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semiconductor and interact with the free carriers. As a result of this non-
linear inte raction , the SAW is attenuated, there is a change in the SAW velo-
city, and dc acousto-electric voltages are developed across the semiconductor.
In the case of two oppositely propagating surface waves, voltage proportional
to the convolution of the two input voltages is also generated. ~~~~~___-

A theory for the SAW-semiconductor interaction in flat-band ~a~d.ition,
taking into account both majority and minority carriers, surface re~çsnbination
velocity, and the free carriers lifetime is presented. For the infid4~te semi-
conductor thickness approximation, simple analytical expressions are d~tained
for the propagation loss, dc acousto-electric voltages, and convolutioZ}~voltages. For finite semiconductor thickness, numerical solution is uaé~i to
obtain these quantities. For the off flat-band condition, the bulk conduc-
tivity is replaced by an effective surface conductivity. The effective surfac
conductivity is related to the semiconductor surface potential through the
excess charge density, in the space charge region, and the surface ~~bility of
the carriers .

The semiconductor on lithium niobate structure (the SAW convolver ) is use
to determine the distribution of surface states, and majority carriers capture
cross section in the energy gap. This nondestructive testing is done by
observing the transient response of the attenuated delay line output during
and after a high voltage dc pulse is applied across the semiconductor-delay
line structure.

}hotocond.uctivity response time for various semiconductors is obtained by
observing the transient response of the attenuated dela~v tine output after a
Irulse of light is applied to the semiconductor.

The SAW convolver is used to determine the absor ~dge and the loca-
tion of surface states in the energy gap. The spectral r~øponse of the delay
line attenuation and the dc transverse acousto-electric voltage are used to
monitor changes in the semiconductor conductivity, and the charge trapped in
the surface states due to optical excitation. Thanaverse acoustoelectric
voltage inversion is observed in the spectral response of the dc acousto-
electric voltage for high resistivity semiconductor, which improves the sensi-
tivity of the technique.
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ABSTRACT

This work presents a study of the electrical properties of

semiconductors using the interaction between surface acoustic waves

and a semiconductor in the separated medium configuration ( the SAW

convolver). This study has been conducted towards developing a new

technique for nondestructive evaluation of semiconductor surfaces

using surface acoustic waves. The semiconductor is placed a small

distance above the delay line, with a uniform airgap between the

two media. Although there is no mechanical contact between the two

media, the electric fields associated with the surface acoustic

waves penetrate into the semiconductor and interact with the free

carriers. As a result of this nonlinear interaction, the SAW is

• attenuated, there is a change in the SAW velocity, and de acousto-

electric voltages are developed across the semiconductor. In the

case of two oppositely propagating surface waves, voltage proportional

to the convolution of the two input voltages is also generated.

A theory for the SAW-semiconductor interaction in flat-

band condition, taking into account both majority and minority

carriers, surface recombination velocity, and the free carriers life- •

time is presented. For the infinite semiconductor thickness approxinia-

• tion, simple analytical expressions are obtained .for the propagation

loss, dc acoustoelectric voltages, and convolution voltages. For

finite semiconductor thickness, numerical solution is used to obtain
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these quantities. For the off flat-band. condition, the bulk conduc-

tivity is replaced by an effective surface conductivity. The effec-

tive surface conductivity is related to the semiconductor surface

potential through the excess charge density, in the space charge

region, and the surface mobility of the carriers.

The semiconductor on lithium niobate structure ( the SAW

convolver) is used to determine the distribution of surface states,

and majority carriers captur e cross section in the energy gap.

This nondestructive testing is done by observing the transient

response of the attenuated delay line output during and after a high

voltage de pulse is applied across the semiconductor-delay line

structure.

Ehotoconductivity response time for various semiconductors

is obtained by observing the transient response of the attenuated

• delay line output after a pulse of light is applied to the semicon-

ductor . -

The SAW convolver is used to determine the absorption edge

and the location of surface states in the energy gap. The spectral

response of the delay line attenuation and the dc transverse acousto-

electric voltage are used to monitor changes in the semiconductor

conductivity, and the cha rge trapped in the surface states due to

optical excitation. Transverse acoustoelectric voltage inversion is

• observed in the spectral response of the dc acoustoelectric voltage

for high resistivity semiconductor, which improves the sensitivity -:

of the technique.
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CHAPTER I

INTRODUCTION

This ‘work is concerned with the application of surface

acoustic waves (SAW) to nondestructive evaluation of semiconductor

surfaces. A separeted medium convolver is used in this study . In

this device surface acoustic waves propagating on a piezoelectric

substrate interact with carriers in a neighboring semiconductor . The

piezoe].ectric and the semiconducting media have their surfaces

mechanically isolated from one another due to the presence of an air

gap. The acoustoelectric coupling is achieved through the electric

fields which acc~~pany the surface waves. These electric fields also

exist outside the piezoelectric substrate and. can penetrate into

the semicQnductOr.

Coupling of the acoustic wave to mobile charge carriers

was first reported by Nine1 who observed that the attenuation of bulk

acoustic waves in photoconductive CdS varied with illumination.

Hutson, et al.,2’3 demonstrated that ultrasonic wave ampl ification

could be obtained when the mobile carrier drift velocity was greater

than that of the sound. I’ detailed theory of bulk ultrasonic ampli-

fication is given by Whi te.14

The introducti ’n of the interdigital transducer,5 gave way

to an efficient method for the excitation of surface acoustic waves,

and hence, the interaction phenomena between acoustic waves and free

carriers was extended to surface waves .

I 
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In the SAW interaction with free carriers the semiconductor

medium can be either separated from the piezoelectric substrat~
(separated medium) or directly deposited on it, thus forming a mono-

lithic structure.6”8 There is also a third family of devices which

employ piezoelectric semiconductors such as GaAs9’~
’0 (combined medium).

The theory for efficient excitation of surface acoustic

waves on a piezoelectric substrate was first developed by Campbell

and jones.11 Ingebrigtsen~~’
3’3 used these results to develop the

theory for the propagation loss of SAW due to various electromagnetic

- • boundary conditions, especially the interaction of SAW with carriers

in a semiconducting fiim on the piezoelectric substrate. The ampli-

fication of SAW in the composite structure consisting of a semicon-

ductor spaced a small distance away from the piezoelectric was first

reported by Lakin and Shaw.~~ Several authors published theories

on the interaction of SAW with free carriers in a semiconductor,114~
19

however, they only covered the flat band case of’ a highly extrinsic

semiconductor with perfect surfaces. Lately20’21 some work has been

• - done to extend these theories to high resistivity materials, and off

flat-band condition. The work by Takada et al., assumes near flat-

band condition arid infinite semiconductor thickness. The work by

-
• Gautier et al., assumes an extrinsic semiconductor such that the SAW

losses can be ignored.

The Interaction of SAW with free carriers in a semiconductor

is particularly interesting for VHF signal processing and optical

imaging. Linear interaction gives rise to surface acoustic wave

amplifiers.~
’14 Based on the nonlinear interaction, parametric signal

—‘~~~~~~ -- ---- --~~ — —----- -------~~~~~~ -~~~~~~~~~~~~ -—~~--~~~-~~-•-- ~ —~--— -.~~
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processing using SAW has been developed over the last few years.

Under the label of ‘parametric’ we include all the techniques by

which, from two input signals, one can generate a third one at the

sum or difference frequency. A parametric processor must, therefore,

include a nonlinear mechanism responsible for the coupling between

the waves. Of such, there are two major nonlinear mechanisms. The

first is the acoustic nonlinearity of the acoustic medium Itself

through which the acoustic waves propagate. In the second mechanism,

the electric field associated with the acoustic waves interacts with 
•

charge carriers in a semiconductor; and wave-wave coupling is achieved

through the space charge nonlinearity. The piezoelectric nonlinearity

is limited and the device efficiency is very low. On the other hand,

the separated medium nonlinearity can be very strong, much more than

- the combined medium nonlinearity, but correspondingly the technology

is harder to implement. Real—time signal processing systems and

devices for convolution, correlation, Fourier transformation, inverse

Fourier transformation, pulse compression, match filtering, time

inversion and ambiguity function generation have been built and these

functions demonstrated (see J. D. Maines, et al., and R. M. Hays,

et al., Review Papers).

Optical signal processing and imaging
2l
~ using the nonlinear

interaction of SAW and. free carriers in the separated medium structure

are based on the fact that the coupling between these two media

depends on the electronic properties of the semiconductor surface;

specifically the surface conductivity and the surface state charge

— - - -‘--— —‘---- -~ —•-—-.- — — - . a - - -
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density. The surface conductivi ty and surface potential both

determine the propagation loss and the interaction strength. Due to

the photoconductivity of the semiconductor, these surface parameters

vary locally according to the intensity of the light illuminating

the semiconductor surface. Thus, the interaction of SAW and a semi-

conductor can be used as an optical image sensor , and if scanning

• mechanism is desired, one can use for example, a short SAW pulse.

When this pulse moves along the semiconductor the acoustoelectric

voltage or the convolution voltage, record the surface condition

along the semiconductor.

Acoustic memory devices have recently become of more interest.

In general, the physical phenomenon underlying the memory effect is

charging of the surface or volume traps, 25,26 or charging of’ capaci-

tors associated with diode arrays.27 The parametric interaction of

two acoustic waves of angular frequency ~ and wave number k, gives

rise to a dc electric field in the form of a spatially periodic array

with wave number 2k. This d.c term generates a d.c electron current

which produces a trapped charge grating. The return to equilibrium

can be very slow in special cases. Both combined media and separated

media semiconductor convolvers have been utilized to form these

memory devices.

