiﬁed by replacing the wave potentials in the curréht
equations of Eq. 5.12 with wave potentials defined in Eq. 58 in terms of the
proper applied ID‘T voltage. We follow through this example by calculating

Y,, which gives,

Yop = (#orger + HasBos) B ‘ - (5.13)

1 -
+ Topsttope
1- F2e‘j(kR +kg)L,

I'ysr [ﬂzse—j(k“ ¥ ks) (ke + ks)lz]e—i(kn + kgl

+ gor

kg + k)l

r .
Tosr [ﬂzse—j( (ke + ks)11]e~j(kR +kglp |

+T lRSﬂzRe-J
1- F2e—i(kR + kgL,

+ gor

i
+ Togritoge
1-— F2e‘j(ka +kg)L,

—j(kr T kg) —i(kr + ks)lzle"j(kﬂ + ko)l

T'irs [ﬂzRe

+ gog

“i(kn + ko ~ilkn + ks)h]e—j(kR + kgl

| .
+ T'igritoge
1 _ F2e_j.(kR + ks)L,

Tors [l‘2Re
+ g5 ,

Calculation of Y;, gives the same result as Y, but with 1=0 and
ZoR, £o5, sz, and ptog replaced by gigr, 815, #1R, and p g respectively. In Eq.
5.13 the subscripts 1 and 2 refer to IDT 1 and IDT 2 respectively as shdwn in
Fig. 5.3. For example pt,g refers to how IDT 1 transmits a Sezawa.'wa,ve and

ngR refers to how IDTF 2 receives a Rayleigh wave.

In a similar way the transconductance terms Y, and Yy, can be calculated

by solving
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, . 12

V=0 Yy = 7 (5.14)

Vz v2 =0

- We first wrlte the equation for Iy, the short cucmt current induced on. IDT

-1 due to a voltage Vo applied to IDT 2. The current equatlon for IDT lin

terms of the SAW potentials incident on IDT 2. (descrlbed by Eq 5. 12) is given
L = e [Rl + R0 + 50 + s;0) . (59)

Furthermore, we can rewrite the wave po,tehtials incident on IDT 1 in terms of )

the potentials incoming into IDT 2 to bgiv‘e the short-circuit IDT current”

L = g REOR + R0 + m%]e""‘.“‘. S sy

+ ng[Sl ] i 315[32 + ﬂzsvzl J_sl

Replacmg the SAW cav1ty potentlals as before with those given in Eq 5.6, one .

can determine the shor_!;-clrcult trvansconductance Y, between IDT’s yielding:

(ke ks)lzle—j(ka + kol

ik + kol .
Tisr [ﬂzse ilkn T8 4 Typgmape Niew
: R (5.17)

Yo : gir|l——— T poe ke R * ™

' . j(kp + kgl
Pasr [ﬂzsel( " P59+ T ipenope

EiR| - 1 - T2 ikn t k)l + 1)

~ifkn ks)h]e-j(kR + ko)l

+ o o knl _

PlRS[ﬂzRe i ¥ ) + I'ogpits se (kR+ks)] —j(kr + ks)ly

- | jkel
15 , 1- 1-\2e“1(kR +ks)(lh + 19 '

&
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itkr +

Topgliore (ke + ks)lx] i(kg + ko)l

ksl + Ty gpitase

R ALE
jkr ks)(h +1) — + pgg

+ g5
1-T2%"

In the_same manner one can’ calculate Y21 and the result 1s the’ same as for Y;,
with g, gls, [or, and g replaced by géR, 825) M1, and pyg respectively, and
with 1=0. | o
| | In this"deViee uve ‘_'hatre PREoR = pgRgl'g_and P1s82s = HogEyg Tesulting
” from the ‘fact that for a particular mode, the ratio -g ishindependent of IDT
design if the ﬁnger lengths are identicall®?, Because of the reciprocal nature of
this dev1ce a separate calculatlon of Y21 is unnecessary since reclproclty
guarantees Y12 =Yy. |
An 1nterest1ng aside to the calculatlon of the transconductance terms

Yo and Y21 occurs when one determlnes the transconductance between IDT 1

and IDT 2 out31de the mode conversion bandw1dth (I" S are zero) glvmg

Yy —Y21 —gmllzne . + &1 shase }ksl - (5.18) -
This res:ult,is» particularly_ ‘interesting becausellt allows one to compute the
_.delay line response between IDT’ in a medium which | supports two
.propagatmg modes Furthermore out51de the mode conversion bandwidth, Y,
is limited by the cross-coupllng terms l‘zs and g1R whlch represent the coupling
between the Sezawa IDT (1) and the Raylelgh mode, and the Raylelgh IDT (2) |

- and the Sezawa mode

Hav1ng determmed the admlttance matrlx elements we now may assume

(this is done. experlmentally) that transducer 1 is tuned to the Sezawa mode

" and transducer 21s tuned' to the Rayleigh mode. This implies g5 >> pyg, -

15 >> Eir, Hor > Hgs, Bor > os, Gig D> Gig, and Gop >> Gog:
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Y11 = His8is + p1s81s

K (1 +1 L LK+
I'irslosre i+l Lopsl'isre (h* 1o
N _. -- - +
1-T'gslaspe " ) 1 -Typel'isre Kl + 1)
’ 9
_ e L
P e K + ik Py ge T Vg ik
—jK(ll + 12) “jK(11+ 12)

