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STABLE CW OPERATION OF GAP-CCUPLEO SILICON-ON -SAPPHIRE 101 U l
L1NbO 3 ACOUSTOELECTRIC AMPLIFIERS* 
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Ric~ard W. Rals ton
_______ LL~ L~ j~ u

Lex i ngton, Massachusetts 02173 D
MIT Lincol n Laboratory

ABSTRACT : Technological advances are detailed which improve the performance of gap-coupled
acous~~~T~~~~ic ampl ifiers for dc drift field operation. The amp lifier configurat ion is a segmented
l-~m thic k layer of 20 clcm n-type silicon-on-sapphire held in close prox imity to a 2l-~.s (YZ) LiN bO3
delay l ine. The combi nation of ion-beam-etched spacer posts on the delay l ine surface and a simple
packag ing scheme utilizing the sapphire wafer as a pressurized diaphra gm allow reproducible formation
of uniform air-gaps of the order of 0.1 urn over a l .~ m x 2.5 cm area . Transverse dc fringing

r~’!~ fields are effectively terminated both at the surface traps of the chemi cally-stri pped and depleted
Si surface and at the deep acceptor-donor pair traps within the Si film. Tnus the electron-sheet

~~~~ homogeneity is preserved even at drift fields over 2 kV/cm ar,d the theoretical S-shaped gain character-
istic is ob’~erved . For an effective coup li ng gap of 0.17 urn a typical 1/2-cm long segment has peak
elec tronic gain of over 21 ciB at 140 MHz wi th a mini m um acoustic noise figure of 7 dB near 1 kV
bias. Intermodulatlon distortion products are more than 50 dB below signal for output sheet powers
under 2 dBjn/nm,. Phase deviation relative to the delay line alone is only 0.70 rms fo r 4 cascade d
segments.

Introduct ion silicon-on-sapphire (SOS) wafers and (YZ) LiNbO,
crystals were criosen .

There exists a well-recognized need in real-
time si gnal processing system s for long , wideband , A cross-sect ional view of tne am plif ier is
nondispersive delay lines of wide dynamic range . shown in Fiq . 1. ;~ in convolver ~ and memory-corre-
The ideal solution for SAW lines is to preserve lator~° devices reported in this session , the desired
signal strength by providing noise-free amplification gap-~ei~ nt is esta~ l~ shed by means of ion-beam etched
cont inuousl y and uniformly throughout the delay posts appr oxi rate ly 4- square in a pseud o-ronco ’~
period , in wh ich case the dynamic range achievable array wit h average row spacing of about 200 ~m. The
is that of a lossless line. A practical implementa- novel feature of t r i s package is the use of the SOS
t ion of this concept would employ acoustoelectric wafer as a oressurized diaphragm to establish uni f~ rr-,
amplifiers internal to the delay line , and initial coupling over the 0.1-cm x 2.0-cm interaction region.
efforts to develop such dev ices received much attention. The delay l ine rests on a molded silicone gel which
But the inability to fabricate , reproducibly, any enables the top Li ’,~ surface t~ become parallel to
dev ice exhibiting stable termina l gain with low the SI fil m as pressure is app 1~~ i~.
noise figure for dc drift field operat ion near room
temperature has prevented system applications. At
present, long delay li nes of wide dynamic range must 

~~~~ 
~~~~~~~~~~~~~~~~~~~~~~

be pieced together from shorter crystals wi th external ~ 
~~~~~~ •~~W~.FER C..uCI(~~’~~~ 

interstage electronic amp lification , and thus suffer

improve acoustoelectric amplifier performance to the r
loss and bandw idth compression wi th each transduction . P~E5SL ~RE CwAM&tR

This paper reports technological advances which __________________________________ 0 RING 5~ AL

point of reproducible CW operation , thereby br inging -
closer to system realization the concomitant benefits 