Determination of the electrical properties of semiconductors

using the SAW was first reported by A. Bers et al.28 They determined

the surface mobility of electrons in the accumulation layer by measuring

the d.c acoustoelectric current for different external d.c biases.

- .— .————-----—.--——— ----——— - •_ ~~________ •__s.____ —- -—-
_
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Bierbaum29 determined, the electron mobilities in thin metal films

deposited directly on the surface of the delay line, by measuring

the propagation loss. T. C. Lim et al, 30,~~ observed. the wave-

length dependence of the photoenhancement convolution on piezo-

electric ZnO corresponding to the exciton transitions. The same

experiment on GaAs was reported by K. Hah et al., and. on CdS by

Zueda et al.33 The application of surface acoustic waves to the

study of semiconductor surface states in Ge using the separated

medium longitudinal acoustoelectric effect was reported first by T.

Shiosaki et ~~~~~~~~~~~ They observed the transient to steady state in the

acoustoelectric voltage after applying an external high voltage dc

pulse across the semiconductor delay line structure. The well known

pulsed field effect surface conductance relaxation processes35 can

be observed using the acoustoelectric voltage as a sensor.

Nondestructive evaluation of semiconductor surfaces

using the separated medium convolver, was first proposed by P. Das

et al.,61_71 In this work the propagation loss, the transverse

acoustoeleetric voltage, the convolution voltage, and the change in

SAW velocity, (which we refer in this work as the SAW-semiconductor

Interaction parameters) are used to monitor changes in the semicon-

ductor conductance, and. charge trapped in the surface states, due to

an external disturbance. The external disturbance can be either an

external dc bias applied across the semiconductor delay line structure,

or an optical excitation. The main advantage of this new technique

Is that it requires no contact to the semiconductor surface, and 

—~~~~~ 
-——-—
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hence, it it truely a nondestructive method for study of electrical

properties of semiconductors .

Nondestructive evaluation of semiconductor surfaces is of

great interest since one can perform evaluation of the semiconductor

surface during different stages of the device processing, and later

on, a device can be built on the same substrate. The SAW convolver

may be used for nondestructive evaluation of’ semiconductor surfaces.

To achieve that, a study of the SAW-semiconductor interaction has

been conducted, and electrical properties of semiconductors have been

determined In this work.

This work is concerned mainly with the study of semiconductor

surface states using the SAW-semiconductor Interaction. Surface states

are localized states in the energy gap at the semiconductor surface,

due to the termination of the lattice periodicity or due to surface

contamination. While considered theoretically much earlier, surface

states first became of practical significance when Bardeen~~ proposed

that it was these states, and. riot the metal work-function, which

determined the height of a Schottky barrier. A review of earlier

work on surface states can be found. in the book by Many et al.35

The statistics of the recombination of holes arid electrons occurring

through a deep trap level as was developed by Shockley and Read37

can be used also for surface states trapping by using sheet carrier

density on the surface instead of volume carrier density in the bulk.

The most detailed data available on surface state charac-

teristica has been obtained by the MOS conductance and capacitance

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ =-,-, a-
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techniques, which yield. the surface state density and. capture cross

section as functions of’ energy. The results of various studies~
8
~~~

reveal that the surface state densities are relatively constant near

the mid gap, and rise toward the band edges. Capture cross sections

are constant near midgap and drop exponentIally toward the band edges.

Typical surface state densities range from 10
10 to 1&3/cm2-eV,

while capture cross sections range from lO~
’
~ to 10

_iS em2. Recently

a new technique, deep level transient spectroscopy (DLTS) has been

developed by Lang.~~ This is a high frequency capacitance transient

thermal scanning method. useful for observing a wide variety of traps

in semiconductors. This technique is superior to all other capacitance

techniques such as thermally stimulated capacitance, 142, 1~3 admittance

spectroscopy, and photocapacitance. h15 The main advantages of the

DLTS technique are (i) no need for analysis of optical cross

sections; (Ii) much greater sensitivity; (iii) greater range of’

observable trap depths; and (iv) much more convenient to use and

interpret.

In Chapter II we develop a theory for the SAW-semiconductor

interaction. The theory includes majority and minority carrier

Interaction, and also semiconductor parameters such as lifetime and

surface recombination velocity. SAW-semiconductor interaction para-

meters for high resistivity materials are calculated for the finite

semiconductor thickness and for the case of infinite thickness approx-

imation . For semiconductor surfaces in accumulation, depletion and

inversion condition, we introduce the effective surface conductivity

• ~~~~ • .a• •-
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interaction approach . The interaction parameters for various semi-

conductor surface potentials are numerically calculated. using a

digital computer. In Chapter III experimental results are presented

for surface states and capture cross section evaluation using the

propagation loss as a sensor, while an external d.c bias is used to

vary the semiconductor surface potential. The response time of’ photo-

conductivity decay is observed by the transient response of’ the

delay line attenuation while an externally do bias is applied to the

semiconductor. In this Chapter we also present the use of’ other SAW-

semiconductor Interaction parameters, such as the do acoustoelectric

voltage, and the change in SAW velocity to obtain electrical properties

of a semiconductor. In Chapter IV a semiconductor spectroscopy using

the SAW convolver as a sensor is presented. Valuable information such

as the position of surface states in the energy gap, and the photon

energy for total surface absorption can be obtained using this

technique. The sensitivity of the technique is yet to be improved,

but the basic information for using the SAW convolver for nondestruc-

tive evaluation of’ semiconductor is presented in this thesis.
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CHA PTER II

SURFACE ACOUSTIC WAVE-SEMICONDUCTOR INTERACT ION IN THE
SEPARATED MEDIUM STRUC~LURE

F-
2.1 Basic SAW-Semiconductor Interaction Mechanism

In this Chapter we shall give the theory for the inter-

action of surface acoustic waves propagating on a piezoelectric

substrate with the free carriers in a semiconductor placed above

the delay line with a uniform air gap between them. The structure

to which all the work reported here applies, is shown in Fig. 2.1.

The SAW is excited by an interdigital transducer fabricated directly

on the surface of the piezoelectric crystal. Although several types

of surface waves may exist, we are only concerned with those called

Rayleigh waves.~~’
14
~ The SAW propagates in the vicinity of the piezo-

electric crystal surface with a constant velocity slightly lower

than the bulk shear wave velocity of the crystal. The mechanical

motions are confined to the surface of the crystal decaying exponen-

tial].y within the crystal away from the surface. The SAW is

accompanied by propagating electric fields. Though these electric

fields are also confined to the surface they exist both inside and

outside the crystal. The decay constant of the electric fields out-

side the surface Is of the order of the SAW wavelength.

When a semiconductor sample is placed near the SAW delay

line, these electric fields peentrate into the semiconductor. It will

be shown that inside the semiconductor the electric fields decay

within a Debye length from the surface. For an n-type silicon with

9
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carrier density of io15-1o17 em 3 the interaction between the rf

fields and the free carriers, takes place 1.5-0.2 pm away from the —

semiconductor surface. The rf acoustic fields modulate the carrier

density inside the semiconductor, hence, rf components of the carrier

density appear near the semiconductor surface. for an extrinsic

semiconductor the rf acoustic fields result in a depletion layer on

the semiconductor surface, since the Debye length decreases in the

half cycle that tends to accumulate majority carrier a, whereas the

E-fields penetrate further into the semicond.uctor in the half cycle

that tends to deplete the surface.

As the surface waves propagate under the semiconductor, the

longitudinal and the transverse components of their E-fields Interact

with the carriers causing a current density J, which depends on the

semiconductor conductivity. There is power absorbed from the acoustic

waves, which are, therefore, attenuated. This attenuation constant

is directly related to the conductivity of the semiconductor. In

addition, the larger the air gap, the smaller the acoustoelectric

coupling to the semiconductor, and hence, the smaller the attenuation.

The interaction of the rf acousti c fields with the free

carriers in the semiconductor (both time-varying and time—independent )

results In ac and d.c currents Inside the semiconductor. As a result

of these currents, transverse and. longitudinal voltages appear across

the semiconductor. In the case of two oppositely propagating surface

waves at the same frequency, a spatially uniform potential is

generated at the double frequency and, as a function of time, it

~~~~~ -~~-- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ •- - -~~~~~~~ . ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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represents the convolution of the modulation of the input signals.

The nonlinear interaction which results in the dc voltages ( the

acoustoelectric voltages), and the ac voltages (the convolution

voltages), is the basis for the parametric coupling and mixing o~’

acous ti c waves.

Several, theories have been publishedl14_21 for the SAN-

semiconductor interaction. They are very useful for the design of

the convolver operating under normal conditions. Thus, they assume

constant carrier density near flat band. condition, a highly extrinsic

semiconductor (hence, only majority carrier interaction is considered),

and. an ideal semiconductor surface (thus, neglcct~ng surface recom -~

bination). Only the works by Takada et al. 20 and Gautier21 considered

non-uniform carrier density (off flat-band condition). It was shown

that for hIghly extrinsic semiconductors, a varactor-like approach

can be considered. The varactor-like approach is based on the

assumption that for the high conductivity semiconductor and an

acoustic wavelength long compared to the Debye length, the non1In~ar

Interaction can be analyzed in terms of the transverse electric

displacement field which accompanies the acoustic waves. A normal

component of electric displacement at the semiconductor surface

creates a potential which is proportional to the square of the

electric field. This is the mechanism that takes place in a varactor;

but whereas a varactor is generally voltage-driven, the semiconductor

convolver is displacement current or E-fleld driven. However, for

nondestructive evaluation of a semiconductor surface, the exact

—~~~~- -~~~~ •- ‘— ~—t-.__•_._ 
~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~ ~~~ —— - - - - ~~~~~
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solution has to be considered..

