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ABSTRACT

The sheet mobility of electrons in an accumulation layer on silicon has
been determined by measuring the acoustoelectric eurrent which accom-
panies the interaction between the electrons and piezoelectric surface
waves on LiNbOB. Since carrier demsities are controllable with a normal
eleciric field; either minority or majority carrier mobilities may be ex-
plored. By using sufficiently high-frequency ultrasound, the effects of
surface states on the mobility measurement can be made negligible, For
these two reasons such a surface mobility measurement has distinct advan-
tages over the usual field-effect method. Most important, however, is that
this measurement is direct, not needing the carrier density to find the
mobility. We have carried out measurements for the mobility of electrons
accumalated on high-resistivity (30,000 Q-cm) silicon. Acoustic surface
waves at 166 MHz were used to_jnduce the accumlated electron density
from 1.5 x 10 O/cm2 to 5 x lOl /cmz. Over this range the surface mobil-

ity varies, respectively, from 1100 to L50 cmz/volt-sec.
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INTRODUCTION

We have used the acoustoelectric current to measure electron mobllities
at silicon surfaces., This method has several advantages over other
mobility measurements. 7The carrier density being controllable with a
transverse electric field, this method may be used to measure both major-
ity and minority carriers on the same sample. Surface states, whose
effects interfere with other mobility measurement methods, have no ef-
fect at high frequencies. Since ultrasonic frequencies may be large,
trapping effects due to surface states may be avoided with this method.
The most significant difference between this and other methods, however,
is that this is a direct mobility measurement, which does not require a
density determination to yield the mobility. Only directly measurable
quantities are involved in determining the mobility. The particular
experiment performed, in order to demonstrate the reliability of this
new method, used very low surface state density silicon samples and

only explored electron mobilities.



1., THEORY
1.A ACCUSTOELECTRIC CURRENT FPHENCHMENON
1.A.1 Acoustoelectric Amplification
Bulk acoustic-wave amplifiers were the subject of investigation in the
early sixties. The gain mechanism, analogous to that of a travelling-
wave tube, involved interaction between drifting electrons and bulk
acoustic waves in a piezoelectric semiconductor.1 With the advent of
surface-wave technology, work was begun on surface-wave amplifiers.2
One of the outstanding features of the surface interaction is that the
drifting electrons may be located in an adjacent medium rather than
within the acoustic medium. This allows for independent optimization
of semiconductor and piezoelectric properties. A recent amplifier ef-

fort at lincoln laboratory involved surface waves on LiNbOB, interacting

(U]

with electrons in an accumulation layer on an adjacent piece of silicon.

1.A.2 The Acoustoelectric Current

When drifting electrons interact with acoustic waves, there is a change
in the D.C, current in the silicon, analogous to the shift in operating
point of a transistor amplifier under signal.h Consider the accumula-
tion-layer amplifier structure. (See Fig. 1.)

We model the silicon as a sheet conductance, that of the accumulation
layer. DBulk conduction is neglected. This model will be valid only if
the accumulation-layer density is muach larger than the bulk and the ac-
cumulation-layer thickness is small compared to the acoustic wavelength.

(See Appendix C.) The sheet current density is

ans
Js = eunSE + eD 35 ?



where e = electron charge magnitude; u = electron mobility; n, = electron
sheet density; B = electric field; and D = diffusion coefficient.

If ng and E are assumed to have a constant term and a small-signal
A.C. component, we have

on
sl
Js " e‘msOEO * e“(nsOEl * nleO) * e“nlel + el 9z

In the linear analysis of the amplifier, the second-order term,

eunlel, is dropped and the current equation becomes

] . ansl
sl e“(nsohl * nalEO) ted 9z

In finding the change in D.C. current due to the presence of an

d

acoustic wave, however, it is precisely this second-order term we seek.
Since the first-order quantities are sinusoidal, only a product of them
will have a D.C. effect. The acoustoelectric current density is
=1/>.
JAE ‘\gs Jb on
- _ E +D< sl
eu RyoBy * ngyBy * B 1> N oz

Ipg = o <nle1>°

As shown in Appendix A, the linear analysis may be used to express the

or

current density as

d

n
AB = 5 2P

8
where ki = imaginary part of wave number, and PA = geoustic sheet power,

A

When this current density is related to the shift in terminal cur-

rent, we find
P

= B
hE v, D
where IAE = acoustoelectric current; u = mobility; v = sound velocity;

Py = power given to the silicon by the acoustic wave (not constrained

to be positive), and L s interaction length.



Since an interaction exists even in the absence of a drift field,
this acoustoelectric current will be the short-circuit current measured

at the silicon terrminals when an acoustic wave passes by.

1.B TRAPPING EFFECTS
1.B.1 Trapping Mechanism
The effect of "traps" on bulk semiconductor properties has been exten-
sively studied.s Similar studies exist for "surface states" at semi-
conductor surfaces.6 While arising from different sources, these two
phenomena have the same effect on the A.C. behavior of a device. Since
we are interested in semiconductor surfaces, surface states are of main
concern. It may be noted that while trapping effects in bulk acoustic

interaction have been studied,7 they are relatively unexplored in sur-
face interaction.

A surface state is localized to the semiconductor snrface,8 unlike

a Bloch state which propagates through the bulk. This is similar to
the localization effect of bulk traps. However, while bulk traps are
primarily ionized donors or acceptors, surface states are not nearly so
easily explained or analyzed. Surface states arise from the disruption
of the periodic crystal potential at the surface. Although there have
been attempts at analytic solutions for surface states, resulis are
limited; The density of surface states has experimentally been found
to depend on crystal orientation and surface preparation. While fresh-
ly cleaved surfaces in vacuum have surface-state densities approaching
the surface dehsity of atoms, properly passivated surfaces can have

densities which are entirely negligible. The latter is thought to be

due to the "less abrupt" termination of the lattice potential.