Y2 = gisHor -
1-T'gslosre

sk e’JKlle—JkRI

1-Togslisre

stR e"‘jKlge] kRI

Yo; = Zortis

1-Tsrl'srse

TK(1, + 1) _ SK( + 1)
' 1-Tyspl'igse "~
K+ 1) K (1, + 1)
Tysplopse =" ° Fosplipse © 0~
=Kl + 1)

Yoo = ptopgor + HorS2R

1-T'sglorse

where K = kp + kg. Additionally, due to symmetry

I'irs :Arst =Tgs

I'isr =Tasg = I'sr
and we define

I'? = Tgrslsr

1-T9grT'1rse

(5.19a)

(5.19b)

(5.19¢)

(5.19d)

(5.20a)

(5.20b)

(5.21)

We further simplify Eq. 5.19 by letting (I; + ly), the separation between

arrays, be L yielding

1+ I‘2e_j(kR + kg)L,
1- F2e‘j(kR +kg)L,

Y = #1s81s

(5.22a)



v = , FRSe—i(kR kgl + 1)gikd Trs o ilkn + k(12 = 1) ksl
12 =~ ngI‘?R 1 - F2e—j(kR + ko)L, ‘ - er_j(kR +kg)L, (5.22b)
. o ; l—.SRe—j(kR-i-‘kS)l,e—ijl 3 FSRe—j(kR + k)lpgikal |
27 BRMIS| T Skt kale ) _ 2 iin ¥ kLo (5.22¢)
— 1 + I2eitke + kgl ,
Y22 — M2rE2Rr - F2e_j(kR + kgL, (522(1)

"To further simplify the expression of Eq. 5.22 we require that the
radiation conductances of the two IDT’s are equal outside the mode conversion

bandwidth such that
MisB1s = BomER = Go : | '_ (5.23)
'Addltlonally, 1f we c0n51der two IDTs of different per10d1c1ty placed SIde-by- :

side next to a mode conversion reﬂector reciprocity guarantees

lllsFSRng.': HorTRsE1s - | (529
That is, the transconductance between IDT’s when a Sezawa wave (of power
p,) is excited by IDT 1, reﬂected by the array as a Raerlgh wave, and
detected by IDT 2 would be the same as 1f a Raylelgh wave (also of power Po)

had. been launched by IDT 2, reflected by the array as a Sezawa wave, and
detected using IDT 1.

The combined result of Eq.’s 5.23 and 5.24 yields

/Tsg |
PR T PisH, PRSV : : - (5.25)

which gives the admittance matrix elements in the vicinity of resonance
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g 1 t5-56) v

[1 4 peithn+ ke I

. v R F[ (kR+ks)(|1 + ]) ]ksl + e J(kR+k ) —Jks]] :
Yy ?Y21 = G " ‘ ) e ;(kR+kS)L (5. 27

It should be noted that Y, = Y21 even w1thout the condltlon 1mposed by Eq.

5.23 which was merely 1ntroduced for convenience.

5.4.1 Equivaleiit Cifcﬁit Représehtatioﬁ'

‘We now construct an equlvalent 01rcu1t for the SAW mode conversion
' resonator as shown In Flg 5 53 To optlmlze dev1ce performance at 1 resonance,
we desire the shunt elements- (Yu + Yo, and Yq5 + Y21) vanish, and tha.t
Y12 and Y21 are maximized (Flg 5. 5b) Y, and Y, are glven in Eq 5. 27 and :

with a sllght amount of manlpulatlon it can be shown that

1 {1 + F (ll 'H Jksllll + 1'\ JK 12 *JkSI]
Yll + Y12 Y21 + Y22 = G . 5 28

1 -T2 KL
- w‘he're,Kv’ =kg + kg. From Eq’s 5.27 and 5.28 above, the desired resonant
conditions are realized (i.e., Yys is maximized while Y,; + Y, is minimized)
when the following equations are satisfied:

Ptk ¥ D~kdl =y (5904

e illa + k=1 + kd] — , | B v(s.ng)

The above equation requires
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. -Yy
lor —— — ©Cr
= [Yut Yy Yor + Yy =<
(a)
Yy
s - Lo

' Figure, 55

®)

(a) Equivalent circuit configuration for a two-port mode conversion
_resonator (b) Slmpllﬁed clrcult near resonance.
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(ke + ksl + D=k + 6 =(2n +Dr  (5.800)
(kg + 'kvs)(lzv—'l)'+ kgl + ¢ = (2m + D7 o | | : ('5.3'05)"

Addinngvq.’s 5.30a and 5.30b together and‘. using the mode <'30nversionl

condition of Eq. 5.1 yields the result
L= +1=nd . - (5.31)

That is, for resonance to occur, the separation between reflectors must be an
integer number of array periods. Furthermore, solving Eq. 5.30 for 1, the

separation between transducers, gives

1= [m+ [12—;1‘—]]%“ . : (5.32)
Thus, we have determineid the required reflector array spacing conditions for
resonance to occur and also the allowed locations for the IDT’s of different
periodicity to satisfy t]{e maximuni coupliﬁg condition. -
- We note here that the two-port mode conversion resonétor ernploymg
transducers of dlﬁerent per10d1c1t1es requires a critical spacing between IDT’

dependent upon the placement of the first IDT. However, the first IDT may be

placed anywhere between reflector arrays.