2.1.1 Propagation Loss

The general solution to surface scone tic waves propagating

on a semi-infinite medium have been given by Campbell and Jone sil

in the form of a linear combination of these terms

U ~ U~, exp(.a~ky) exp [ j( cDt - kz)]
(2.1-1)

0 Ø~ exp(-a1ky) exp [j (cnt - kz))

where u is the mechanical displacement, 0 is the electric potential,

w is the angular frequency, and k is the wave number. Particular

values of U1, Ø~, and a1 are obtaine d by solving the wave equation

- 
• for the acoustic waves, subject to the boundary conditions . In

establishing these boundary conditions it is assumed that the surface

is mechanically free although the adjoining medium is not necessarily

a vacuum. Thus, a uniform air gap Is assumed between the piezo-

electric substrate and the adjoining medium.

The electrical boundary condition on the surface of the

delay line may be represented by the ~4 wave impedance,

= = -j 
~~~

- 
~~~~~~~~~~ (2.1-2)

x s y~~~

- • where D is the displacement field, 0 is the electric potential, and

V
5 
is the SAW velocity.

L ~~~~~~~~~~~~~~~~~~~~~~~ -- - - - 
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Since the electric boundary conditions require 0 and to be

continuous across the substrate surface, the impedance will be

continuous. An electrical boundary caidition is, therefore,

= 5, where Z~, is the TM wave impedance defined right on the

surface of the piezoelectric substrate. Since Z~, is purely

imaginary when V is real, we will obtain real solutions for

only when is purely imaginary. This is the case when the adjoining

medium is lossless. When ZA has a non zero real part we find solutions

for the complex value of V
5 which corresponds to damped waves.

Furthermore, the change in the SAW velocity due to the adjoining

medium is obtained by the perturbation theory to be

V _ V 2 E v Z
5 0 Av K p S A

~~~~~~~~~~~~~~~~~~~~~~~ 
(2.1-3)

0 0 p s A

K is the coupling coefficient for the piezoelectric substrate and is

defined by K2/2 = ~V~/V0. The quantity ~Va,/vO is the percentage

difference in the velocity between a free surface* and a surface coated

by an infinitesimally thin perfect conductor. This quantity has

been shown1’3 to be a direct estimate of the surface-wave coupling to

interdigital transducers. is the piezoelectric permittivity, and

V
0 
is the SAW velocity for a metaflized piezoelectric surface.

*A free surface is defined by an infinite external impedance, ZA on
the piezoelectric surface. Whenever the piezoelectric materia! has
a large dielectric constant, the vacuum boundary condition approxi-
mates the ideal free sur face. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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The change in SAW velocity can be written as ~v/v0 =

-L~k/k0, where ~k = k - k0 = ~~ + j a(cz < 0 ) . Substituting this Into

Equation (2.1-3) we obtain

T,2 ~~v Z
~~~~~~~~ 1 T (  p s A
2 ~ ~~‘€ v Z  + j

• p s A

This equation describes the SAW propagation loss due to any electrical

load of an adjoining medium. The only parameter needed. to be known

for a given substrate is the surface impedance, ZA. The surface

impedance is given by,

Z5 + j /v5€0 tanh(kh)
ZA = ], - j V 5€0Z

~ tanh (kh ) (2.1-5)

where Z~ is the semiconductor surface impedance viewed through a

— lossy transmission line with a characteristic impedance j /v5€ 0.

The semiconductor surface impedance is related. to the

potential inside the semiconductor. A perturbation analysis of the

SAW convolver has predicte d the results of various experiments over

a wide range of parameters. The traveling acoustic waves produce

excess free carriers in the semiconductor. The first-order pertur-

bation calculation gives the electrons and holes excess concentration

(n.y, and p1), and the rf acoustic potential inside the semiconductor.

This is done through the weak coupling approximation, by assuming

that the acoustic wave at a point is unperturbed by the interaction

at that point. This approximation is valid because the coupling

between the acoustic and electric fields is given by a small pars-

meter ic2, which is of the orde r of 1%. The small signal equations

I
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( subtracting the equilibrium terms from the exact equations and

dropping second-order terms ) are:

J ~ = ~E1 - D~ V P
1 

(2.1-6~

VJ + = 0 (2.1-7)

V2
Ø = -qp1/€ 5 (2.1-8)

where p1 is the excess charge density due to the rf acoustic fields.

For an extrinsic n-type semiconductor p1 = -qn1, where n1 Is the

excess electron density due to the rf acoustic field. Assuming that

the rf acoustic potential has the form Ø(y, z,t) = Ø1(y)e
i~~

t -

and an extrinsic n-type semiconductor, substituting EquatIons (2.1-6)

and (2.1-8) into Equation (2.1-7) results in a fourth order differ-

ential equation for the rf acoustic potential Ø1(y).

~~ - k ~ ( l +  v 2 ) O~’ + k ~ y 2O~ = 0 (2.1-9)

2 2
• where Y 1 + W c

U)
~

/(L) + i C L ~~/(J)

= o/E dielectric relaxation frequency

= V~~/D~ diffusion frequency.

The general solution to Equation (2.1-9) is

14 aky

Ø1(y) = Z A1e (2.1-10)

1=1

where a1 = 1, -1, y ,  - i.

- - - -~~ - a - • 
• 
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The amplitude coefficients In (2.1-10) are quite complicated and can

be obtained from the boundary condi tions. However , they can be very

much simplified if the semiconductor thickness is much larger than

the SAW wavelength (for 100 I(i~z the SAW wavelength is 31# iun) . In

this case, only the positive exponential (y is the negative) will

contribute to the solution (2.1-10). Equations (2.1-14) and (2.1-5)

describ e the prop agation loss of the SAW due to an electrical load

separated a distance h from the piezoelectric crystal . For an

extrinsic semiconductor 1>> 1, hence the rf electric field decays

inside the semiconductor exponentially with a decay constant of the

order of (yk ) 1’ which is equal to the extrinsic Debye length.

2.1.2 The Acoustoelectric Voltages

The acoustoelectric voltage is the d.c voltage developed

inside the semiconductor due to the nonlinear interaction between

the electric fields accompanying the SAW and the free carriers inside

the semiconductor. The free carriers concentrations are given by the

sum of the equilibrium and the rf carrier densities , where the

electric fields inside the semiconductor are given by the derivatives

of the electric potential, Equation (2.1-10). UsIng Poisson’s

equation the excess charge density is

2 2p1(y) = -€
~~ 

z k (cxi - l)A~e (2.1-il )
1=1

The transverse and longitudin al electric fields are

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - - 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~ —— - • - - - —
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4 a ky
E (y) - = - ~ a .k.A 1e (2.1-12)

Ii. aky —

E
~
(y) - = jk �~ A~e ~ (2.1-13)

The transverse acoustoelectric field is by definition the average

field resulting from the nonlinear current developed inside the semi-

conductor, thus the transverse and longitudinal acoustoelectric fields

are

Eaey = ~ Re(a1E~
*(y)) (2.1-114)

1 1  *Eaez = ~ Re( cY iE~ (y) )  (2.1-15)

where a1 = qp~ n1 ÷ q~i~ p1. (2.1-16)

Substituting from (2.l-ll)-(2.l-13) into Equations (2.1-114), (2.1-15),

the acoustoelectric fields for extrinsic material is given by

____ 
2 * * (a14a.*)ky l

E = + Re [ Z z (a - ].)a.A.A . e ]aey — 2a i=l j=l ~J 
1 3

* (2.1-17)
_

~~~~~~
‘
~~~~~ 2 * (cz scz )ky’

E = + Re [z  z j  (a1 - 1) AiA e ~ ‘~
z a j=~ ~~~

(2.1-18)

where y ’ = y - h. The transverse field is positive for p-type and H

negative for an n-type material . The longi tudinal is negative for

p-type and positive for n-typ e material.
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2.1.3 The Convolution Volta ges

When the device is operated as a convolver , two waves are

launched. at frequencies w..~ and ~2 respectively and in opposite

directi ons . If we take the center of the semiconductor as the origin

z = 0, and neglect the propagation loss, these waves have fields

that vary as

f1(t - ~
) exp [jw~(t - ~

)] and. f2(t + ~
) exp [j u ~(t + ~

respectively, where we have neglected a i~ma11 phase correction of

exp (jkl/2 ), in each term. v is the surface wave velocity and

and f2 are the modulations of the input signals. Each electric field

will generate an excess carrier density with the sane time and space

variation. The nonlinear interaction produces the following three

signals for a second order nonlinearity :

I. K f 1
2(t - ~

) exp [ 2jcn.~(t -

ii. K~f2
2(t + ~

) exp [2-jw2(t +

iii. K~f1(t - ~
) f2 (t + ~

) exp { j [(cL 1 + w2 )t - -

where Kc is a constant representing the strength of the nonlinearity.

The first two terms represent second harmonic generation. The third

term contains the product of the two envelope functions, and is the

term of interest. In the degenerate case, the two Input signals are

at the same frequency w = w,~ = w2; thus, all three signals are at a

frequency 2w; however, the first two have phase variation with respect

I I 
_________________________________----- __ __ - -__s___-”-__—_ _ — — . -—- -— •~ -—--~~~.

-- —~~--•-— - - - - • - - - - —— —--- — ---— --
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to space whereas the last one is space independent. If we

integrate all three terms with respect to z, the first two do not

increase at all, while the third increases monotonicafly with the

length of integration, L.