DC —C
__________ 

: 1
of long delay capac i ty, wide bandwidth , echo suppression , ~ IN

, 
_____________ 

—

~~~~~ ~~T
Isolat ion of adjacent taps , and wide dynamic range. 

_______

~~~~ fier Co~f~~~~~~on

Three possible SAW amplifier configurations are
available : the monolithic type 1 , the air-gap type ’,
and the depusited-film 3 . The ability for the ind ependent
optimization of material parameters and the separate ____________

processing of semiconductor and piezoelectric components
Is Inherent to the gap-coupled st ructure. This

~~~~JL:~~~~~~ ~. jj
~
’flexibility , combined with the facts that a technology ‘S

exists to make spacer posts b~ Ion-beam etc hing the
piezoelectric crysta l surface “and that high-quality ~-. ci. a~ .iNI easi
convolver performance of suc h structures has been
demonstrated’, makes the air-gap approach the one
with the lowest developmental risk. Preliminary dc FIg. 1 Cross-section view of the amplifier.
operation of gap amplifiers using a Si epitax ial film
on a sapphire substrate’, a deplet ion layer In bulk
GaAs bonded to sapphire’, and an accumulation layer Photographs of a device before and after final
in bulk SI’ have been reported . All results under- assembly are shown in Fig. 2 and 3 respectively.
scored the obvious thermal constraint that the con— Standard microelectronic techniques were used to
ducting layer wi thin the semiconductor be of the fabricate four amplifier segments on each sapphire
order of the Oebye length for efficient dc operation, disk. The drift field is established through n~For the work reported here co,mierciallv available contact bars which have Cr/Au-meta llized end pads to

~~1h ls work ~~sTi~~nsored by the Department o’ the Army . 
contact the Au-plated spring-loaded probes inccrpora ted

1975 Ultrasonics Symposium Proceedings, IEEE Cat. •~~ 
Into the rectangular Plexiglas crystal-holder. Assembl y
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is done in a filtered lam inar- flow air bench , with ference fringes and the acou stoe lectric interaction
the SOS wafer receiving a brief buffered-HF etch and indicate that the posts have defo rmed so as to yield
water rinse prior to final packaging . a uniform gap near 0.13 i:m. Gaps of this height are

easil y and reproducibly achieved over the entire
interaction region . Achieving unif orm gaps below O.lpm

- 
over the entire area is made di fficult by post deforma—
tion and is troublesome with the present plastic—

~~~~~~~~~~~~~~~~~~~~~~~ package/ slender -post/thick-sapphire configuration.

Design Considerations

H’ 

_________ 
A via ble acoustoe lectric amplifi er must not only

~~~~~~ opera te with dc drift field , it must maintain an
essentially homogeneous sheet of free carriers , for

ID. onl y then will the maximum gain and minimum noise
~~‘ performance be realized . Figure C a represents the rf

electric field that the assumed charge sheet would

interaction between drifting electrons in the Si and
the charges induced in the LiMbO ,. A simple calcula-
tion indicates that the condition for ach i eving maximum
gain requires a drift field comparable to the norma l

.

~~~~~~~ 

.. . itsel f produce~~. Hence near the contacts , where the
norma l component of the fringin g drift field is high .

- -. the electron density may be modified substantially.
Indeed , the pulsed and dc results on earlier Si devices
ind icated a depletion of mobile carriers near the

Fig. 2 Amplifier prior to final assembl y. The SOS anode (SAW receiver). The achievement of maximum gain
wafer is 1 .5- in  d ia . ,  0.013-in thick , with requires that the product of sheet density and drift
1-urn Si film , velocity be constant , hence in an inhomogeneous ampli-

fier the conditions ~or peak gain cannot be simulta-
neously achieved throughout the device. The gain of‘3—
earlier experimental amplifiers at elevated dc fields. , •~~
fell substantiall y bel ow that expected . Although no_.

~Wj~.
L l noise measurements we e reported for dc operation , it

due to the existence of highest gain near the receiving
transducer.