5.5 Experimental Results

Mode conversion resonators satisfying the proper spacing requireménts,
have been fabricated in the configuration shdwn in Fig. 5.1. Interface.
transducers were used because the structure with én aluminum shorting plane
atbp the ZnO provides xcorlnparavble values _ for Rayleigh and Sezawa

electromechanical coupling factors. The (100)-cut, [010}-propagating silicon
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sﬁbstrate was thefmally o!xidized’ to a thickness of 1.0 pm. ‘The g'rooves'in the
SiOzy‘layer were ion beam etched‘to‘ a depth of approximately 1000 A deep
which corresponds to a reflectivity per groove of approximately 1%. At 'a.
frequency of 147 MHz, the Rayleigh wave with A\ = 19.6 pm and a Sezawe
wave with Ag = 34.9 pm were eoupled by the array of periodicity d = _.12.9 -um.
The two-port transmission response of a mode co‘nvversi.on resonator 1s
, show‘n‘ in Fig. 5.6. The Q value for this particular device is appfo'ximately
- 3000, indicating that the mode conversion process is very efficient. |
'An additional comment ebout ‘the two-port mode conversion resonator is
in order concerning the off—reso.nant ceup'ling level between the IDT’s 6f
different periodicity. It is shownvabo've‘that the cross-coupling level is of the
form ~ - | |
Y=Yy = Giriare " F gistase Y . (5.18)
where the terms glR"and’pés are .cross-coupling‘terms. The mode c_onvefsidh
resonator offers the poss’ibility' of enhaﬁced Out-of‘-band rejectioﬁ by increasiﬁg
 the number of ﬁngers per IDT to reduce the cross-couplmg terms. It can be
seen from Eq’s 5.3 and 55 that MR and g2s will decrease as N, and Ny

increase due to the non-coherent addition of phasors arising from couphng to a

mode with wavelength Ar by an IDT h‘aving periodicity g, and vic_e'versa,.

5.5.1 Spatial Independence
.Although the required spacings for proper fimplementation of the rrmode
conversion resonator have already been derlved it is worthwhile to go back and

briefly examine the results.. In partlcular 1t is mterestlng to consider a one-
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port mode conversion resonator with an IDT of ‘Rayleigh or Sezawa type.

When computing the input admittance for the one-port device, one would
obtain the same result as for Y, or Yo, in Eq. 5.26 assuming that pg = G, for
the single transducer. In a one-port mode conversion resonator then, resonance

- . N —. +
is satisfied whenever I'%e j(kr + ks)L

° is real and positive, and is demonstrated by .
a significant enhancement in the radiation conductance at the resonant

frequency.' Thus, :resqnance will occur whenever,
(kR + kg)L, + 2¢ = mr . ' (5.33)

Here agaln using the mode conversmn condition of Eq 5.1, and the fact that
d)_ = 0 or m, one has L =nd where d is the array perlodlclty, this is the same
result for reﬁector array separation derived for the two-port mode conversion

-

resonator.

| For the s1ngle-port dev1ce con51dered earlier, the placement of the first
(and only) IDT was: arbitrary. As a result, as long as the spac1ng between
reflector arrays is an integer number of array periods, ‘the IDT (of either
Rayleigh or Sezawa type) can be placed anywhere between reflectors and it will

automatically satisfy the maximum coupling condition.

Since placement of an IDT anywhere inside the resonant cavity fixes the
location of the standing wave of the same periodicity, one can place another
IDT of the same periodicity an integer number of hall’-wavelengths:-from'the
first IDT, thereby coupling optimally to the same standing wave in a two-pol‘t
configuration. Therefore, as Qlongr as the IDT’s are of the same periodicity and
separated by an integer Vnumber of half-‘tvavelengths, the IDT pair can be _

placed anywhere between the two reflectors and maximum coupling is
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, guaranteed Addltlonally, elther a Raylergh IDT pair or a Sezawa IDT pa1r

may be used for thls resonator

5.5.2 Experlmental Results

| To demonstrate the p031t10na1 independence of the resonator response on
IDT pOSItlon, we. fabrlcated v‘both one-port and two—port mode conversion
devices with diftereht spacings between tr‘ansducers: andv reflector arrays. Both
types of devices were fabricated on (100) cut ([100] propagating) silicon
substrates. 'The only changes between de_vices"wrere the p‘o‘sit‘irons' ofv the
transducers hetween reflector arrays. .AA.ll'transducer”s used were of Sezawa type
and had a periodicity of 35.5pm., The transducers for the one—port dev1ces had
nine ﬁnger-palrs while the transducers used in the two-port dev1ces had ﬁve
finger-pairs each. For both structures, the reflector arrays consrsted of 400'10n
beam etched grooves 1300 A deep with a periodicity - of 12 7 pm and a
| beamw1dth of 1.5 mm. For the dev1ces ‘used in thls experlment the
transducers and reflector. arrays were. deﬁned on the top surface of the ZnO
rather than at the ZnO/Si02 interface (Fig. 5.6) because equivalent coupling to
both wave types was ne longer necessaryl%%, The array separaticn used inall
~ devices was 0.762 mm which corresponds to 60 gratin_g periods. |
In the cne-port rnode conversion resonator we fabrrcated a.series of devices

w1th the transducer posmon var1ed by fractlons of a Sezawa wavelength frorn

D)\S

the center of the cavity. The devices fabrlcated had transducers placed —IS— '

from the center of the re‘ﬂectors withn =0,1,2,...,7. Results of thls experlment

can be seen in Fig. 5.7 which shows the measured radlatlon cond.uctance, G,,



Figure 5.7 | ‘

~ Radiation conductance vs. f;equency' determined experiinenta_lly for one-

-~ port mode conversion resonators (right) and computed for conventional
. one-port resonators (left). In both results the transducer was displaced from

o L Con\ , . ‘ _
" the cavity center an amount -ﬁ for (a) n=0 (b) n=1 (¢) n=2 (d) n=3