For large values of L, say L >  10 A where A is the SAW

wavelength, the third term is the only important one. In this case,

the open circuit output signal detected between a metal plane

electrode on the top surface of the semiconductor and the lower

surface of the delay line, takes the form
- +L/2

• V0~ = Kc exp(j2wt ) f  f1(t - 

~
) f~(t +

-L/2
If the modulated signals exist for time shorter than the acoustic

delay along the semiconductor, we can take the limit of integration

to infinity; and with the change of variable T = t - ~~, the output

signal takes on the final form —

+ 0 0

V0~ = Kvexp( j �nt) 
~ ~~~ f~(2t -T)dT (2.1-19)

The output is seen to be the true convolution of the modulated

signals, compressed by a factor of 2.

The electric potential accompanying the two signals

propagating in opposite directions for the degenerate case are

Ii. akyt

0~ = ej t 1
~~ A e 1

i=l (2.1-20)

= ~~~~~ 
+ kz) E B e~~

j=].

where y ’ = y - h.

- — • - ~~~~-—- ~~ ~- . — -
~~~~

—-----—•——- 
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When no external dc bias is applied to the semiconductor, a~ 
= —

A1 = ~~~ and only the normal component of the electri c field (along

y) will contribute to the convolved. signal (J
~
(2w) = 0).

The transverse electric fields are given by Ey = -

hence,

14 I -

Ey~ = _ej~~ t - kz) k Z cr1A1e 1

i=l (2.1-21)
— 

- LI.

Ey~ = _ej ~~ t + kz) k Z a~A~e
3

j=l

The correspond ing excess charge density is given by Poisson’s Equation

••• E V 2Ø.

1$. I

p1 = ~~~~~~ 
- kz) € 5k2 (a1

2 
- l)A1e

’
~
’ 

. 
-

‘

• i=l
(2.1-22)

= _ej~~ t + kz) € 5k2 E (a~~ - l)A~e~~

The second order current density is given by

• J~(2w) = a1~Ey + a1 Ey~ (2.1-23)

• Substit uting Equations (2.1-21) and (2.1-22 ) into (2.1-23), the

second order current density for an extrinsic semiconductor is given

by

_ _ _ _ _ _ _ _ _ _ _  

H
- ~~~~~~~~~~~~~~~~~~~~~ - - -— —--C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~~~~~~
- - -

~ - -~~~~~~~~~~~~~ -~~~~~~• - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~~ - - — - - -~~-
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LI. 14 (a.-ia )ky’
j  (an) = + ~~ k 3 z z A1A (a1 + a )( a .a. - l)e 1 J
y — 2  a 

~~~~~~~~~~ ~

(2.1-214)

where the positive sign is for p-type and the negative for n-type

material.

The relation between the open circuit convolution voltage

and the current density Equation (2.1-214) will be developed in the

next section for the general case of two carrier interactions.

2.2 SAW-Semiconductor Two Carrier Interaction

Near Flat-band Condition

2.2.1 Introduction

• 
- Otto19 has shown that in order to maximize the output

power or a SAW convolver one must simultaneously minimize the

transducer conversion loss, eliminate the output circuit parasitics,

and. achieve an optimal balance between the coupling and propaga-

tion loss. The optimal value of the convolution voltage is achieved

for aL = 1 or ~.7 dB, where a is the propagation loss and L is the

semiconductor length . For most delay line substrates and semicon-

ductors, these conditions require an extrinsic semiconductor. For

— Si 10 ohm-cm, the dielectric relaxation time is = 1.0)4. x

• sec. Therefore, as long as the SAW frequency is such that the

transient time duration is much shorter than 10
_li sec ( f <  a/€ 5),

• the charge neutrality condition can be considered. More important 
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is the fact that for extrinsic semiconductors near the flat-band

condition a small signal perturbation is assumed, thus, the thermal

equilibrium condition specified by the flat-band distribution is

used in order to solve for the various parameters of the SAW convolver.

Nondestructive evaluation of semiconductor surfaces using

the SAW convolver structure requires the removal of several assump-

tions used in the previous theories.1~~
21 We would like to use high-

resistivity materials as well as low r-~sistivity materials and in

addition, to use an external dc bias to accumulate or deplete the

semiconductor surfaces. Thus, majority and minority carrier inter-

action is considered. For inal~rials such as GaAs with very low life-

time of the free carriers (nsec), and very high surface recombination

- 
- velocity, the theory should include these semiconductor parameters.

In order to keep the small signal analysis valid, very low SAW power

input should be used for high resistivity materials.

The evaluation of electrical properties of bulk semicon-

ductors using the SAW convolver is a study of an active region

- - extending a few tim away from the surface. This region can be further

reduced by accumulating the semiconductor surface such that the

effective Debye length will be of the order of several hundred

angstroms . For epitaxial layers it is important to use SAW

frequencies such that the infinite semiconductor approximation is

valid, hence d> A (d = epitaxial thickness, A SAW wavelength) .

-.-~ --- —--~~~--~~~~—- —- - — •~~~~~~~
- - -

~~~~~~— - - — • • . •—--~~~~~~~~~~
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2.2.2 The rf Electric Potential in the Semiconductor

In this seôtion we shall put all the quantities that vary

jwt - kz )
with space and time in the form f (y)e  . The current equa-

- • tions are (neglecting second order)

-
- ~

• 

= q.p~ P E
~ 

+ jk qD~
(2.2-1)

Jpy = (itip P Ey - q D~ -
~~
-

~
-

for holes and

j
nz = qt-t~ n E~ - jk qD~ n1

~n1 
(2.2-2)

~ny = Ti Ey + qD~

for electrons . Here p and ii are the total time and space independent

carrier densities of holes and electrons respectively, p1 and n1 are

the excess carrier densities caused by the electric fields accompany-

ing the surface waves.

The continuity equations are

iwaP1 = j k - 
+ - 

_______

(2 .2-3)
i~~it1

1 = jk + + qg - 

q n +  qn1

and the Poisson’s equation i~

V 2
Ø = -q(p1 - n1)/€ (2 .2 - 14)

i:~i ~~~~~~~~~~~~ ~~~~~~~~~~~~ -—--b-— ~~~~~~~~~~~~~ 

- 
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The time and space independent carrier density is assumed to be in

the steady state even if external generation (like light) exists,

and they are given by p = ~~~~ 
n = g ~~ as can be seen from

Equation (2.2-3). Assuming that all the t ime and space varying
.y kyfunctions decay inside the semiconductor in a form e , we obtain

from (2.2-l)-(2 .2-14) the following equation for the decay constant:

2 ~2 r 
(Dcp(

~ - 1~ I. 2 2 +
D~ (r _ k ) _ (l/t n + jU))

(2.2-5a)

2 
- - 1 ] = 0

D~ (r - k ) - (l/r~ + j a))

qti,.,p
where = -jr-- , and =

The roots to Equation (2.2-5) are

2 
= i 

- 

-

= 1 + ~Cn~Dn ~~ 
°~cp’~~p + ~Cn~~n~~

1Tn ÷ 
j()~ + °~cp~~p~’~ 

T + iw)

°~ ~°~Cn~~n + ~cp°~p~
(2.2-5b )

2 
— 

WCn~~n~~p~~
/mn + jCD) + 

a)Cpa)Dp~~n
(1
~
/Tp + ja))

0) (0)Cn(DDn + ~cp~~p~

where a~~ = v5
2/D~ and oi~~ = v5

2/D~, v8 is the SAW velocity .

- 

- -—

~~~~~~~

--—-- • -

~~~~

— --

~~ 

—

~~ 

- - -

~~~

-- — - 1~~
_
~

_ 
— - • •‘---
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In most cases of interest the third root will be ir~entica1

to the first one as the condition 0)2 >>~~gJ~
_ 

+ Jw), 0)~~(~~ + ja))

is always satisfied. For semiconductors with very short lifetimes

(nsec), SAW frequency in the GHz range has to be used in order to

keep this assumption valid. For highly extrinsic semiconductors

(n-type), 0)Cp ~< 0)Cn’ hence ~~~ = ~~~ and 
~2 = y , where y is the

electric potential decay constant for one carrier interaction,

Equation (2.1-9) . In the next section we shall use the above so].u-

tion for the potential decay inside the semiconductor to obtain the

interaction parameters for the two cases a) the semiconductor thick-

ness is larger compared to the SAW wavelength and b) the semicon-

ductor thickness is of the same order as the SAW wavelength.

2 2.3 Semi-infinite Semiconductor Approximation

For a semiconductor, suàh that d > >  A , where d is the

thickness of the semiconductor, and A is the SAW wavelength, the

potential decays inside the semiconductor mainly due to the two terms

with a negative exponent. If, in addition, the carriers lifetime

is much Rmkll er than the SAW period (frequency 3 ), and w>> cn,~ , u~~
or 0)Cn’ 

0)
cp 

)~ CL) ~ the third mode of decay is equal to the first one,

and the second mode can be considered as a real quantity. Under these

conditions the potential inside the semiconductor is

0 = (A1e~~’ + A2e
’
~
’1
~
T)ei

(0)t - kz) (2.2-6 )

where 

~~~~~~~~~~~~~~~~~ — ...-~~~~~~~~
-
~ --.——‘ --.--.- .-•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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= 1 + Cri0)Dn 0)Cp0)Dp

The boundary conditions

= qsp1

J = -qsny

at y = 0 determine A1/A2, where a is the surface recombination

velocity.

= + jcn B2 
- (2.2-7)

where

= 
0)cn n1

’Tn + 
0)cp~~pu”Tp + s ~~~~ 

+ 0)cp~~p/
h1)p +2 k W W + W W..