The D.C. effect of traps is obvious, but it is the A.C. behavior
which makes trapping worth investigating. Given an equilibrium carrier
density, we superimpose a small-signal bunched density. Since the quasi=~
Fermi level is fluctuating with the bunched density, the surface states
around the Fermi level are filling and emptying at the signal frequency.
This means that only a fraction of the small-signal bunched carrier den-

sity will be mobile, the rest being trapped in surface states.

1.B.2 Trapping Factor
To allow solution of the dynamical equations in the presence of surface
states, a "trapping factor," f(w), has been defined, similar to the bulk,
It is the ratio of mobile bunched carrier density to the total. In the
linearized A.C. equations, we must multiply the small~-signal density in
the current equation by the trapping factor, since not all of these car-
riers will be able to move under the influence of drift and diffusion.
The trapping factor is derived in Appendix B. The ratio of moblle
small-signal bunched electron density to the total, f, is best examined

by forming

1 - (1 1n(1 + jut)
b <f0~1>[—-——5m"&]-

This is just the ratio of trapped bunched density to mobile bunched den=~

sity. from the 4ppendix we see the following:

1) t= a L Gs Where n_, = equilibrium sheet electron density and C =

s0
capture probability for an electron, is a time constant which is

0

characteristic of the traps (at density nso).



2) For wr« 1 we have

1 ~
fO -1l or £ = fo.

1 ~
T-17
This low-frequency asymptote represents the situation when the traps
are able to equilibrate with the electrons. Since
1. KIN_ (Eg)
- Tt
%o 50
f, is determined by the ratio of accessible traps (within kT of the

Fermi level) to the sheet electron density.
3) For wr >> 1 we have
2120 or fal.

This says that, at high frequencies, trapping effects are negligible.
This is reasonable because at high frequencies the traps not only
cannot equilibrate with the electrons, but the fluctuations are so

rapid that the traps cannot respond at all.

1.B.3 Acoustoelectric Current with Trapping
The dependence of the acoustoelectric current, with traps present, is
derived in Appendix A.

F
[P
I s;m—f—Regf(w) »

A

where ¢ = the effective sheet mobility; v, = acoystic wave velocity;
Pd = the power given up by the acoustic wave to the silicon; L = the
interaction length, and f(w) = the trapping factor of Appendix B, which

accounts for some of the electrons being bound in surface states. Regf(w)$

is shown in Fig. 2.
10



Ve see that the current will be, at low frequency, some fraction of
the high-frequency walue, where traps have no effect. Since all other
parameters are otherwise determinable, an acoustoelectric current measure-
ment yields the mobility., Other surface-mcbility measurement techniques
are constrained to relatively low frequencies, and are, hence, confused
by the presence of surface states. leistiko et _@_1“.9 have used field-
effect conductivity measurements coupled with M.0.S. conductance measure-
ments to evaluate the surface mobility in the presence of surface states.
Acoustic-wave frequencies may be rather large, so acoustoelectric current
measurements represent a simplified technique of evaluating mobility for

samples with traps, by using a frequency at which the traps do not respond.

11



2. EXPERIMENT

2.A THEORY OF EXPERIMENT

2.A.1 General Experiment

We are interested in measuring the carrier surface mobility as a function
of band-bending. Various levels of band-bending are attainsble by apply-
ing an electric field normal to the silicon surface; the method will be
described later. Ideally, a value of bias (band-bending) would be se-
lected, and the quantities Pd’ Vgo and L determined as the frequency is
varied. This allows uRe(f(w)) to be caleulated, and the high-frequency
asymptote is simply the mobility corresponding to the value of band-
bending. Actually, it is much easier to vary the bias than the fre-
quency, so the experiment is best performed at a number of frequencies,
each time varying the bias over the desired range. Overlays of the va-
rious mobility-vs.-band-bending curves should yield a unique maximum

mobility-vs.-band-bending. This is the actual surface mobility.

2;A.2 The Experiment Performed

There are a number of things which might interfere with the ideal opera-
tion of the acoustoelectric-current mobility measurement. For this
reason, a limited experiment has been undertaken to demonstrate the fea-
sibility of this new method. The following limitations were imposed on

the experiment:

a) We measure only the electron mobility in an accumulation layer on
N-type silicon. In the more general experiment, minority- and
majority-carrier mobilities may be explored since the band-bending

is controllable.
12



b) Since this new method of mobility measurement claims to avoid confu-
sion due to surface states, we must show that it gives correct re-
sults when there are no traps present. The silicon eample used in
the experiment was prepared, as will be described, so as to have

negligible surface-state densities.

2.B PARAMETER EVALUATICN

2.B.1 Acoustic~wave Velocity

The Rayleigh wave velocity for various cuts and directions have been
published, and have been checked by members of Group 86, Lincoln Lab-

oratory, to be 3L35 m/sec for Y-cut, Z-propagating liNbOB.

2.B.2 Interaction Length

The interaction length is the length of the accurmlation layer on the
silicon. The contacts are not included because the N+ regions have
negligible acoustoelectric interaction. Accumulated area on the sili-
con surface is determined by & protective mask on the 3102 before its
removal for the N' giffusion. The length of this area was taped to be

40O mm, and checked after processing with a crossed-hair microscope.