IC

• 

is expected that the ampl ifier noise figure was degraded
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Fig. 3 Assembled ampli fier. ~ 

—

AUPL IFIIR OCTAIL SOS FII.M

(0) (b)

Fi g. 5 (a) Acoustoe lectric bunching of electrons by
rf fields (dashed arrows ) in presence of fring-
ing drift fiel d (solid arrows). Typic~1 device
has Dr.WD~O.S urn. A~O.l3 urn. (b) Energy band
diagram and charge distribution of SOS film

Accumulation-mode devices , with the electron

versus distance from stripped surface. The for-
bidden gap contains phosphorous donors ( ~charged surface states (0) .  and deep donor
a ) and acceptor ( 

~ ) traps .

sheet at the semiconductor surface, were especially
Fig 4 TypIcal Interaction reçion with 0.13-urn air gap. susceptible to fringing fields. The results reported

here indicate that conmerclal ly available SOS, when
suitably processed , serves to shield mobile carriers

Figure 4 is a close-up of the interaction region from transverse dc fields. Figure Sb is a schematic
as viewed through the sIlicone gel and delay line . A representation of the energy bands and charge concentra-
modest pressure of 3-10 psi is sufficient to establish tion within a typical SOS layer. The surface Is
the desired gap. While the unloaded post-height is stripped of all oxIde , and thus the high density of
nominally 0.2 ~s for this delay line , both Inter- accep toruli ke (negative when occupied ) surface states

218

— — - - ---_________
- 

-

- - 

- 
~

- 

~~~~ ~~~~~



P. W . Ralston

pins tbe Ferm i level at abOut 1/3 of the forbidden maximum gain. Mos t of th is - - ‘at ion correlate s wi th
gap. For the 2 x 101 scm’’ dono r dens i ty of the SOS differences in terminal conductance and may be attri-
used in the best devices, this surface charge should buted to minor variations in dopant and trap densities.
result in a depletion width of 0.56 urn, about 1/2 the ~1 ct ronic gai n nas characterized at the transducer
epilayer. The SI layer Is also known to contain a fundamental (140 MHz) and harmonic (410 MHz) frequencie s
high density of deep traps caused by lattice misfit for the three post he ight s , and in ;eneral the ampli-
at the SI-Al 203 Interface and the resultant propoga- fier behavior scaled as expected.

- - I  ‘ion of cry sta lli n~’ imperfections. These levels have
been desc ribed ’2 as a donor leve l located about 0.3 _—

~
— ,  

~~~~~~~~~~~~~~ 
,

eV from the valence band edge and an acceptor lev nl r I I - I - - - -

located about 0.25 eV from tb conduction band edge. ... —.—.~~.
The donor-acceptor pair occur in approximatel y equal 20’ 

~V ‘Sz~~densities of up to lO ’’cm and have an energy spread
of over 0.1 eV . No attempt has been made to model 

~~ t- ~~~~~~~~~~ /
the Si-A l 10, interface, as It is s hi el ded from the - /
acoustoelectr ic interaction for practical device - -\ / -

~parameters. Proba b ly the Ferm i level is pinned near - Ns~~3E
the substrate where the trap densities are hi ghest. - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

The existence of these deep levels, both at the z /
surface and distributed throughout the ia)er , se rve 

~ /
as possible charge sites to terminate normal electric ~s CL - - /
f ie ld s and prevent gross distort ion of the carrier 1 / 9
sheet. The tradeoff to obtain this low-frequency —  I -

~ 
-

~shielding is that some of the traps are sufficientl y / _
~ ~~near the Ferm i level to respond to the rf fields and I

thereby reduce the desired gain mechan ism. A lso,  
~~

. ./ i~oww~ Z

thi s fast portion of the traps can be the predominant - ISPER MINTnoise mechanism. Another , obvious tradeoff , is that ~/ THEORY tP MO-R EEO€RI
the drift mobility in SOS is only 50-70 % of that .7 (KF~ -COLDREN) -