+ 
~cp
’
~ p~ 

Cn iJn Cp Dp

s ~cn~~n~’Dn +
k 0)Cn0)Dn + 0)Cp0)Dp

and 4

— 

0)~(4~ + + s 
0)Cn0 n1~n 

+ 0)cp0~p~~pB2 
— 

(c~~ c~~~ + 
k 0)Cn0)Dn + °~Cp~Dp

Using Equabions (2.2-6)-(2.2-7) the semiconductor surface impedance

is given by

E l + L +j w
1 Z 

_ _  8zs. = = 
~ 5v~ r + + jw ~~~~~ 

-

_ _ _ _ _  _
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Substituting Equation (2.2-8 ) into Equations (2.1-11) and (2. 1-5),
results in the propagation loss of the SAW due to an infinite semi-

conduc tor. For zero spacing between the semiconductor and the delay

line, a is obtained as

1(2 a)R~(y - 1)
a = - -

~~
- k€~,/€ 8 2 2  + €~/€~)

2 + + + ~/ ( ~ +

(2 .2-9)

The power flux penetrating inside the semiconductor is

* k2 2 1
= -1/2 Re(E~ H~ ~ 

= -
~~~
-

~~ 0~=o I Re(— -) (2.2-10)
A

where Øj~~ is the perturbed potential on the sur face of the substrate,

and we have used. the surface impedance ZA = EZ/HX to substitute for

E~ ~~~~ Assuming that the power loss of the SAW is mainly due to

the acoustoelectric coupling to the semiconduc tor , we can write

= -ax s~ (2.2-u)

where a is the propagation loss (a is a negative quantity according

to our definition), and S~ is the power flux per unit length in the

direction of propagation. From (2.2-10 ) and (2.2-il) the perturbed

potential on the substrate surface is given by

14aS
= ( 2 * 

)1/2 (2.2-12 )
k Re(l/ZA )

L -— -. • ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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The perturbed potential 0’ (y) satisfies Laplace’ s equation

in the air gap, hence the potential and displacement fields in the

air gap are given by

Ø ’(y)  = Ae~ ’ + Be~~~

and 
(2.2-12)

D’(y) = -€0k(Ae~~ 
- Be

_
~ ’)

for the region 0 < y < -h. The constants A and B are found from the

boundary condition at the substrate surface , Equation (2.2-12 ) and

the definition of the surface impedance, Equation (2.1-2).

= 
~~ 

~~~~~ (‘ + z )e~~~’ + (1 - 

~ 
)e~~’ (2.2-13)

s~O A  s~0 A

The excess rf carrier densities qn,~ and qp1 are determined

by solving Poisson’s equation and the continuity equation. This

results in

qn,~ = €
~ 

~72Ø Cn0)Dn (2.2-114)
Cn0)Dn Cp0)Dp

qp = -€ v2Ø 
0)

Cp
0)Dp

1 5 0 ) U~~~~+U)~~CD~~

The acoustoelectric fields in the semiconductor are given

by Equations (2.2-114) and (2.2-15) .  SubstItuting from Equations

(2.2-6)-(2.2-114) results in

• ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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€ 
8
k

3 
%0)Cn0)Dn 

- 

~p0)
Cp°~I~ ‘0y—-h ’ 

2

= - 
2 0)2 (1 + ~~~2 +

(R1e~ 
y+ 1)ky + ~ ~~ 2 YkY) (2.2 - 15)

for the tr ansverse field and

E 
€ 

5
k

3 tina)CnO
~~ 

- 

~p0)
Cp

0)Dp I 0ya..h’ 
2 

~~~ 
+ 1)ky

aez 2 0) (i + ~~ 2 +

for the longitudinal field.

Figures 2.2-2. 11. are plots of the prop agation loss, trans-

verse acous toelectric voltage, and the longitudinal acoustoelectr ic

voltage, as a func tion of the semiconduc tor conductivit y. The SAW

frequency is used as the parameter and a 0, h = 0 are used. The

following values for constants are used.

- 

. 

= 50.2; c = 11.7; 
~~ 

— 1350 cni
2
/V sec;

= 1480 cm2/V sec

V
5 

= 3.1188 io5 cm/sec = 2. 14 io
_2

t = — l0~ sec a = 0 cm/sec

L ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -• - - • _  •~ •_ - .—;--- - -  - - - - -
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The open circui t convolution voltage is related to the

second order current density, equation (2.1-214). The total second-

order current developed in the semiconductor is given by

~ny = 
~~~n + jw€5)E2(2w) + Jny (as ) + q.D~ -

~~~~~~

(2.2-15)

j  = ( a  + jw€ 5)E2(2w) + J
~

(a
~
) - qD~ -

~~~~
-

where J~~2w), JS2a)) are given by Equation (2.1-214) and n2, p2 are

the second order carrier density in the semiconductor. Dividing each

equation by the diffusion constant and adding these two equations

results in

a 
• J (2w) J (aj) ~

= ~~~~~~~~~~ + + 2jw€~ (
~ + E

2 
+ 

ny + + ~~
— (qn~-qp~)

• (2.2-16)

• The second-order potential developed in the semiconductor is uniform

along the direction of propagation. Hence, using Poisson ’s equation

the second order charge density is given by

— q(p2 - n2) = -€
~~ 

v~O = 2 (2.2-17)

Substituting Equation (2.2-17) into (2.2-16) results in a differential

equation for 4.he second-order electric field. For an open circuit

condition J~ = C. hence,

- ( + + 2jw(~~ + i-) ] E2 - 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

(2.2-18)

~~ : ~ 

-



_ 

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

‘-

~~~

i’-

.

~~~~~~~~~~

The rig~it-hand side of Equation (2.2-18 ) is given by substituting

qn1 and ~~l 
from Equation (2.2-13) into Equation (2.1-23). This

results in

J (2w)J (2o ) k3 ~.t A ~ A
÷ —

~~~~
— = -

~- ( ~ p - z A1A~ 
(a
1 
+ a~ )(a1a . - 1)

€ n  sp p n 
~~~~~ ~~~~~

(a14a~)kY
1

where

A = ~~p D p
0)crt°j n  +

(I)
A = Cu

n U) (& +0) 0)~.Cn Dn Cp i’p

The genera]. solution to Equation (2.2-18) is

E2 = A0 + A1e~~
’ + A e ~~~ + E~ (2.2-19)

where
— 

= + + 2jw(~L + ~
) 

-

11 (a +a)ky ’

p
_ 

ii
1=1 j =l

A k3 PItP A~~ A1A~ (a1 + a~ )(a
1a~ 

- 1)
ij — 2 D~ 

- D~ (cx1 + a~)
2
k
2 

- N

is zero as y + -~ , hence, A2 = 0, and A0 = 0. From the

boundary condition E
2 = 0 at y = 0 we obtain the constant A

1
. Thus,

the genera]. solution to the second order electric field is 

- :S . .S _ •S._-
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11. Ii. (a. + a .)ky ’ ,
E2 = �: A .3 (e ‘ ~ - e~

’
~” ) (2.2-20) -

1=1 3=1 1

Integrating Equation (2.2-20) results in the open circuit convolu-

tion voltage

v - e320)t k3 ~~~ - ~~ 
14 14 A .A

3
(a. + a.)(a.a~ - 1)

con — 2 D~ D~ 1=1 3=1 (a. + a.)2k2 - 
•

-(a1 + a.)kd. NdJ -1 e _ 1
] 2221(a

1
+a

3
)k 

- 
N 

-

for a unit SAW power input . Equation (2.2-21) reduces to the equation

developed by M. E. NokaliT2 for semi-infinite thickness, and one

carrier interaction (d >> ~~~, 
N and A~ <<A n)

For semi-infinite semiconductor using Equation -(2.2-7)

the convolution voltage for a unit SAW power input is given by

V = ~~ _. ~0 y 4 I~ - 
AnPn~ [

2 ( l+R].+iWB2 )(12 1) 
-

con 2N (1+R +j~~~ )2 D~ D~ (l+ y )k + N

Y 2 _ i
2y k + N  e -

Figure 2.5 is a plot of the convolution voltage vs. the semiconductor

conductivity with the frequency as a parameter.

2.2.14 Finite Semiconductor Thickness

In order to compare the infinite semiconductor approxima-

tion to a more exact solution of the SAW interac tion, with a finite - •

semiconductor, we shall assume that the condition ~2 >>wD (
J + 3w),

L~~~~~~i. • • ____ _ _  _— ___________________________________ 
________ —
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o~~~(~~- + ja) is 
satisfied. Thus, only the first two modes of the

deca~r will be considered. The genera]. solution to the electric

potential is

14
- 

0 
= 

- kz) 

i~l 
A1e ’ (2.2-23a)

where y ’ = y + h and a1 = 1, -1, y, - y .  is defined in Equation

(2.2-5b). The amplitude coefficients A1 are determined from the

boundary conditlonsl14

(i) the potential and normal component of the electric displace-

ment are continuous at y ’ = -d

(ii) the normal component of the current is zero at y ’ = -d, and

(iii) the normal component of the current at the semiconductor surface

is determined by the surface recombination velocity .

The fourth coefficient is related to the input acoustic power.