2.B8,3 Power Dissipated

The acoustic power incident to the active area is the power into the
line less the input-transducer loss. A standard power meter was used
to mezsure the power into the line. The delay line was stub-tuned, so
that power reflection was negligible. The effect of diffraction is ex-
cess loss at the output transducer, and the transducers are assumed

identical. Therefore, the input-transducer loss is taken to be half the
difference between the delay-line insertion loss and the estimated dif-

fraction 1osses.10 ) 13



To determine the amount used of the power incident to the active
area, the difference between the overall insertion loss and the delay-
line loss must be measured. This excess insertion loss is due to the

interaction.

2 . B. ).} Gurrent'
The acoustoelectric current was determined by measuring the voltage and
sample resistance on a Kiethly electrometer. This was done for two rea-

sons:

1) In measuring very low currents, ammeter resistances tend to be large
compared to a megohm. Since the samples used had resistances in the
order of a megohm, it would be very hard to find an ammeter which is
a "short." However, a Kiethly electrometer used as a voltmeter is an
excellent "open" at 101h Qe

2) The second reason for not measuring current is that the effects of

semiconductor contacts become a problem. If, instead, the open-cir-

cuit voltage is measured, there are no contact problems.

2.C TEST FIXTURE

2.C.1 Configuration

In Fig. 3 there appears a diagram of the mechanical assembly used in

the acoustoelectric-current experiment., This is identically the struc-
ture used in accumulation-layer amplifier work., Resting on the Flexiglas
base is a piece of "Neesi" glass. This has its upper surface coated
with tin oxide to form the field plate of the structure. A Li!\IbO3 delay

line is thermally bonded to the Neesi glass, and the 5i sample rests on

‘the delay-line rails. A clamp arrangement (not shown) allows for ad-
14



Justment of the gap between the silicon and the LiNbO., and also elec-

3)
trical contacts to the silicon.

2.0,2 Assembly

The delay line is bonded to the glass with crystal mounting wax. A very
thin layer of wax is used, and light interference fringes are observed
while moving the delay line so that the variation in the gap between
glass and LiHbO3 is minimized. This is to prevent distortion of the
electrostatic field between the field plate and the silicon. The sili-
con sample is placed, accurmlated side down, on the 8102 rails of the
delay line, centered on the acoustic-wave channel. The bottom piece of
the clamp is positioned over the silicon and contact electrodes are in-
serted. The top clamp piece is alsc slid over the guide screws, con=
tacts are aligned, and locking nuts tightened down. Six set screws,
which apply pressure between the upper and lower clamp pieces, are

then manipulated while the operator observes, through the bottom, the
interference fringes between the Si and the ldNbOB. In this way a uni-

form gap is obtained over the scoustic chamnel.

2.D BSILICON PROCESSING

2.D.1 Chemical Frocessing

High-resistivity (30,000 Q=-em) silicon is purchased. The low doping
level (HA - Hb =y~ 1011 cm"B) is achieved by compensation techmiques,
A phosphorus diffusion at the ends of the silicon wafer provides N
regions for good electrical contact between the silicon and the gold
contacts which are sputtered on., The protective oxide, nsed in the N
diffusion, is removed from the backside of the wafer., The oxide on the

15



front side is left on, thus maintaining an accumulation layer (due to

oxide charge) at zero bias.

low surface-state density is assured by the orientation and oxide
preparation., The surface normal (100) is known to be a minimum of the
surface state vs, orientation. The oxide was grown in dry 02 and an-
nealed in NQ. Fhosphorous glass, formed on the oxide during N' diffu-

sion, was used as a getter for impurities.

2.D0.2 Cleaning and Oxide Thinning

Cleaning a silicon sample is achie ved by boiling (in order) in J-100
cleaner, trichlor, ethanol, and distilled, de-ionized (D-I) water.
Samples are diced from the processed wafer. When they are first ob-
tained, the oxide (&1200 X) contains so much charge that the 5i sur-
face is strongly accumulated. In order to reduce this zero-bias ac-
cumlation, and also to lessen the ultimate gap between the silicon and
LiNoO,, the oxide is thimned (to=L50 &) in buffered HF. After thinning
the sample is boiled in D-I water to remove any soluble ions. After
this, the sample is left for 2L hours while the back of the sample grows

o
a thin, neutral oxide (=100 A) by free-air oxidation.

2.D,3 Uniformity Probe

It has been shown that nonuniformities in the accumulation-layer den-
8ity can have drastic effects on the acoustoelectric interaction. In~
deed, this is precisely what limits the low-density acoustoelectric
mobility measurement. If a current is applied to a silicon sample, and
the voltage probed as a function of length, the numerical derivative of

this data yields the conductivity as a function of length,
16



The graph of Fig. L shows that the nonuniformities which limit the
low~density mobility measurement are suppressed by applying a transverse

field in the experiment.

2.0, Monitoring M.0.S. Conductance

The M.0.S. conductance technique has provedll

to be a reliable source
of surface-state density determination. Since surface-state densities
depend almost totally upon the oxide preparation, a 1Q-cm substrate is
processed along with the 30,000q-cm substrates so that M.0.5. monitor
tests may be performed. It is assumed that the 1 Q-cm monitor substrate
has the same surface-state densities as the 30,000 Q-cm substrates.

High surface-state densities show up as a large conductive component in
parallel with the M.0.5. capacitance of a gold dot on the silicon sur-
face. To show that the processing techniques are able to control sur-
face-state densities, we show in Fig. 5 the M,0.S. curves for the moni~-
tor for BBLY (used in the mobility experiments) which we require to have

very low trap density, and another monitor which was prepared to have

higher trap densities.