~found in comparably doped bulk Si and hence higher I

fields are requ ired to achieve peak gain. he re- 20F—
ma i nder of this paper serves to illustrate the L — —

appropriateness of such tradeoffs. 

~~~~~~~~~~~~~~~~~~~~~~~Continuous Drift Field Operation DRIFT VOLTAGE 1kv)

The most extensive data was obtained on a series
of segmented amplifiers fabricated with n-type SOS Fig. 6 Internal gain and internal noise figure versus
material with as-purchased phosphorous densities of voltage for a 5-i-u long amplifier seqrnert. Thep-
2 x lO’’cm ’ in 1.0—urn thickness (nominal 2 x 10’ retica l performance is calculated for the
cl/square). Also tested were 0.6-urn and 1.0-urn thick parameters A 0.13 1. -rm , W~ 0.56 urn, H 800
films wi th 8 x 1O~ donors/cm ’. The thinner films cm 2/Vs , p/~ 4 x lt~

5 
~/square , lO~ electrons

were found to be fully depleted when stripped , the trapped .
others were mated to 21-us delay lines with nominal
post heights of 0.05-, 0.1- , and 0.2-urn. All of the
data which follow pertain to the 1.0-urn thick , 2 x The noise behav ior of Fig. 6 is the first reporteci
10~ donors/cm 3 , 0.2-~jv—high post configuration, for dc operation . Acoustic noise has been plotted .

Thus for terminal characteristics one need account for
Amplifier Gain and Noise Figure propogatlon and transduction losses , and the gain and

noise of additional ampl ifier segments. The noise is
The experimental 140 MHz internal gain and observed to decrease initially with applied voltage,

internal noise characteristics as functions of drift nHss through a broad minimum of 7 dB in the region of
voltage for a single 0.5—cm long segment are indicated maxir~ gain near 0.8 kV , then slowly rise again.
in Fig. 6. Synchron i sm Is observed at 0.22 kV , Such behavior has been treated by km no and Coidren ’’,
implying an effective drift mobility of nearly 800 who indicate that fast traps are the major noise
cm 2/Vs. Peak gain of over 21 dB is achieved at 1.05 source in actual devices. The noise performance seen
kV , thus terminal gain Is realized with a single here is closely matched by their model with 90% of the
section . The actual air-gap for this device and mobile carriers remaining untrapped . In an ideallized
those following Is near 0.13 urn, to which must be device wi th no fast traps , a noise figure of only 2.5
added the approximate 0.04 urn electrical width of the dB would be obtained at 0.8 kY. The 7 dB minimu çn
depletion layer, for an effective coupling gap near obtained here re~resents an improvement over the 11 dB
0.17 urn. The gain curve is observed to match , even fi gure reported’ for a pulsed SOS amplifier with
at high voltage, the familiar S-shaped charocteristic twice the trap density . A somewhat better noise
calculated from the full expressions developed by figure of 5.5 dB was observed ’’ for a pulsed accutnula-
Kino and Reeder’’. Best fit was obta i ned for a sheet tion l ayer device in bulk Si having low trap density.
resistivity of 4 x 10’ cl/square, a value in good
agreement with both the 4.7 x 10’ cl/square measured A suitable operating ~mrr Int for the prototype
at dc and the approximate 4.5 x 10’ ~2/square expected amplif ier is 0.8 kV, where 20 dB gain and 7 dB added
for the partiall y depleted film , noise figure per segment are obtained . The dc power

dIssipa ted as Joule heating within the acoustic beam
This is the first amplifier configuration reported width is 0.27 W per segment. Complete wafers have

with stable dc operation In which the maximum cx- been operated with up to 2.5 W of total dc Input.
‘cirsions of the homogeneous-sheet gain characteristic Generally a low flow (5 scfh) of room temperature N2
are obtaIned . Uniform ity of single-segment character— was employed to provide a stable pressure against the
Istics is excellent both intra and inter wafer. The SOS diaphragm and to afford some cooling. With such
spread among four segments on a typical wafer was .0.01 minimal cooling, the therma l transient produced by a
dB/V in gain slope at synchronism and +1.2 dB in 1-ky step in drift voltage lasted up to 10 minutes.
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Amol jfier Phase Dela~ The delay line alone has a 5.92°rms devi ation. When
all four segments are operated at synchronism for

Fi gure 7 indicates the phase delay in cycles for peak delay , the device shows a 6.64° mr s deviation ,
the amplifier segment of Fig. 6. As expected , the hence the 2-cm interaction length has added onl y 0.7°
maximum delay occurs at synchronism. Inc l uded for rms deviation. The fine structure in the phase data
comparison is the appropriate Kino-Reeder prediction. is attributed t~ spurious reflections which occur
The curves have been matched at the peak In order to within the diffused contacts at each end of the
remove from the data a voltage-independent phase delay segments. These regions are about l75-urn long and ,
caused by mechanical loading. In order to minimize due to the removal of diffusion glass, lie about 0.3 urn
thermal changes in delay, the data were obtained by below the undoped S; surface. By a combination of
pulsing a drift voltage relative to the dc level at electrical and mechanical discontinuit ies these
synchronism. The agreement between experiment and regions fonn a famil y of acoustic cavities , each wi th
theory is reasonab le, with the Increased deviation at resonances spaced by about 9 MHz .
high voltages attributed to temperature rise of the
LINbO, . Distor tion , Saturation , and Efficiency

The dynamic range over which the amp l ifier transfer
‘ T T T T T r T ’ T —r—r--i—r—-[-- r rr~—1-—’r-—r-- function is essentially linear can be easily determined
- - by a two-tone test. Typical spectrum anal yzer traces

of device output are indicated in Figs. 9a and 9b for
or  - low and hi gh signal levels respectivel y. Complete

::: -/ “ ~~O UHr \ 

I bI

L -~ - _________ — - I -
o o~ 1,0 .~ L 4 -- -~

DRIFT VOLTAGE (k V )  ,, - 

- 

~- I 
— F 1

-
. 

., L 1  I 
~~ L t

:~Fig 7 Phase delay for the amplifier segment of Fig 6 ,~, 
~~~~~~~ LJ~J ~“ ~~~~~~~~~~~~