Af ter applying the boundary conditions one obtains :

D D D
A1, A2, A3 

= -
~~~~ A14, -# A14,-~~ A 14 (2.2-23b)

where

D = ce~~
’
~(€ ’ cosh @ + sinh Q) - c1€ ’ + e

1 Q
(~~ -y)sinh Q

D1 = ~~ [€ ‘(c 1e~~~ + c2e~~ ~
) + (c1e~ ~ - c2e 1 Q

)1 -

—e ’c — ~~.— (c1e~~~ - c e~
1 )(€‘ +

~~ ~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _• -— •- — —5--- - - 5~~~A L k -~~~~
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= [e ’(c1e~~~ + c2e~~~
9) + (c1e~~~ - c2e~~~~) -

~~~ 
+ 

ce~~ (c1e ~~ - c2e~~
’
~~)(€ ’ - 1)

= ce 
Q
(~~ cosh Q + sixth ~ ) - c2c ’ - e ~(e

’ + y)Siflh 0

£
= —~ c = dielectric constant of insulating layer.d

(In case of metal € ‘ + 
~~~ 

).

c = jy ~ 

0)Cn0)Dn + 
2

~~Cn~rn 
+

2 2

c1 = c - ~~ (l/D~ + l/D~)(1 + ~~ 

+ 0)Cp°~Dp 
~

~~Cn~Dn +

= c + 
~j 
(1/Dc + l/D~ )(1 ÷ 3w 

0)Cn0)Dn + 0)Cp~Dp

~~Cn~Dn ÷

9 = kd

The coefficient A14 is related to the acoustic power flux S~ and can

be found using Equation (2.2-13)

A 14 = 0 y=-h D1 + 1)2 + D
3 

(2.2-214) 
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Using Equations (2.2-23) and (2.2-2 14) in Equations (2.1-14), (2.1-17),

(2.1-18), and (2.1-214), the propagation loss, transverse acousto-

electric voltage and the change in SAW velocity can be found for

semiconductors of finite thickness. Figures 2.6-2.12 are numerical

plots for n- and p-type silicon. All the constants values are the

same as in the semiconductor plots for infinitely thick semiconductors,

except the thickness of the semiconductor which is 200 sn. For

epitaxia]. layer the finite semiconductor solution has to be used.

A comparison between the plots of the SAW-semiconductor

parameters for the infinite thickness approximation, Figs. 2.2-2 .5,

and the flnl,te thickness case, Figs. 2.6-2.11, show that the delay

line attenuation is very similar for frequencies lower than 200 MHz.

For the acoustoelectric voltages there are some differences• also in

this range of frequencies, especially for semiconductor conductivity

lower than l0~~ mho/cm. The reason for that difference is not the

finite thickness of the semiconductor, but rather the assumption that

y is a real quantity. This assumption is not valid for frequencies

above 200 MHz and very low conductivities as the real part of y

becomes very small and one cannot neglect the Imaginary part of y

Hence, the simple analytical expression derived for the infinite

semiconductor can be used whenever the semiconductor thickness is

larger than the wavelength (even smaller but the same order of

magnitude) but only when the semiconductor conductivity is larger

than l(f2 mho/cm. Thus, for deep depletion the exact theory should

be used, whereas for shallow depletion or accumulation condi tion on

the semiconductor surface the simplified theory can be used.
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The lifetime of the free ~~rriers will effect the SAW-semi-

conductor interaction only when It is comparable to the SAW period.

In addition to its effect on the surface lifetime, the surface recom-

bination velocity will effect the SAW-semiconductor interaction

directly as can be seen in Figs. 2.13 and 2.114. The effective life-

time is used as a parameter (T n = = 1 ~asec ), hence the surface

recombination reduces the propagation loss and the transverse acousto-

electric voltage only for very high surface recombination velocity

(above l0~ cm/sec). For a real semiconductor, the reduction will
I start for lower value of surface recombination velocity due to the

reduction in the effective lifetime near the surface.

2.3 The Effective Surface Conductivity Approximation

for the Off Flat-band Condition

2.3.1 SAW-Semiconductor Interaction in the Off Flat-band Condition

The propagation losses, acoustoelectric voltages, and

convolution voltages, all are strongly dependent on the electrical

properties of the semiconductor surface such as carrier density,

carrier mobility, and density of surface states. As the surface

waves propagate under the semiconductor, the longitudinal and trans-

verse electric fields interact with the free carriers causing a

current to flow. There will be a power loss per unit volume,

absorbed from the SAW which will, therefore, be attenuated. This

attenuation is directly related to the semiconductor conductivity as

we discussed in the previous sections. For very low conductivity

-~~ —a-- - - -- - ____ - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - k .  - -
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the propagation loss is very low since the free carrier density is

very low. For highly extrinsic semiconductors, the losses are also

small since the carriers screen out the electric field. The atten-

uation is maximum for an intermediate value of conductivity .

The penetration of the electric fields inside the semicon-

ductor is of the order of (yk)~~ (assuming I >> 1) which is equal to

the extrinsic Debye length. Hence, only the active part of the

semiconductor, I.e., the region which is actually affected by the

acoustic field has to be considered. We shall replace the bulk

semiconductor parameters by surface parameters assuming that the

interaction takes place mainly on the semiconductor surface, and not

in the bulk. The surface potential determines all the semiconductor

surface parameters such as conductivity, mobility, and lifetime, thus,

a].]. the interaction parameters are determined as a function of the

surface potential. We consider an n-type semiconductor. The energy

level diagram is shown in Fig. 2.15.

For a positive surface bending potential, ~~ > the

surface is driven into accumulation; thus, the surface conductivity

increases sharply causing the convolution voltage and the propaga-

tion loss to increase or decrease, depending on the magnitude of the

bulk conductivity. For an extrinsic semiconductor both the propaga-

tion loss and convolution voltage decrease as the semiconductor

surface is accumulated, since the bulk conductivity Is larger than

the conductivity associated -w ith the maximum in the propagation loss,

or the convolution voltage.
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In depletion, 0 < ØB’ the nonlinear mechanism become s

more efficient because the field can now fully modulate the carrier

density; this shows up as an increase in the convolution efficiency

and also in the propagation loss. Finally, when << ØB’ an inver-

sion layer is formed on the surface of the semiconductor and the

~ J ect on the loss and convolution efficiency is very similar to

that of the accumulation layer.

2.3.2 The Space Charge Region

• 148Kingston et a).. hav~ reported on the relationship between

the space charge carrier concentration and the electric field at the

semiconductor surface, as a function of the change in the electro-

static potential from bulk to surface. We shall now discuss the

effect of the rf acoustic field on the space charge region.

The potential inside the semiconductor is given by

0 = Ø0(y) + Ø1(y) cos(wt - kz) (2.3-1)

where is the dc potential due to an external dc bias or due to

charge trapped in the surface states, and is the rf acoustic

potential . The carrier densities are given by

qØ/y -qØ/y
n = n1e p = n .e (2 .3~2 ’)

where kB is Boltzmann ’s constant. Using the modified Bessel function

identity, - -

- - - - 
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e~~
05 ~ = 10(x) + 2 X 1 (x) cos nQ (2.3-3)

n=l

The mn~.11 signal carrier density in (2.3-2) is given by

qO()/k~T
ii = nie El + 2I~(x) cos(cJ)t - kz)) (2.3-11.)

-where we have used 10(x) = 1 for x<< l, where x = qO]./k~T.

Due to the linear sum of the dc and ac components in the carrier

density for small signal analysis, one can separate Poisson’s

— equation into two independent equations.

2
V = P/c 5

(2. 3- 5)

~
y
~l - k2

Ø1 = -q(~~ - 
~1

)/
~5

— The space charge, p is

p = q(N~~
_ N

~~+ p _ n )

where ND - NA = rib - 
~b %~ 

p~, are the bulk densities of electrons

arid holes respectively. The dc Poisson’s equation to be solved is,

therefore,

2

~ 0~ 
2qn1= -
i

-— (sinh ~~0~~/1~~~T - sinli qØ0/k~T) (2.3-6)

where is the bulk potential. If we convert to reduced notation

as follows

— — — — _ _ _  •~~~~~~~_s S_~~~ —_ — ••_a-~~•P~s -t 5-—-.~~ —--—---- 5-
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u0 = qOØ/k~T = (c 5k
~T/2q2n1)h/2

where in the intrinsic Debye length, Poisson’s equation becomes

0 
= —i--- (sinh u - sinh uB) (2.3-7)

y LDI

Integrating from the bulk toward the surface gives the

final result -

F(u uB)
-
~~~- = ±  

~~ 
2.3-

where

F(u0, i~~ ) = [2 (UB - u0) sinh uB - cosh uB + cosh

The transverse electric field on the surface is given simply by

Equation (2.3-8) where U
0 
= u

50.

The exact solution to the ac Poisson’s equation is derived

in Section 2.3.14. We first present the effective surface conductivity

approximation. In this approximation, the space charge region is

removed and replaced by the surface conductivity and the parameter

s, the surface recombinatlon velocity, defined through the relation-

ship U = = ~~~~~ where n5, p~ are the concentrations of the excess

carriers at the surface , and U is the rate of electrons (holes)

flowing Into a unit surface area .