2.5 DEIAY-LINE PROCESSING
2.B.1 Substrate

The delay line used was a Y-cut LilbO, with propagation in the Z-direc-

3
tion. Its thickness was 100 mils, which was thicker than desired but

the 28-mil crystals which were available could not be used due to the

charging effect to be described later,

2.B,2 Transducers

Interdigital transducers were sputter-deposited on the liﬂb03 substrate.
17



They were Cr-Au, each having ten finger pairs. Since bandwidth was not
a problem, it was feasible to use this large number of fingers, and thus

reduce transduction problems., 165 MHz was the center frequency.

2.5,3 Rails

Rails are needed to keep the silicon from loading the surface wave mechan-
ically. Several types of rail material have been tried, but only 3102

has proved to be durable and consistent enough to be of use. 3102 was
sputter-deposited on the delay line 450 1 thick, with a 25-mil channel

for the surface wave,

2.E.L4 Charging

There is a drift phenomenon which occurs when Si is placed on LiHbOB.

It manifests itself in any property involving the silicon, such as re-
sistance or terminal current. The exact nature of the drift is not known,
but effects of 3102 deposition and Ia‘.NbO3 pyroelectricity are currently
under investigation. The delay line was chosen to have very low drift.
This was done by mounting various delay lines in the test configuration
and observing the time stability of the silicon resistance. The drift
effect was further reduced by using pulsed bias fields during the ex-

periment.

2.F PRE-EXPERIMENT TESTS

2.F.1 ILinearity with Power

As the bunched-carrier density approaches the equilibrium density, we
would expect saturation to set in. Therefore, it was necessary to check

that, in the acoustoelectric-current measurement, low enough power was

18



used that the current was linear with power. The graph of Fig. ¢ shows
that the acoustoelectric current is linear with power well beyond the

power range of our experiment.,

2.F,2 Mechanical Contact

To check for accidental contact between the silicon and the LiNbO3 in the
acoustic chammel, two checks were made. First, in assembly, the optical
fringes were observed, This always reveals a contact point by its circu-
lar pattern and different color. Sometimes, when contact was over a more
extensive area, the optical pattern might not catch the famult. A second,
electrical, test was performed after the assembly. For very strongly
accumulated silicon, the acoustoelectric interaction becomes vanishingly
small, Using this fact, it is possible to detect mechanical contact. One
need only find the asymptotic loss as the bias voltage becomes large
(>1000 V). If this loss approaches the insertion loss of the delay line

alone, there could be no excess loss due to mechanical contact.

2.F.3 OSheet Model

It is necessary to check that the sheet model used in analysis is appro-
priate under the experimental conditions. This becomes difficult for low
accumulation density. In the Appendix, sheet density and density distri-

bution are evaluated for surface potentials greater than ~3 ng In this

e
region the results may be obtained without numerical integration.
As will be discussed later, nonuniformity in the silicon conductiv-

ity limits the range of validity to a surface potential of ~8 %?. To

1imit the sheet thickness to about tem times less than the acoustic wave~

19



” T 3
length at 166 MHz, it is necessary to have Us > 8.8%;. This correspends
to an electron sheet density of n, = 1.5 x 10%° en™?. We see that non-

uniformity is the true limiting factor.

20



3. RESULTS
3.A DATA
Three silicon samples (A, B, C) were scribed from the silicon wafer BBLY,
120 mil wide. The active (accumulated) length was 400 mil. Each sample
was twice cleaned, mounted, and tested. Of these six runs, representa-
tive data from Run #1 on BBLSC are presented in Appendix D, along with
the associated calculated quantities and the calculations necessary to

arrive at the mobility.

3.B MOBILITIES

Mobility measurements were made (at 166 MHz) while the field-plate vol-
tage was varied from a low value (-100 V to O V depending on the zero-
bias condition of the sample) to 1,000 V, This results in a range of

10 2 to § x 1011 cmhz

surface densities from 1.5 x 107 cm , which correspond
to surface potentisls from 8%? through 16%?, respectively. In this range
the sheet model is easily justified. The lower density limitation is
primarily the effect of nonuniformity in the density distribution. The
upper limit was due to the limit of 1,000 V (to avoid arcing) and the
100-mil thickness of the delay line, If the 28-mil crystals available
had not had the charging problem described, the highest sheet density

would have been =2 x 10°° om™2

*

The graph of mobility-vs.-density shows that, for low densities,
the mobility approaches the bulk value of 1200 cm%/v‘sec, although
the scatter due to nonuniformity is obvious at these densities. For

higher densities, the nobility is monotonically decreasing, to about

21



450 cm®/ v+ sec at ng =5 x 10% 2,

In Fig. 7 we have a linear graph of mobility vs sheet electron den-
8ity. OSince the sheet density and band-bending are related (see Appen-
dix C), the graph has been relabeled across the top in units of kT/e of

band-bending. Thus we have determined mobility vs. band-bending.