~()n=4 (f)n=6 (g) n=7.
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for a number of transducer ~positions for the mode conversion resonator:

together w1th computed G, values for conventlonal one—port resonators with

N

the same spacings. - N
As s expected; in a con'ventiOnal‘ one-port structure with the same
spacing,’the resonant coupling condition' greatly depends on the transducer
placement between reﬂec'tors.' In the ‘mode conversion resonator structure,
‘however, resonance as demonstrated by theenhanced radiation conductance,
-can be observed for any location of the IDT. |
'. A similar ex‘perirnent 'was: performed | for two-port - mode conversion
resonators‘ with a fixed spacing of IOXS between centers of identical Sezawa
transducers. The midpoint 'of the pair of transducers'was varied from- the
cavity " center by the same fraction as in the one-port experim_ent; the results
are'shown in Fig. V5.8.> Here again, the calculated response for a conventional »
_de_.vice ‘with the sam‘e‘_dirnensions was compiuted and plotted alongside the
experimental results. It is evident that as the location of the transducer vpair‘ is
moved uvithin the cavity, there are drastic - changes : in t_he.response of a
conventional ‘dev‘ice (ie. resonance and' antiresonance). but the results for a

two-port mode conversion resonator are almost Invariant.

For both one—port and two—port dev1ce structures the resonant Q values
were 1n the range 900-1500 but it should be noted that no attempt was made
to. optlmlze these . resonators but rather to demonstrate the positional
1ndependence of the transducer placement It should also be pointed out that
in ‘both one-port and two—port dev1ces sllght varlatlons in the device responses
for different spacings - are due to the fact that the standing Raylelgh_'wave
pattern lS not invisible to the Sezawa IDT’s a‘nd some coupling will exist which

will be different for each spacing chosen. This variation can be minimized by -



Figure 5.8

Two-port transmission response Vs. frequency determined experunentally for

mode conversion resonators (right) and computed for conventional two-port.
resonators (left). In both devices, the transducer pair was displaced from

DX, .
the cavity center by an amount —I(;s- for (a) n=1 (b) n=2 (c) n=3 (d) n=5
(e) n=6 (f) n=T.
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increasing the number of ﬁngeré per transducer.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER RESEARCH

8.1 Concﬁusions

The results presented in this report deal with a wide number of devices for

use in signal processing applications in the UHF-VHF rangé. The most

significant contributions are the following:

1.

Description” and ,iinplen;ehtatibn of a monolithic SAW memory correlator
which utilizes ijon implantation for the confinement of signal storage
regions. The implant-isolated storage correlator has exhibited a 3 dB

storage time more than 10 times longer than any previously reported

‘monolithic memory correlator with the promise of longer storage times if

proper precautions are taken.

We have predicted and demonstrated a method for determining the
p,otehtial at the silicon surface associated with a propagating acoustic

wave.

A simple model has been presented which accurately predicts the charging

process occurring in a storage correlator which employs " rf writing

" techniques for its operation. From this model véehave demonstrated a

means for determining the effective recombination lifetime of inversion

layer minority carrier holes behave when injected into a depletion region
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of an n-type silicon substrate. Furthermore, our charge storage theory

also predicts the charge storage operation for pn diode memory arrays.

In addition to the implant-isolated storage correlator which relies on the

acoustoelectric interactions of the propagating SAW potential inside the

semiconductor, we have also fabricated improved SAW resonators in a variety

of conﬁgurations SAW resonator results are as follows:

4.

(52 ]

6.

SAW resonators have been fabricated with ZnO hmlted to the IDT regions
for an externally coupled configuration. Q values in excess of 30,000 have
been reported in the externally coupled conﬁguration. Using these devices,
estimates of propégation loss have been made for surfacé acoustic waves

on oxidized and unoxidized silicon substrates.

Internally coupled limited ZnO SAW resonators have been fabricated in a
number of configurations. These prototype devices, along with their
externally coupled counterparts will be important in the fabrication of

high frequency SAW resonators on silicon where the propagation loss due

to the ZnO film is assumed to be the limiting Q factor.

A revised thfedry “has been -presented for the SAW mode conversion
resonator. - This theory accurately predicts the positional independence of

IDT’s in a one-port. SAW . resonator and has led to the experimental

“verification of this property. ';Furthermore, two-port mode conversion

resonators were fabricated which. demonstrated positional independence of

_properly separated IDT’s. The theory also predicts the separation between

IDT’s necessary _“}hen coupling to the resonator with IDT's of different

periodicity.



. dis

6.2 Recommendations. for Further Research

Recommendatrons for further research include:

1.

~ ZnO deposition by laser evaporation has been demonstrated elsewhere

The fa.brlcatron of an rmplant-lsolated storage correlator ‘with a hlgh

quality ZnO film to determine the maximum possible dynamrc range.

Fabrrcatron of an implant-isolated storage correlator in an attempt to

maximize the storage tune of the device.

~ Utilization of a gate controlled diode to demonstrate electronic erasure for

the 1mplant-lsolated correlator.

The pursuit of Zn0/5102/81 dev1ce characteristics for high frequency
a,pplications_,. With eleetron beam lithography capability, GHz SAW |
resonators with ZnO lir‘rli't,ed» to IDT regions can be‘fabri,cated and tested.
High’ frequency ZnO-on-silicon research rnust include a thorough study of

the microstructure of ZnO. films and a method must be -developed for

deposrtmg well orlented piezoelectric films which are < 1000 A thick.