~
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2.3.3 The Effective Surface Conductivity -

The excess concentrations of mobile carriers in the space

charge layer expressed as an excess over the value for the flatband

condition, per unit surface area is-

L~P = n1 7 (e 0 - e )dx
0 (2.3-9)

= n~ f ( e  - e  )dx
0

Substituting from Equation (2.3-8) gives

= 

~~~~~~ 
G(u 5, uB~ (2.3-10)

= n1I~~ G( -u5, 
_u
B)

where -
~0 

_

~~~~~

~~~~ uB) = 1
uB F(u0 

du0

The change in carrier concentration associated -with the bending of

the energy band results in a change in the surface conductivity.

The change in the sheet conductance of the layer is given by

= qp.t~5i~.P + ~1IL~5L~4N

where and are the surface mobilities of holes and electrons

respectively. The surface mobilities are different from the bulk

mobillties because the surface provides an additional mechanism for

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t ”  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -
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the scattering of free carriers above the bulk-scattering processes.

The surface mobilities discussed below assume that the semiconductor

surface is a completely diffuse (random) scatterer.35 The high field

effects perpendicular to the semiconductor surface are not considered

due to the fact that the propagation loss is mainly due to the

longitudinal current, and only the wn~1 1 sIgna]. rf current is
considered in developing the SAW-semiconductor theory. To obtain

higher accuracy in the approximation the mobilities have to be multi-

plied by a correction factor which -will take into account the high

field effects, and the scattering mechanism on a real semiconductor

Accumulation Condition

For u5 > uB’ the majority carrier concentration near the

surface is larger than the bulk value. The carriers are confined

to move in a thin region near the surface . The effect of surface

scattering may be determined by considering the mobile carriers to

be restrained within a potential well, the width of which is equal

to twice the center of mass of the €xcess carrier distribution .

This distance, called Lc is found to be

f y p (y)d ,y
U

L = = F(uB, u5) L~1 (2.3-12)

f p(y)dy
0

where U
~ = u5 

- Is the surface bending potential, and is the

intrinsic Debye length. The surface is considered to act as a

diffuse scatter, whereas the edge of the space charge layer is

i i  
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considered as a specular reflector. The average mobility of this

layer is then equal to the surface mobility and is given by35

= 
l’2 (2.3-13)

1 + A n1~c~~ 
+ U5)

* 2 1/2for electrons, where = ~x~(m kT/2,~q ) is the unilateral mean
-

~ I free path for electrons. -

Neglecting the contribution of minority carriers in

accumulation layer to the SAW-semiconductor interaction, the effec-

tive conductivity under the accumulation condition on the semicon-

ductor surface is

°~B 
+ q~i~5~N/2L (2.3-114)

In writing Equation (2.3-il.) we assume that most of the Interaction

between the acoustic field and the free carriers in a semiconductor

under the accumulation condition takes place in a distance equal to

twice the effective space charge layer width.

Depletion Condition

For u5 < uB, majority carriers are repelled from the

surface, whereas the minority carrier concentration near the surface

is larger than the bulk value. The depletion layer -width Is given

by

w = (2e~ u5/qN
~)
hhI2 (2.3-15)
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where N
D 

is the doping concentration. The surface mobilities are

A U
[1 + 

Y1 (1 - e 5)~ (2. 3-16)

for electrons,

= 
i + A~~~~ (l - u5 )~ /2 (2.3-17)

for holes where we used the assumption that the minority carrier

(holes) mobility in the depletion layer of an n-type semiconductor

is equal to the hole surface mobility in accumulation layer of a p-

type semiconductor.

Equation (2.3-16) descrIbes an almost constant surface

mobility, less than the bulk mobility, for majority carriers in the • J I
depletion layer, whereas Equation (2.3-17) describes a decreasing

surface mobility with surface potential for minority carriers in

the depletion layer.

The effective conductivity under the depletion condition

on the semiconductor surface is

a = a~ + (qi~t~5~N + ~I~ 5L~P)/w (2.3-18)

It is clear that averaging the excess charge density over the width

of the depletion region will Introduce an error especially for deep

—~ ---— - - -5—- - -—~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5-~~~~~~~~~~~~~~~~~~~ -- - -- ~~~~~- --- --—~~ - -— - - — -- -~~~~ - - -
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depletion where the excess minority carrier is very large near the

surface of the semiconductor, and it decays exponentially away from

the surface . In the next section we shall comment on the validity

of this model.

Inversion Condition

When the surface potential is reduced, the depletion width

continually increases until an inversion layer sets in. This occurs

when u5 is approximately twice the bulk potential. The mobilities

are given in the previous section, where e have discussed the

depletion condition. Neglecting the contribution of majority carriers

in inversion layer, to the SAW-semiconductor interaction, the

effective conductivity is

a = + ~I2p8L~P/2L~ (2.3-19)

where Lc is defined in Equation (2.3-12).

2.3.11. SAW-Semiconductor Interaction Dependence on the Semiconductor

Surface Potential

Using the effective semiconductor surface conductivity,

Equations (2.3_ill),  (2.3-18), and. (2.3-19) for accumulation,

depletion and inversion respectively, the SAW-semiconductor inter-

action parameters are calculated numerically for different semicon-

ductor surface potentials . Figures 2.16-2.20 are plots of the propa-

gation loss, transverse acoustoelectric voltage, longitudinal acousto-

electric voltage, convolution voltage, and the change in SAW velocity

for n-type silicon where the surface potential is varied from

accumulation (u5 positive) to inversion (u 5 negative). The frequency

— a 
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— is 50 MHz and the semiconductor bulk resistivity Is the parameter.

The double maxima is seen in each of the SAW-semiconductor inter-

action parameters due to the double maxima in the semiconductor surface

conductivity as the surface potential Is varIed from accumulation

(high conductivity) through depletion (low conductivity ) to Inver-

sion (high conductivity). The dc acoustoelectric voltage also shows

inversion in the sign of the dc voltage as the surface majority

- - carriers change from electrons to holes (inversion layer). The plots

have s as a fixed parameter. Here s = 0, the plots for 5>  0 have

the same shape with lower values for the SAW-semiconductor interac-

tion parameter. In order to include the change in surface recc’mbina-

tion velocity, and the effective lifetime in the computations, it is

necessary to know the position of the recombination center in the

ener~ r gap.

Previous numerical calculations71 of the delay line attenua-

tion as a function of the semiconductor surface potential show that

the two maxima appear only for ve~-y high resistivity (p > 1400 ohm-cm),

and that the two maxima are equal . The reason for these differences

is that in the previous work one carrier interaction

and averaging the excess carrier dens~.ty over the intrinsic Debye

length have been used.

2.3.5 The Exact Solution for the Off Flatband Condition

The effective conductivity model for the off flatband

‘o~~itIon assumes that we can replace the interaction region of the

~~~i’-onduct0r surface by a new layer of constant carrier density

- - - -
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which is given by the average excess carrier density over the space

charge region. In this section we present the exact solution for

the off flatband condition considering the variation of the carrier

density with distance from the surface. Using Fig. 2.114 of the energy

band diagram, the carrier density is given by

— j(u t - kz)p (y )  = p(y)  +p 1(y)e
(2.3-20)

n(y) = ~(y) + n1(y)e~~~
)t - kz)

where

~ (y) = n.e~~~
3
~

i~(y) =

The electric potential inside the semiconductor is given by the sum

of the rf acoustic potential and the dc potential due to an external —

dc blas

= 
~~~ 

+ 
~~~~~~ 

- kz) 
(2.3-21)

Using Poisson’s equation and the continuity equation (as described

in Section 2.2) and separating the continuity equation into its dc

and ac terms, the following equation is obtained for the rf acoustic

potential.

- (A - A~)u~~~’ - k2(1 + -

[e~~~ 
- - k2 (A - A~)] u6Ø~ + k1

~ y
2~ = 0 (2.3-22)

We use the symbol ‘ for differentiation with respect to y, and
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=