3+C CONSISTENCY

As outlined in Appendix D, we may calculate the sheet electron density
by two methods. The results of the mobility measurement, coupled with
& conductance measurement, yield the sheet density, labeled nau. The
sheet density may also be calculated from the capacitance of the struc-
ture, this labeled n,.» Figure 8 shows ng, plotted against n_ .- Since

these independently determined values are equal within experimental er-

ror, this method of measuring mobility appears to be reliable,

Since the effect of traps is to change n and N, in opposite di-
rections, the unity slope of Fig. 8 also reassures us that the trap

density is negligible,

In Fig. 9 the mobility measured through the acoustoelectric current
is compared to theoretical and other experimental mobility values. The
shaded area (Curve 1) represents the range of mobilities measured by the
acoustoelectric current, The spread due to nonuniformities at low den-~
sities is obvious on the semi-logarithmic scale. Although there is sig-

nificant difference between the measured walues and Schrieffer'sl2

theory
of diffuse scattering (Curve 2), they agree very well with other experi-
mental values. The two experimental methods used conductivity measure-

ments coupled with an alternate experiment to separate the density and
22



" 1
surface~state information. Fowler, Fang, and Hochberg 3

used Hall
neasurements, while Leistiko, Grove, and Sah9 used M.0.5. capacitance

conductivity measurements,

23



APPENDIX A

ACOUSTOELECTRIC CURRENT

We start with the current equation, contimuity equation, and Gauss' law

(for electrons in a sheet):

. on
- sf
Jg = eungl +eD 9z °
?_Ji e-a-’.ii = ()
9z ot ?
9k

e
0z ¢ (By - ng)s

where Js = sheet current, E = electric field, u = effective sheet mobil-
ity, e = electron charge magnitude, D = diffusion ccefficient, e = dielec-
tric permittivity, n, = total sheet electron density, ngy = equilibrium
sheet electron density, Do ™ mobile sheet electron density. (See Figure
1l.) The bulk conductivity is negligible compared to the sheet conduce-

tivity of the accumulation layer.

J_, E, and n  are assumed to have the following components:

g’

E = Ej +E,

where Eb = D,C. electric field due to "drift" voltage applied to Si, and

El = small-signal A.C, electric field at the accumlation layer due to

acoustic wave on liHb03;
g = Is0 * Jsl’

where Jso = D.C. sheet current density with no acoustic wave present, and

Jsl = small-signal A.C. current density due to acoustoelectric inter-

action; and + £
Bg = Rgg T Mgy = Bgg * Mgy * By

24



where n

80 = equilibrium electron sheet density, and n,

1" small-signal

bunched-electron density which is comprised of ngl and nf the trapped

81’

and free bunched densities.

Inserting the assumed forms for Jgs> B, and n, and linearizing for

small signals (dropping the ng, By term), we have

f
J . =eumi E + ) + eD 1
s1 = oMl By * o) + €D —,
-?f-]; - ansl =
5% at ’
B en
oz - 81‘

Using a travelling-wave dependence (exp (Jut - jkz)), and complex

amplitudes, and introducing the trapping factor,

f
Rs1
Ngy

t =

(see Appendix B), we obtain:

where '0

Jsl = e“Eofﬁesl teu msOEJ. - jkeDfﬁsl

A GdEI - JkeDfR,,

= uEy = drift velocity, directed opposite to E, for electrons,

Gq = eung, = sheet conduetivity; ~ stands for complex amplitude,

25



These equations lead to the effective conductivity function for the

accumlation layer:
wo dE'l
v~ fiev, = 32k°D

Jsl " Gs(“” k)El =

Having solved the linear equations, we may return to the current
equation and re-examine the nonlinear term,

The acoustoelectric current is the small D.C. shift in silicon
current due to the presence of an acoustic wave on the lithium niobate.
Writing the current equation with the assumed forms for E and ng, we

obtain:

f
on s1

oz

hig
Jd = eu(nao + nsl)(EO + El) + eD

We have, by taking the time average,

£
Iag = <J3 = g0/ = oM <13131>’

where L EO’ and nsOEl are sinmusoids, and hence have no time average,

Using the complex amplitudes from the linear analysis, we have:
= S4_ ol
Tap = 5 Be g ﬁs:LEl%
- SH R
L R %f( .k Jl)Elf.

W

Substituting the conductivity function and K

~V, (vs = yelocity of the

acoustic wave), we have:
2
L

JAE--a—‘;-‘;—S-Re 3fos(w, k)z‘El

We may use a technique from the electrodynamics of dispersive

2

mediam to relate El to the acoustic power flow. At each point
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along z, the acoustic power lost must be the power dissipated in the
semiconductor, since the acoustic medimm itself is essentially loss-
less. A itravelling wave which is attemuated has an imaginary part in

its wave number k. The z-dependence of the acoustic power is then:

' exp (-jkz) 12 = exp (2k,z)

or
P, = Py exp (2klz),

where PA

for attenuation.

= gcoustic sheet pover, PO = PA at z = 0, and ki = Lm; kz <0

Using the effective conductivity function, we find that the power

dissipated in the silicon is:

El‘zRggo-s(w,k)fg
dIA
Now, using -_— Pd = 0, we have:

ZkiPA=-%~»’E]_’2Re3 AOF k)g,

or
- m‘ip A

2 E
RG; cs(w, k)z

£

The acoustoelectric current is therefore
Re {fcs( Wy k)%

J H
Reios(w, k>§

AE © "F;ZkiPA

Since we are not using a magnetic field, we will always have

>

Regca(w,k)g Im}os(w, k)%l .
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From Appendix B it can be shown that Im f) < Re

Regfcs(w s k)‘{
~ Re%f% o
Re;os(w , k)%

~

ff. Hence

Hence we have

J

-l B
AE ZkiPA Re;f% .

v
5
This is just the sheet current density, at a point alongz, due to the
acoustoelectric interaction. To relate this to the short~circuit ter-
minal current in the actual experiment, we must solve a two-dimensional,
rectangular-geometry, conduction problem. The acoustic beam is assumed
to be well-defined of width w, so that the sheet acoustic power on the
I.r.i.NbD3 nay be wriitten as
{PO exp(Zkiz), |x\ < w/2,
P =
A