FMEOUC MC Y IS,,, FMCQI*~aCV (SM.)

I I I

• Fig. 9 Spectrum analyzer traces of 144.5 + 145.t two-
20 — — — — — —  UNLOADED DELAY LINE tone test for four segments w ith 30 dB tota l

- (urns deviolion 5.92 deg) electronic gain. (a) Amplifier unsaturated

FOUR AMPLIFIER SECTtONS (b) Amplifier saturated .
AT CROSSOVER -

(vms deviol,on 6.64 deg)
results for the four segment unit operating at 1.3

10 — — times synchronism wi th 30 dB electronic gain are in Fig.
10. The acoustic sheet power at which l-dB gain corn-
pression occurs is 12 dB/rryn at the output. With

2 - 
- ‘ 

- output sheet power below 2 dBm/m , the distortion
products are more than 50 dB below the signal . An

5 ‘ approximate efficiency of about 1% for a practical
— — amplifier segment can be estimated for operation with

/ 20 dB gain , 7 dB noise fi gure , and distortion products
50 dB down.

- 
••
I 

‘. . / 
- 

Future Design Considerations

-10 / — Two relatively minor complication s in the present
configuration involved spurious reflections within
the amplifier contacts and deformation of the spacer

- posts. Both can be solved with moderate desi gn effort.
One troublesome , but not unexpected , feature of the
present devices became apparent after several weeks

2C I I of evaluation . Initial ly homogeneous amplifiers were
30 140 150 isO observed to increase in terminal resistance and

exhibit gain characteristics indicative of carrier
FREQUENCY (MHz) Inhomogenelty. Figure 11 indicates the gain characteris-

tic obtained more than one month after stripping and
Fig. 8 Linear phase deviation versus frequency. assembly. Terminal dc resistanc e has increased , and

the peak gain has dropped . These are the effects to
be expected of carrier Inhomogenelty, as can be