108

indicating the p0551ble growth by means of molecular beam epitaxy.
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- Appendix A

Writing Signal Approximation

‘ For« a single pulse applied t_e‘ a storage. region one has, after. a rectangular
pulse of amplitude Vl and duration Aty, a modified surface charge density of
‘ngivenby“ o - | | o

Qi‘—“Q‘seq—' CIVl(l —'e"At‘/TR)” - R (Al)

If one applies another pulse of arnphtude V, and duration At2‘ at some Instant

lmmedlately after turmng off pulse Vl, then the surface charge den51ty is given
by |

Q = Quq = OiVz + | Q1 = (Queg = CaVa) | €™ RS

= Qug = GVl = ¢ /) = GV 24/m(1 = A/

Similarly, with theapp’lic’atien of numerous narrow pulses of amplitudes V;, one
" can replie_at'e‘ any time varying signal. If one discretizes the desired signal into
uniform increments of duration At, one can determine the surface charge

" density for the,application of a signal NAt long by

Qn —Qseq-CI(l—e Atfmy ZV ""’At/’“] ., V>0 . (A3

i=1

Furthermore in addition to the constramt that V must be positive, as the

storage depletlon width expands only pulses. sufﬁc1ently large to contnbute to
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" further charge storage arei_used vin the »comput'atio'n of QN That is, pulses
incapable of dep_leting the Seih‘icondil'_ctor‘more than its existing deep depletion
value do not. contribute to si’gnal s,fqré,ge. Referring to Eq. A.2, this requires
that we impdse the additional cOnstraint that |
CIVi > Qseq ~ Q.i.-l S - (A9)

blfor v‘the.it‘h pulse, V;, to co’n}t‘r‘ibi;te fo charge storage. If the inequalify of Eq.-
A.4 is not satisfied, then Q1 = Qi because ;th\ve pl;ISe V; Wili have no net effect |
upon the inversion liyer charge. So as a storage region nears saturation, only

~the. m"a,xi_n’:mmv p}ortions vof each rf cycle yvill co'ntribute ito the stored referénce
- signal and the effective :wrflting‘ tifne'_ of each cycle decreases. |

. For 'mep‘leteneSS we rewrite Eq. A3 wit]‘lﬂthe propér_coﬁstraihts ,

QN = Qéeq - Cl(l - e"A‘t'/TR) Evle*(n =~ At/

i=1

, CVi> Quq— Qg - (A5)
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Appendix B

Electronic Measurement Setups

In measurements performed on the impl‘ant-isolated storage correlator, all
connections were made with doﬁble shielded coaxial cable* to reduce"spurious-rf
f)ickup. Solid-state switches” were used in place of the previously preferred
double mixer arrangement‘ because of simplicity as well as better isolation. The
solid-state switches require a slightly negative (7 -0.5 V) baseline from the pulse

generator (switching signal) for optimum turn-off.

In Fig. B.1 we show the electronic setup for performing degenerate
convolution measurements on the implant-isolated storage correlator. In all
convolution and correlation measurements, IDT input power levels were kept

below 31 dBm to avoid burning out the devices.

The slightly more complex electronic setup for storage correlation is shown
in Fig. B.2. Three pulse generators (acoustic, reading, writing) control the
correlation function. The reference signal pulsé generator is used to control the
réference signa,l duration as well as the correlatio\n périodicity. The reading
signal pulse generator has a variable 'delay function built into it which is

important in making storage time measurements. The oscilloscope is triggered

* Alpha Wire Co., Type RG-55 R /U
+x Watkins-Johnson model 51
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with the .negative output of the read pulse generator.

For the correlatlon versus number of writes experlment and the storage

time experlment ‘we use the electronic setup shown in F1g B.3. The Wavetek

. function generator serves only to govern the pel'lOdICIty:,Of each cycle. In both

correlation output- versus number of writes and storage time experiments, it is -

necessary for the stored s1gnal to go away before taking another measurement
(multlple cycles are necessary to obtam a photograph from the oscrlloscope)

As such, the Wavetek is used because it has a perlod adjustable to "10 seconds.

The Datapulse 114A pulse generator sends a constant stream of trigger
pulses to a sohd-state sw1tch The Tektromx PG-501 pulse generator, however,
allows only a select number of tr1gger pulses through the switch per cycle. The
number of writes is controlled by the rate of the, 114A and the pulse width of
the PG-501. ;Eac.‘h .ol' ‘these trigger ‘pul:ses' activates a write_ sequence. In this
m‘anner,-bvt‘he_ number _of writes per c’ycle can be controlled very,accurately.

| : To obtain a single “readout, one ”’di’fferentiates” the output of the PG-501
“signal using a simple RC network, to detect‘ the.trailing edge of the pulse train.
The tra111ng edge pulse then: trlggers the readlng s1gnal generator. In 'this ‘
setup, one can saturate the storage region w1th numerous Wwrites and then,
using the variable delay_'functlonv of the read. pulse :generator, observe the

correlation output with storage time. . -
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Appendix C

Pulsed Semiconductor Potential Computation

Under equilibrium inversion bias Vg, one can determine the silicon surface '
potential from simple MOS device theory. The equilibrium surface pbt'ential is
given by Vg_ where

Vs,q R Up . o o (C.1)

Uy is the doping parameter given in Eq. 3.13.