0, le > w/2,

where P, = sheet acoustic power at the silicon edge (z =0), and k, =

attenmation per length due to interaction (ki < 0)e

A silicon sample, having width b > w and length L, is positioned
over the acoustic beam. (See Fig. 2.) This leads to the following

conduction problem (with source 38):

>
J

N
_ {iZJAE = 1.3, exm(2k,z), |x| < w2,
]

}O< z< L
0, Ix]> w/2,

and
= o

JO-- 2kiPﬁReng‘
Vs

The boundary conditions on V(z,x) are:
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V(O, x) = V(L: x) = 0,
BV(z, _"_' L) )
2

ox

and on the current:

> >

where JT = 33 + J1 = total sheet current, source plus response.
Since this is a steady-state situation, the continuity equation

gives

vV e s () = . » . — «J .
3T0V3s+v3lorv31v3s

From Ohm's law we have:

. = 2
31== Jdﬁﬂ—cdvv or Y 31 - o4 vev,

So the appropriate differential equation is

V2V=..l.. V'js.
%4

First, we find the particular solution. The transverse dependence

>
of Js may be expanded in a Fourier cosine series, and with careful

choice of the fundamental period, the condition
& (2 x=2b/2) =0

may be automatically be satisfied:

>

d_= azJO exp(2kiz) [ +

s __?_ sin (nﬂ‘ﬁ) cos(nZWx]‘
n

-2— sm(nm) co s'(n21rx)] .

3

ud
b
|
b

nw

0

i oy
v o3, = 2k exp(ZKiz)[ 3
1
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Since we must satisfy VZV? = ¢° 3;, the particular solution is assumed

to be:

00
1 n2rx
V, =V, exp(2k;z) [»ao + E ‘a cos(**i?*)} .
; 1

Inserting this into the differential equation and matching coefficients,

we find:

A homogeneous solution must now be added to match boundary condi-

tions. The choice of solution to V2V = 0 in this configuration is:

Vi 2 :fi
V. =V + H1 " cos(n27rx) i cosh(n&rz) + B sint (n27rz) .
H HO L n n
1 b b b

Using V, + V; = O at z = 0, we find Vho = - VOaO and A = - Vban. Using

the same boundary condition at z = L yields

[eosn(22E - exp(x;1)

m— bl b
Vg = voao(l - exp(ZKiL)) and B voanL n27L )
sinh(-fg“)

We may now determine IAE by performing the previously indicated

integration. The most convenient path of integration is to hold z = O:

b/2 b/2
A, v
IAE=f T " Kag d"'(’df < de
-bh/2 z =0 -b/2 2 =0
Qo S (2k,1)))
= JW~g + 1 - exp(2k.L))
J W
:_—O——-—- - Y 4
2 1 (1 exp(ZkiL)).

But

0 v i‘o

J = - £ 2k P Regi‘g
S
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and

Pw(l - exp(2k;L1)) = Pp,

the power dissipated in the silicon. Therefore we have:

u
I v
AE b 4

a

L

Rasfg.
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APPERDIX B
TRAPPING FACIOR

Here ﬁe derive the trapping factor, f, which is the ratio of mobile (or
free) A.C. bunched-electron density to total A.C. bunched-electron density.
The particular situation considered is for electrons in an accumulation
layer on N-type silicon; other situations would use a very similar anal~

sis.

Traps are considered to be distributed throughout the energy gap,
and in commmication with free electrons in the accumulation layer of
sheet density nge Nss(E) is the sheet density per joule of surface
states (traps) at energy E., The trapped electron sheet density per elec-

tron volt is

dn,
—= NBS(E)F(E)’
di

where F(E) is the distribution function. (nt is obviously the total

trapped electron sheet density.)

We may formulate the following dynamics for traps at energy E:

d dnt.) . F(E))E (E) - e(E)F(E)N_ (E)
g; (_EE = C(E)n (1 - F(E))N_ (E) - e ss 't

The net rate of change of sheet density of electrons trapped at
energy £ is the rate of capture less the expulsion rate, The rate of
capture is the capture probability of an electron by a trap (G(E))
times the number of empty traps available ((1 - F(E))HSS(E)) imes the
nunber of electrons available (ns). The expulsion rate is the expulsion

probability for an electron in a trap (e(E)) times the rumber of full
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traps (F(E)N__(E)).

At equilibrium we have

n_=n

s

s0?

F(E) = F,(E)

and . dnt
<L (- = 0.
dt dB

This gives

e(E) = C(E)nso

We may now linearize for small signals and assume exp(jwt) time depen~

(

(the Fermi factor),

1 - F,(E)

Fo(E)

L

dence:
dn; 1 N
Jw = C(E)NSS(E) ﬁ51(1 - FO(E)) - n$OF1(E) - nso(l - FO(E)
dfl n
. W +1 0 -
= N (E - F(E)F . - F.(E)N_ (E).
I T " Ve (B - (BN - gy Py (B, (B)
But -
1 58 dbE
gives
dntl ) NSS(E)(l - FO(E))nsl
= ]
dE ju_, %s0
c(e) Fy(E)
~ B
s . fﬁl c NSS(E)FO(E)(J, - FO(E)) dE
H B JuF,(E)
Ev 1+ —
C(E)nso
We seek the trapping factor 5
fe sl
Ng1 " By

.