The dispersion of a gap-coupled structure must qualitatati vely illustrated by choosing a convenient
be minimized for a practical device. As is s een in modeP’ of linearly decreasing electron density
Fi g. 8, the phase characteristic of the amplifier is between cathode and anode and Integrating the spatially
essentially linear , with the major deviation over the varying incremental gain along the device length to
130 to 160 MHz band contributed, by the transducers , obtain the-terminal characteristics. Figure 11 includes
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ACOUSTIC INPUT POWER (dBml Degradation occurs because the Si surface has

.
~~~ 

.
~~~ 

.
~~ 

.
~~ -~~ -~o o slowly formed , at room temperature , an oxide which

I I I 1 T 1 1 ~~~~~ serves to annihilate many of the surface states
-- present on a stripped surface. Apparently the electrons

.20 - are not sufficiently screened from fringing fields by
the deep donor-acceptor pair alone and the amplifier

COMPRESSION 
~
‘ of the amplifiers might be prevented by simply sealing

them In a hermetic package . Another approach would
- be to permanentl y pin the Si surface by creating a0 -  1

~ high density of surface states with ion implantation .
-o

~ -10 - Conclusions

•1O - 

,
,‘

,
,,
,,

~~~

G;N
, - 20 performance is l imited by Inhomogeneities. Alteration

- .io Long wideban d SAW delay lines with good dynamic

/

‘

~~~~~

9t 

_

-zo - range would find app lication within many real-time

- ~ signa l processing systems. Compensation of Rayleigh
I- wave attenuation by distributed acoustoel ectric

-30 - 

~ amplification has several attractive features. In
o the VHF and lower UHF ranges , gap-coupled configurations

4 - 30 
~ do not i mpose a severe limitation on amplifier

~ .40 - 

~ performance. The device performance reported here0
h - -40 ~ indicates that available materials quality and fabri-

~ -50 - cation technology favor air-gap devices. The demonstra-
/ tion of reproducible , well-be haved , continuously operat-

— -so ing homogeneous am plification with reasonable noise/-60 - / figure by using cormiercia ll y available materials and
well known fabrication techniques renews the promise

DISTORTION PRODUCTS - 
~~
° that practical systems appl i cations are feasible.
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Acouctoelectric amplifier Noise- free amplification

Stable CW operation Air-gap coupling
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$ / Techn~~~gica1 advances are /etailed ~~ich improve the performance of)gap-coupled

— acojstoeiectric. ampilflgts for dc drift fiel4~operation. The amplIfier configuratio n is(a segmented
1-u rn thick layer of 20 d~cm n-type slllcon-oiv-sapphire held in close proximity to a 2l-c’s (YZ) LiNbO”
delay line. The combi natIon of lon-beam—et%hed spacer posts on the delay line surface and a simple
packaging scheme utilizing the sapphire s~ifer as a pressurized diaphragm allow reproducible formation
of uniform air-gaps of the order of 0.1 (Sm over a 1.5 ner x 2.5 cm area . Transverse dc fringing
fields are effectively termina ted both at the surface traps of the c hemica lly-stripped and depleted
Si surface and at the deep acceptor-dono r pair traps within the Si film. TnuS the electron-sheet
homogeneity Is preserved even at drift fields over 2 kY/cit and the theoretical S-shaped gain character-
istic Is ob’~erved . For an effective coupling gap of 0.17 ~an a typical 1/2-cm long segment has peak
electronic gain of over 21 dB at 140 P142 wIth a minimum acoustic noise figure of 7 dB near 1 kV
bias. Intermodulatlon distortion products are more than 50 dB below signal for outpu t sheet powers
under 2 dIm/sr. Phase deviation relative to the delay line alone Is only 0.77 rms for 4 cascaded
segments.
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