For an applied gate bias VG one has a copdition similar to that shown in
Fig. C.1. The siliconr is in_verfed and has a surface inversion layer gclh_-a,;ge
‘density p, given by Eq. 312 and, due to the injecting nature of the ZnO ﬁlrﬁ,

an equilibrium charge layer, p,, at the ZnO/SiO, interface is given by

/o KT .
pO :— ps + 2‘\/:qND€STUF . o _ (02)

From the equilibrium inversion condition as a starting point, consider the o

application of a negative pulse of amplitude AVg. A negative AV will
instan.taneously force the depletion region width t‘o‘increaSe thereby deep
depleting the semiconductor. We assume that the pulse duration is sh§rt
compared to the generation lifetime in the depletion region and that 'nor '
appreciable arﬁount of electrons vwill be injected into the ZnO f‘ilm." Thus,

appli/cation" of AV will not change p, or p,; only the charge on the gate and

H
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Inversion condition in a single storage region.
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the silicon depletion width will change.

To evaluate the effect of AVgq on silicon surface potential, one proceeds

exactly as one would for the equilibrium ccjhdit_ion by solving Poissons equation )

in the silicon.

dE!

= ey

s € T T
w — _9Np _ | -
Vi == W2 =V + AVg (C.4)

giving

where W' is the depletion region width.

We now solve the boundary equations to determine V'g; in terms of

Vg + AVg | | /
Do = D', = p, | (C.5)
. pS + €SES :
on — |5 578 - ’
similarly,
D"z-: po + D' ox ' - | (06)
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ps T 6By | 1 | .
B, = ML ],__, ;—[po + p, + eSE's]
| Z

Z

€

Th}ev expression for the total gate ifoltage is givé_n by
V'G = VG +.AVG =E zx'z + E' oxXox + \4 Si . (C~7)

Substituting Eq. C.4 and C.5 into Eq. C.6 one obtains

/) — XZ + XZ + XOX + ! + '] | -
Vv G~ T b T Ps GSE s Vv Si - (C8)
€ €, €ox
| ez eOX ’ . - . )
We note C, = T and C,, = represent the per unit area capacitance of
Z oXx
, ) ’ . .. 1 1 _ 1
the ZnO layer and SiO, layer respectively. Similarly, — + = — where

» Cz Cox Cl '
Cp is the combined insulator capacitance. To obtain V' in terms of Vg we

substitute the result of Eq. C4 to‘give_

2 QND

Po €
=V

. , o _
Viae==— 4+ — + —
G‘,Cz ‘ Clw CI

+Vig . (C9)

S

Solving for V' g; in terms of V¢ one can write AV’ s due to V! g as

' vzl
. ) & + &_VG - AVG ’
' N I A A ‘ 9T .
AV =V =Vg =Vl + |1 +—Up(G.10)
- Va ¢ T
- where

o _k " qNpe,

Vd - - 2

2C;

It should be noted that the same procedure outlined above is what is used
in the computation of the surface éharge density p,. The calculation of ps is

~ somewhat simpler, however, because the injecting ZnO layer makes D, = 0.
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Furthermore, as expected, AV’ g; becomes zero when C,—o0 and AVG =0.
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. Appendix D

deriCition Procedures

D.1 Solvent Clean

10.

11.

Rinse in acetone (ACE)

" Heat in ACE until boiling

Ultrasonic cleaner in ACE for 3 min.

Rinse in trichldroeti):inev(TCA)
Heat in TCA until boiling
Ultrasonic cleaner in TCE for 3 min.
Rinse in ACE

Heat in ACE

Ultrasonic in ACE for 1 min.

Rinse in DI 15 times.

Blow dry with zero grade N,.
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D.2 Wafer Ciean

For prev1ously unox1dlzed silicon the cleanup procedure is as follows:

1.

2.

10.

11,

Solvent clean (step B.l)

Rinse 15 times in DI

'Leave immersed in ~“100 ml DI

Add HF acid so ratio of DLHF is 10:1, agitate for 60 seconds Do Not Pour

op

Flood with DI for 60 seconds

"Rbin_se 15 times i}nvDI
- Pour off DI

. 10 min. in 1:1, H,0,:H,S0,

Rinse 15 times in DI '
Repeat steps 3 through 6

Pour off excess DI, DO NOT BLOW DRY'

D.3 Oxidation

1.
2.

3.

1000A ox1datlon for correlator

900 °C H, burn 0x1dat10n 42 min. for. ( 100) cut Si. TUBE ##4.

l () pm ox1dat10n .

1100 °C Hz burn oxidation, 21/2 hours for (111) cut Si. TUBE #4.

3.0 pm 8102 '

* Performed at F alrchild Corp., Palo Alto, CA
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Pyrogenic steam oxidation under 20 atm pressure, 900 °C.

D.4 Cleanup for Recently Oxidized Silicon

1.

2.

- 10.

| Solvent Clean (step B.1)

Submerge in 1:1, HySO zHy0, fvor‘ 10 min.
Rinse 15 times in DI

Heat 5 min. in DI

Rinse in DI 15 times

Submerge iﬁ 1:1, ﬁéSO4:HN03 for 10 min.
Rinse in DI 15 times |
Heat 5 min. in DI

Riﬁse in DI 15 times

Blow dry using purified nifrogen.

D.5 Ion Beam Metal Deposition

1

2.

Affix clean sample to stage of ion mill* using clips.
Rotate stage so samples are parallei to the target* (99.999% Al).

Pump chamber (rough to 100 mT, then cryopump) to low 1078 torr

pressure range.

Fire plasma’."

* Millatron model, Commonwealth Scientific, Alexandria, VA.
*+ Cerac Inc., Milwaukee, W1 :
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Typical Run Parameters:

magnet current: 7.5 A

glow current: 1.5 A

extractor voltage: 300V

extractor current: 2 mA

cathode current: 15 A

ion source current: 40 mA

ion source (accelerator) voltage: 1500 V
beam current: 15 mA

neutralizer current: 0

chamber pressure: ’7.0 X 10"§ Torr

gun pressure: 5.0 x 107 Torr

6. Deposit 5 min. with samples covered by shutter.

7 Deposit Al to desired thickness (deposition rate ~ 5A/mA min of beam

current).