F ()

Fo(E)
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but it is easier to evaluate

1 - 1= ﬁ‘tl .
£ sl
So
Ee
1 L. 1 Nss(E)Fo(E)(l - FO(E)) dE
f B0 JuF,(E)
Ev ]l 4 ————

C(E)nso

In order to perform this integration we make three assumptions:

1) The limits E , E_may be moved to + with essentially no effect.
This is true because F(1 - F) goes to zero rapidly as the energy

differs from the Fermi energy, EF‘
2) C(E) = C, constant,
3) NSB(E) varies slowly compared to F(1 - F) around the Fermi energy.

Assumptions (2) and (3) have been shown to be valid in surface-state

investigetions.

We now have
N (Bp) < F (E)(1 - F(E)) dE

1_4= f
£ Re0 juF_(E) )
-00 1+ 0
cnso

For very low frequencies f obviously approaches an asymptote, fO:

f

Mm (L 1)« X1 =Nas(B) (R (5)1 - P (B) aE
w=0 %o “s0 —30[0 °

i kTN, (Ep)

*
ne:()
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At arbitrary frequency, recognizing that FO(E)(]. - FO(E)) dE = kT dF,,

0

we have:
) 1
kTN ( dF Cn jw
}'-l" 3SEF / O ”(‘%—"'1)—;3'9]13(14'&1
£ Deo JuF, 0 )
8 0 1+g
nsO

If we define 1 = 33;—--, we have:
s0

(2-1)=(-12 [m“j“’J.
¥ 5 ) Jut

) L]
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APPENDIX ©

SHEET MODEL

We wish to model the accumulation layer as a sheet conductance. The
neglect of bulk conduction compared to conduction in the accumulation
layer is justified over a wide range of sheet densities because the

b elcctrons/cm3 (ni = lolo/cm3 for 5i).

silicon we are using has ~10
The main consideration in the sheet model is that the sheet thickness
be small with respect to the acoustic wavelength, so that variations

in the acoustic field strength with depth need not be considered.

Consider the band structure associated with the accumulation 1ayér
on N-type silicon., In the discussion which follows, Ec = energy of
conduction band edge, EF = Fermi energy, Ei = intrinsic energy level,

and Ev = energy of valence band edge.

The electrostatic potential is related to band energies by
o(x) = - e(E;(x) - Bi(w)),

where ¢(x) = electrostatic potential at x, Ei(x) = intrinsic energy
level at x, Ei(«a) = bulk intrinsic energy level, and e = elecironic

charge magnitude,

Measuring potential in units of kT/e (U(x) = e¢ (x)/kT), the

usual semiconductor equations become:

n = n, exp (U - Tg),
and
p-‘—e(p-n-*No-NA),
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where p = hole density, n = electron density,

density, p = charge density, Ny = donor density, and N, = acceptor

density.

ng = jintrinsic carrier

At this point we may neglect holes, since we are considering N-type

material with only an accumulated surface,

density be Ny = Nj - N,. In the bulk (x _,.o0) the charge density must

vanish:

n(ew) = NO

Poisson's equation in one dimension is

2
u Q. _p. or
dx® €
80 2
v * .

Maltiplying by 2(dU/dx), we have

, A0 d%U 4 @2
dx dx°  dx dx

Using

kTe -

ezno

the intrinsic Debye length, and the fact that U and a must vanish in

the bulk, we obtain

xd d
[ & @ ax= (G

let the compensated donor

a%u

=5 =-—0p;

dx2

2
eno

kTe

AQ

D,

CA—

A

D

A

2
D

= n; exp (U F)e

e
kTe

— = - "T"“ (1 - exp (U)).

L1 -exp ()
dx

dx

U
f(l—-exp (0)) av
0

=-2§(exp (U) - U - 1).
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Choosing the appropriate sign for the square root, we have

au _ _ /2(exp (U) - T -1

dx Ap
Integrating again, we get:
x ¥ U
2 dx
= /-2—_.& - o1t .
AD AD Jexp (U = U -1
0 U8

If we restrict our attention to U > 3, we may neglect U and 1
with respect to the exponential and obtain:
U
SZ -;L = fexp (=U/2) dU
D

Us

= 2(exp (-U/2) - exp (~U_/2)),
but

-1}-. = exp (U);
0

n

_x.. ﬁ _ /5

\/_E'AD n Bos ’

vwhere Rog = ni(exp (Us)) = peak electron volume density at the surface;

1+ e /n03=/n05.
>
/é-)\D\ nO n

n
n = fos

2
1+ =X
VEIVS St

and
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Obvicusly this expression is wrong, as x becomes large because n
approaches zero instead of n. This is because (U + 1) was neglected
in solving the differential equation. If that term were included, it

would cause a slower fall of n with x, finally appreoaching Nye

For the densities we are considering, the slowly decreasing tail
of the density may be ignored, along with the bulk density, compared to
the accumulation layer. From here on, the n(x) derived will be con-

sidered to be the true electron density in the accumulation layer.

The sheet density of the accurmlation layer is:

00 n, dx
n, = ndx= [ Os 5
0 ¢] EAD nO '
= /2 /NN R
D 0s 0 (l + x! )2
0
1 [=¢]
- ‘/é'AD‘/nOsno T +x']

\/§an0 exp (U8/2).

If we consider the sheet thickness, ds, to be the value of x such that

90% of the electron sheet density is between O.and x, we find:

o]

1
f dx 2 = 1 = 01, d’ - 9,
g @ +x') 1+ 4t

dy = 9 V2, /?@___ = 9 V2 exp (-U/2).
“Os 39
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Using

€=12c, ny=20" e, K200 7,
and
e = 1.6 x 107 coul,
we have:
Ap = 13 u,
n, = 18.L x 107 exp (v/2) en2,
ds = 166 exp (~U3/2) un,

We require the sheet thickness to be much less than the acoustic wave-

length., At 166 MHaz,

\ = 3485 m/sec _ 21 pm.

166 MHz

If we choose dg max ~ 2um, the minimum surface potential is U, = 8.8,
This justifies the earlier assumption of avoiding potentials U < 3,
The peak density is exp (8.8) = 6.7 x 10° times the bulk. This cor-
responds to a sheet electron density of 1.5 x 1010 cm'z, which is the

minimum sheet density encountered in the experiment,
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APPENDIX D
CALCULATIONS

1) Accumulation-layer sheet conductance may be found by subtracting the
conductance due to bulk and back-side carriers from the total sheet
conductance of the sample. The sum of bulk and back-side conductances
may be determined from the sample resistance when V& corresponds to the
flat-band condition but, due to oxide charge and metal-semiconductor
work-function difference, we do not know this value of VT. If, instead,
we measure the maxirum resistance (vs. VT), we will determine the mini-
mum sheet conductance, which is slightly less than the flat-band value
by the amount the front side is depleted). This differecnce is small to
begin with and becomes less important as the total sheet conductance
grows larger, so this is the sheet conductance we will subtract for

bulk and back-side correction.

For sample BBL9C, Run #1, we have

. = 2
d min w max
with
.]:".ghoomilug‘—q
w 120 mil 3
and
Rmax = 1.86 Mo at VT = - 260 V,

d min = 1'77“6 -
So, for this sample, at other bias, we have

og % (%Q‘) %" - 1L.7708 .



2) Sheet electron density may be determined through the sheet conductance

or the silicon-to-field-plate capacitance.

19 coul, and we

Since we kmow that o4 = eun, and e = 1.9 x 107
calculate u and 94 from the experiment, we may also calculate the elec-
tron sheet density as

%4
nsu = -g;{-‘

Arguing that the structure is a linear parallel-plate capacitor, we have

an. =S 4w with C = SkA
] A T a

or
€1
An_ = —==AV.,
s a T
where ¢€,= dielectric permittivity normal to LiNbO3 surface; A = capaci-
tor area; d = separation of 5i surface from field plate =~IiNb03 thick-

ness.

In order to correct for fringing effects, a two-dimensional con-
duction analog (silver-paint electrodes on conductive "Teledeltos" paper)
was used to find the ratio of true capacitance to parailel—plate capaci-
tance; 2.295 ~ 2.3 was the result. Since, due to fringing, ng is not
uniform, the n found will be an average over the area. This capaci-
tance method can only determine changes in the sheet charge density be-
cause at zero bias the sheet charge is unknown. We shall use, to set
the absolute sheet electron density, a (low) value calculated from the

mobility measurement. For BBh9C, Run #1,

10 cm—2;

n H(Vp = = 100 V) = Sobiliud = 3.63 x 10
(1.6 x 1077 coul)(856 em“/V * sec)
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80

10 cm_g

o]
]

€
gc = 293 -;‘a (VT + 100 V) + 3,63 x 10

_ (2.3)(8h x 8.85 x 107 £/cm) (Vo + 100 V)
(0.25 cm) g

+ 3,63 x 1010 em™2

>

10 cmfz.

it

nsc

Here the second subscript on n, (uor ¢) refers to the method of deter-

mination (mobility or capacitance).

3) The power incident at the silicon edge is estimated from the nominal
input power. The power at the silicon edge, PO’ is the power read by
the power meter less the attemuator and input-transducer losses. (The
losses through the stub tuner are negligible.) The delay-line loss with
no silicon present, 8.L45 db, is the los s due to the two transducers (as-
sumed equal) and an estimated 0,85 db diffraction loss. Therefore the
input-transducer insertion loss is estimated to be 3.80 db. With the

power meter set at -1 dbm, the power is

Po == 1= Py

where PAtt is the attemuator insertion loss - 0.31, 10.32, 20,27 db,

- 3;80 db,

Converting back to a linear power scale, we have:

Nominal Actual
- 1 db 3,112 W
- 11 db 30.76 W
- 21 db 308.3 W

(This F, is the same as that used in Appendix 4.)
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4) The fraction of P. used (the (1 - exp(2kiL)) of Appendix A) may be

0]
determined by measuring the excess insertion loss of the delay line due
to the presence of the silicon. This excess loss is just exp(ZkiL) neas-
ured in db., If PDL is the total insertion loss of the delay line with

the silicon in place, we have

1- axp(QKiL) =1 - exP(~O.23(PDL - 8445))e

5) The mobility may be calculated from the acoustoelectric current as

I =Y;A_E.;..‘.£..I.J.9 or uz—_vSLVAE
AE R Vs L RE(1 - exp(2k; L))

6) Several data points and calculated parameters from Run #1 om BBLSC

are presented in Table 1.

TABLE 1
VT R PI-OSS PO VAE u O'd H.SM nsc
2
(V) @a) (@) (aW) @) G2 (u) (10" P
~100 0.462 30.2 3,112  3.78 936 S.uli 3463 3.63
0 0,282 25,6 30.76 20.6 856 10.05 T.3h 7.98
100 0.205 19.L 30.76 13.2 805 WUb9 11.25 12,33
200 0.16L 17.3  30.76 9.45 762 18.55 15.21 16.69
LOO 0.120 15.3 30.76 5.50 676 26,00 24.0L 25.41
600 0.099 1h.5 30.76 3.68 568 31.90 35.10 3L.18
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