8. Stage is rotated throughout deposition for best uniformity.

5.8 Ion Beam Etching

The grooves etched in all resonator configurations are etched using an ion
beam. Aluminum, photoresist, and stainless steel shields have all been used for

etch masks.

1. Affix clean sample to the water-cooled stage using MUNG II* a heat sink

compound.

* Commonwealth Scientific, Alexandria, VA.
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2. Rotate"stége so the argon 'bea,m impinges 5 © from the“stlrfa.celnor‘mal.
3. Typieal Run Pé.rameters: |
mé,ghet' current: 50 A
"'gloxiv current: 1.5 A
,extractor‘voltage: 300: v :
cathode current: 15 A h
extractor current: 1 mA
ioﬁ source c"urre-nt:v 25 mA
ion source(a,ceelerator‘) voltage: 450V
beam current: 10 mA |
' neUtralizei‘kcurrent: ’0- ‘
chamber vpressvure:’ 9.5x 107 Tot‘r

giln pressur'e'l 5.0x 1074 Torr

4, Note that the acceleratlng voltage is kept below 500V to avoid bakmg the

photoresist onto the substrate.

D.7 Ihterna‘liy Coupled Limitse'd ZnO Resonator Fabrvieation

1. Flabricete metal ﬁas‘k fof ZnO deposition in‘ IDT regioﬁs only.

2. Mount m,asic and wafer tQ'specia_l p’allet usihg 'clipsi. | |

3. Etch grooves for ZnO usihg vion mill. Without breaking‘vacuu;fm‘, depos‘it'
'1000A Al. Place entire fixture into ZnO sputterlng system”. :

4. }Sputter 0.7pm ZnO. Remove sample from pallet proceed w1th resonator '

fabrication begmmng with step #4.

* Perkin Elmer model 2400
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D.8 Mounting

1.

10.

11.
12.

13.

Affix sample to a glass plate using melted blﬁck wax. Spin photoresist on
the sample and glass slide to protect the samples during dicing. Cut
samples apart using a dicing saw®*. |

Remove‘photoresist by flooding with ACE.

Rinse thoro@ghiy in DL |

Blow dry using purified nitrogen.

Heat glass plate containing samples on a hotplate to loosen individual

devices. Place each device into its own teflon beaker.
Rinse in TCE.

Heat in TCE.

. U_ltrasonic in TCE for 1 min.

Solvent Clean (step B.1}) (u’se only 1 min. for each ultrasonic cleaner step).

Mount in a flatpack® on an aluminum shiv to raise the device surface to

the same level as the connecting leads.
Affix shiv to flatpack and device to shiv using silver epoxy##.

Bake flatpack and device I hour at 120 °C.

’Ultrasonicaily bond** the device to the flatpack leads using 1 mil diameter

aluminum wire.

*% Model 602, Tempress, Los Gatos, CA.

# Model iP-1065, Isotronics Inc., New Bedford, MD.

#+4 Ablebond 36-2,, Abiestik Laboratories, Gardena, CA.
¥ Model EMB 1100, Tempress, L.os Gatos, CA.
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D 9 ZnO Deposntlon
, ‘1.v The sample is placéd upon a 1/4 inch thick alumlnum ballet which has. |
‘been cleaned by etching in. dilute HNO; (50:1, DI.HNOs) ‘_and rinsed 20
times in DI. The pallet is- sputtered upon‘ for 10 ‘I_r‘linut‘e's befor‘e pvlacing'
‘the s'amplev'upon the pallet.- The sample‘to be spilttered uqun is placed
such that thelr. device propagation directioh is‘aloné- the gfdwth rings to
“ensure constant ZnO thickness along a device. A twenty hdu;‘ bakeout
consistvvs‘ of 14 hours at 15OV°C'and 6. hours at 300 °C. Two 30 minute
pr‘eéputfers -._aré perforﬁxed yvi'th 30 ininutes between each Vi)efvore the
shutter is opehed ana the aé‘tual' splitter is perforﬁied. The’dep‘ositi’on rate
for rf diode sputteAred films lS typically .1OOR /mihT o

Typical' sputtering parameters are as follows:

'Su.bstrate temperature: 180 °C |

Target: 6” diameter compressved ZnO powder, 6 - 9's purity.
| ‘Target—substrate spacmg 30 mm | .

Gas mlxture 80% Ar : 20% 02 UHP

Chamber pressure: 10 mTorr

Bias voltagé: 900 V

RF»power:' 100 w

D.10 Pattern Deﬁnltlon

1. Spin AZ 1450.] photoresmt 3000 rpm (5000 rpm for correlator gratmg) for

- 30 sec.

* Shipley Co., Newton, MA.
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Prebake 25 min. at 90 °C.
Expose photoresist in mask aligner™®.

Develop photoresist 3:1, AZ developer:DI until patiern develops {720 sec.).
(Develop 1:1, AZ developer:DI for 60 seconds for correlator grating).

Rinse 20 times in DI.

D.11 HMDS Treatment

1.

Under a fume hood, pour 50 ml hexamethyldisilazane (HMDS]) into a 100
ml beaker and place uncovered into a dessicator. Be Carefull HMDS is

very hazardous.

Place oxidized sample into dessicator on filter paper and shield sample
with a petri dish top, HMDS may boil when the dessicator is evacuated.

Pump exhaust should not be inhaled.
Rough dessicator to “150 mTorr, leave for 5 minutes.

Open dessicator under fume hood, remove sample, pump down dessicator.

D.12 SAW Resonator Fabricati_on

i

80

w

o

Wafer Oxidation
Aluminum Deposition
Zn0O Sputter

Al Deposition

«* Kasper Inst. Inc., Mountainview, CA.
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5. Pattérn Definition
6. Aluminum Etch

Sample should remain wet after rinsing developer. Hold sample in

tweezers and submerge into alkaline etch solution of:
750 ml H,O
75 g KyFe(CN)g
7.5 g KOH
For very thin aluminum (< 5004), dilute etch 1:1 with DL
7. Rinse in DI 20 times as soon as Al has been etched.
8. ’Re'm»o,ve photoresist by rinsing in ACE, heating in ACE, ultrasonic in ACE
for 1 'min. Repeat. |
9. Rinse 15 times in DI
10. Blow dry using zero grade N,.
11. Define pattern for mask to cover IDT’s during grating etch.
12. Etch‘ grooves‘in‘ jon mill.
13. Remove photofesist and MUNG I
a. Rinse in ACE
b. Boil in ACE ~ 10 min.

¢. Ultrasonic in ACE ~ 5 min.

Repeat step 13 as necessary to completely remove photoresist and

MUNG".

* It may be necessary to change beakers due to MUNG II contamination.



‘ 14 Mask top surface again to cover IDT’s only and repeat steps 6 through 10

-to remove any remalnlng metallization.

15. Cut, clean, mount, bond, and test.

1

D.13 Externally Coupled Limited ZnO Resonator Fabrication

1.

Replace Step #4 of resbnator fabrication with

a.

Cover with photoresist and expose a pattern which leaves photoresist

in transducer regions only.

Etch away the exposed ZnO using. a dilute (100:1, DILHNOj) nitric

acid solution.

Solvent Clean (step B.1).
Evaporate 2000A aluminum. Return to step #5 of resonator

fabrication.

Affer step #11 insert the foliowihg:

Boil in DI watell for 10 minutes to ‘fOI'II‘I an AI;O;; layer on the grating
aluminum. The purpose for the aluminum layer is that alumina
etches at a rate approx1mately four times slower than alumlnum
silicon, and Si02 whiéh 'a'll have comparable etch rates. This is
impormnﬁ because deep grooves are necessary to obtain the same

reflectivity for grooves etched in ZnO.

D.14 Implant-Isolated Storage Correlator Fabrication

1.

2.

Clean bare (100)-cut silicon for oxidation.

- Grow 1000A oxide.



10.
11.
12.
13.
14.

15.

16.

17.

18.

19
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Spln AZ 1450J photorémst onto top surface of 51hcon
Strlp back ox1de using dilute HF aCld and a cotton tip swab. "
Rinse thoroughly in DI |
Solvent Clééﬁ (step B.1)
Perf'orm phosphorus pdep. for back contact.
Cover back of sample with Black wax and etch top SiO, as in step 4.
Rinse 15 times in DL
SolveI;t clean (step B.1)
Define pattern from mésk align.f (f§r alignment ma;rks);r
Etch é,lignment marks 'through:phot(v)r'ésiSt in ion m‘ill for 60 minutes.
Perfofm HMDS treatment prior to étep 14. |
Define photoresist pattern for correlator grating. .
I_o'n implant phosphorus through photoresist pattern using
dose = 8.0X1012/cmé

energy = 25 KeV

Total irh’plant should take longér than 60 seconds for prope,i' results.

Solvent clean (step B.1)

Perform wafer cleanup for unox1d1zed silicon. Use only 15 seconds for HF _

steps and 5 min for HyOy: H2804 step..

.Grow 1000A SiOz., '

From furnace tube, load the sputtering system immediately: Sputter 1.7

pm ZnO.
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21.

22.
23.
o4
- 25.
2‘6-'
27.
2.
29.
30.
3l.
3.
33.
34,
35.
36.
37.

38.

206

Deposit 1500A Al using ion beam déposition.

Post metallization anneal, 5 min., 430 °C, N, with a 3 minute pull and
push in the Marshall Furnace. “ This anneal is to reduce surface states

- present at the SiO,/Si interface.

Fabricate test capacitors at this pdint if desired.

- Strip Aluminum using ;")hospho'ric'acid etch.

Rinse 20 times in DI.

Solifént Clean (step B.1}

1:1, H2804:H202 for 10 ,minut‘es‘, o

Rinsez 15 ti.mes‘ in DI. , |

Blow dry usiﬁ',gvpﬁ_riﬁedi nitrogen.‘ -

Ion bv‘ea'm‘ depqsit 12QOA aluminum.

Deﬁne sh‘o;'_tingj plaﬁé metalliza_tion"in p,hov{t"o'resist.
Etch a}uminum using phosphoric.acid etch.
Rinse 20 times in DI

Solvent Cieén (step Bl)

Spufter 1.7 pm Zn_Q in diodve«s"puttering system.

Deposit 15004 aluminum on ZnO in ion mill.

~Cover top metallization using photofes’ist;

‘Strip any back oxide using dilute‘HF and a cotton tip sWab.

Rinse 15 times in DI.

Blow dry using purified nitrogen.



39.
40.
41.

42.

43.

207

Deposit 20004 aluminum onto back side of wafer.

Solvent clean (step B.1) ’
Define top metallization pattern in photoresist.

Cover back aluminum ﬁith black wax.

Etch top aluminum with alkaline etch for use with ZnO (see resonator

fabrication step 6).

Clean, cut, bond, test.
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