~Dn = v /Dn

w
~

n(y) = 
~~~ ~~

y)/€5

CD
c~
(Y) = ~~ ~(y)/e5

W U )
D

•An(Y) 
= WCn~Dn + 

~Dp
WDp

A ( ) -  
WCpCODP

- 

~Cn~°Dn + (DCpWDp

y
2(y) = 1 + + ~~ (~~~~~~ + ~~~~~~ ) + ~~~ (~ i +

k k €  n p k n p

Equation (2.3-22) reduces to the flatband equation for the rf acoustic

field, Equation (2.1-9), for u0 = u~, hence, u~ = u~’ = 0.

Equation (2.3-22) can be solved only numerically, and four

boundary conditions are needed on the semiconductor surface. The

solution is very complicated and Is very difficult to interpret in a

meaningful -way. However, it Is clear that for near flat-band condi-

tion, where u~ and u~’ are small, the additional terms in the exact

differential equation (EquatIon 2.3-22), compared to Equation (2.3-18)

are very small and can be neglected. “y” reduces to the definition

of y in Equation (2.3-18), hence, the effective surface conductivity

is a good approximation for the SAW-semiconductor interaction for

this range. -
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We can conclude that for semiconductor in flat band condi- . -

tion, two carrier Interactions have to be considered for very high

resistivity materials, whereas one carrier interaction can be

considered for highly extrinsic semiconductors. The lifetime and

surface recceibination velocity cannot be neglected for materials with

very short lifetimes and very high surface recombinations respectively.

For semiconductor thickness such that d >>A , simple analytical

expression can be used for the SAW-semiconductor interaction para-

meters, for frequencies less than 200 MHz, and conductivity higher

than io 2 inho/cm. For the off f].atband condition in shallow deple-

4 tion or accumulation the interaction can be considered in a similar

way to the flatband condition, using the effective surface conduc-

tivity approximation.
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CHAPTER III

SEMICONDUCTOR SURFACE EVALUATION USING ThE SAW CONVOLVEB

3.1 Introduction

3.1.1 Experimental Procedure

Determination of electrical properties of semiconductor —

surfaces is important for solid state device fabrication. It is

very much desirable to determine the surface parameters in the

neighborhood of the surface without any bulk effect contribution to

the measurement procedure, and without any contamination of the semi-

conductor surface. The separated media space charged coupled convolver

satisfies these two conditions for nondestructive evaluation of

semiconductor surfaces. The usefulness of the device arises from the

fact that electric fields propagating on a piezoelectric substrate

penetrate the adjacent semiconductor to a depth of approximately a

Debye length. The electric fields interact with the carriers in the

semiconductor, which result in attenuation of the acoustic

change in the acoustic wave velocity,~~ and dc voltages are developed

in the semiconductor.13 When two inputs are applied simultaneously

at the two ports of the delay line, a convolution voltage appears

across the semiconductor with twice the input frequency.16

A proper device for measurement has usually three termi-

nals : terminals “1” and “2” are connected to the transducers of the

- 

- 

SAW delay line and terminal “3” is connected - to the back side of the

semiconductor surface. If both terminals “1” and “2” are fed with

69
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an rf pulse, terminal “3” through a low-pass filter shows the norma].

component of acoustoelectric voltage, and terminal “2 ” shows the

variation of delay line attenuation, a. Because of this acousto-

electric coupling the SAW propagating on the surface of piezoelectric

substrate wiLl suffer more attenuation and the delayed rf signal

from terminal “2” has an amplitude variation related to the semicon-

ductor surface properties.

Figure 3.1 shows the schematic of the experimental set-up.

The delay line is Y-cut, Z-propagating lithium niobate single crystals

of 2 mm thickness -with an interdigital transducer at each end. The

center frequencies of the transducers were either 14 5, 110, or 230 MHz,

each having a bandwidth of approximately 20% of the center frequency.

The delay times varied from 6 to 23 i.ts and the tuned insertion loss

of the delay lines ranged from 10 to 23 dB.

In all the experiments reported here, the semiconductor

sample was placed directly on the delay line and gentle pressure was

applied to achieve uniform interaction. The electric field decay

constants at 145, 110 and 230MHz are 60, 25, and 12 pm respectively .

Thus, it is very important, especially at higher frequencies, that

no dust particles separate the semiconductor and the delay line

surfaces. The top surface of the semiconductor was metalized in

general, either by silver paint or evaporation of’ gold or aluminum,

though some experiments were performed using either no top contact

at all, or an air gap separating the metal contact and the seinicon-

ductor top surface. The length of the semiconductor samples varied

— _~~ ____ _~~~ ___ __~~~~_ _5 -_ s_ -5._ _J5- 
~5-~~’-~~~~~thfl -_ 5 -5- g. _~ —_~_ ~~5-- 
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between 0.5 and 11. cm. A transparent metal contact was evaporated at

the bottom surface of the delay line.

The semiconductor surface was uniformly illuminated, with

light shining vertically on the bottom of the delay line using a

Bausch and Lomb monochromator and a 115 W tungsten lamp. Three

gratings, ranging from 0.3 to 0.8 pm, 0.7 to i.6 pm and 1.14 to 3.2 tm,

-were used. Different filters were also used to eliminate the higher

order spectra. The light intensity on the semiconductor surface as

measured by Eppley thermopile No. 8316 placed behind the delay line

is 0.55 ~tW cm~
’2 at 500 nm, and increases almost linearly to

1.18 ~tW cm
”2 at 700 nm. In the infrared range (second grating) it

varies from 2.36 iiW cm”2 at 790 nm to 5 ~tW cm
”2 at 1 pm. Neutral

density filters are used to reduce the light intensity when needed.

All the experiments were performed at room temperature.

GaAs samples were epitaxial layers n on n’1’ 2° off (lOO)-(llo), having

the zesistivities 0.7 ohm-cm and. 0.01 ohm-cm and thickness 2 pm and

15 mis, respectively, and n on Cr-doped semi-insulating substrate,

having the resistivities 0.7 ohin-cni and ~o
6_io8 ohm-cm and thickness

2.9 pm and 15 mils, respectively. The epitaxial layers were grown

by vapor-phase epitaxia]. growth technique using organoxnetaflic

compounds as sources of group III elements and. hydrides as sources —

of group V elements. CdS samples used were Grade A and UHP quality

obtained from Eagle Pitcher. The room temperature resistivities are

around 108 ohm cm for Grade A and 10 ohm cm for the TJHP.
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The input to the delay line is always in the form of a

rectangular rf pulse. The pulse width is varied from a few ~s to

tens of milliseconds, depending on the requirement. This pulsed

method allows one to study the transient response associated -with

different time constants.

Both acoustoelectric voltage and the attenuation a are used

for the study of semiconductor surface. When the attenuation is

used, the terminal “3” of the device is free and it can be used to

apply a dc electric field normal to the semiconductor surface to

change the surface bending potential and bias the initial surface 
]

condition to accumulation, depletion or inversion condition.

When Vac is used for surface study the shift in surface

potential is done by application of light. Since Vac is a capacitance-

coupled potential from the piezoelectric field, it is a transient

signal and the steady-state value of the waveform has a zero voltage

level.

3.1.2 The Propagation Loss, Transverse Acoustoelectric Voltage, and

Convolution Voltage

Due to the nonlinear interaction of the charge carriers

near the semiconductor surface ‘with the electric field associated

-with the SAW, both delay line attenuation and acoustoelectric

voltage are a function of the initial condition of semiconductor

surface potential u~ prior to the interaction to the SAW. In the

absence of surface states the surface potential u5 equals the bulk

potential in the semiconductor substrate.

- 5- - - - - -5 5-  ~~~-- -~~-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -~~~~~~~—-~~~~~~~~ 
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However, the presence of surface states will bend the energy

band In the semiconductor, resulting in a non-zero value of the

surface bending potential, U~ = u~ - u~, -which can be positive or

negative dependent on the type of surface traps. When U5 is posi-

tive for an fl- type sample, the surface charges are accumulated and

when U~ is negative, the semiconductor surface is either depleted

or inverted. The resulting attenuation a and acoustoelectric Vac)

are a function of the amount of bending potential U5. Light m ci-

dent on the semiconductor surface can be used to vary U~, since the

incident intensity -will change the charge carrier density at the

surface (and hence U5) by band to band carrier generation as well as

by filling surface traps.

Each of the four experimentally observable results are

dependent on the electrical properties of the semiconductor surface.

Therefore, by monitoring the delay line attenuation, the SAW velocity,

the acoustoelectric voltage, or the convolution voltage while the

semiconductor surface properties are varied, various information on

the semiconductor surface can be obtained.

The acoustoelectric voltage and the convolution voltage

appear both in the transverse (perpendicular to the direction of’ the

SAW propagation) and longitudinal (along the direction of the SAW

propagation) direction. When = the longitudinal convolution

voltage is zero.72 In this work we are concerned only with the trans-

verse components of these voltages. Due to the lack of a d.c path in

*
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the transverse direction the d.c acoustoelectric voltage appears as a

transient phenomenon. Figures 3.2 and 3.3 are the observed attenua-

tion, transverse acoustoelectric voltage, and the auto-convolution,

for two square pulses.

To explain the shape of the acoustoelectric voltage shown

- - in Fig. 3.2, consider an n-type semiconductor with a moderate density

of surface traps and some value of U~ ~ 0. When SAW passes under the

semiconductor the Vac rises, the surface is depleted resulting in a

storage of positive charges at the surface. These surface traps are

charged, and screen out a portion of the peak acoustoelectric

voltage, until the acoustic pulse exists -under the semiconductor.

When the acoustic -pulse terminates, the resulting output potential

reverses and decays to zero. The decay time is the result of di s-

charging the terminal capacitance and. relaxation time of surface traps .

The - difference in the peak voltages is the portion ‘wh ich

is screened out by traps and consequently, is a measure of the density

of surface traps. When the surface of semiconductor containing

surface traps is illuminated by a moderate light intensity, the

surface traps are filled out and no change in the peak voltages can

be observed. For semiconductors with low density of surface states,

the two peaks are equal .

The change in the semiconductor surface properties can be

accomplished by an external dc bias, optical generation of carriers,

temperature, and by the rf electric field accompany ing the acoustic

wave. In this Chapter experimental results of semiconductor surface 

~~~—~~~-5--5— -  ~~~~~~~~~~ -—— 5-— -~~~~
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— —(a)

(b)

(c)

(d) 

_ _ _ _ _ _ _ _ _ _ _

Fig. 3.2: (a) rf Input Pulse to the Delay Line, v = 5 v/div., t = 3. ~isec/dlv.

(b) Attenuated and Delayed output, v = 1 v/div., t = 1 1~sec/div.

(c) Transverse Acoustoelectric Voltage, v = 14 mv/div.,
t 0. 5 msec/div.

(a) rf Output Pulse from the Delay Line , v = 1 v/div.,
t = 0.5 msec/div. 
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Fig. 3.3 Auto-convolution of Two rf Pulses, t = 1 ~sec/div. 
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evaluation using an external dc bias and optical generation for

changing the semiconductor surface properties are presented. We use

the space change coupled surface acoustic -wave parameters to monitor

both the dynamic and static nature of these changes. A comparison is

made between the different monitoring techniques in order to determine

the sensitivity and. accuracy of each one of them.

3.2 Transient Response of the SAW Propagation Loss

3.2.1 pulsed Field Effect on SAW Attenuation

The primary objective of the pulsed field effect is to

study the transient behavior of the induced charge in the semicon-

ductor surface and the interaction processes leading up to the steady

state condition . A fast rise time pulse is applied. across the semi-

conductor-delay line structure, and the resulting change in the

surface conduc tance and the density of trapped carriers in the

surface states is observed by the propagation loss of the delay line .

Figure 3.14. is the observed output of the delay line when

a high voltage d.c pulse is applied across the semiconductor-delay

line structure. The semiconductor is a 10 ohm-cm, N-type silicon

wafer -with a (100) surface orientation and high polished surface.
0

Surface damage had been reduced by growing 2000 A Si02 in dry 02
ambient, which was then removed.

For a positive high voltage d.c pulse, Fig. 3.14a, electrons

are expelled. from the surface and. a depletion layer is formed at the

surface. The initial rapid decrease in the SAW attenuation 

—- - -~~~~~~~~-— - - - -~~~ —-—-----~~ --~~~~~ ~~~~~~~~~~~~~~~~~~~~ —- -
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Fig. 3.~-~- A ttenuated rf Plse while an External dc Pulse is
Applied Across the Semiconductor Delay Line Structure
v = 0.1 v/div., t = 0.1 msec/div. (a) Vd = +300 V;
(
~ ) V -300 V. C
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corresponds to the reduction in the surface conductance due to the

instantaneous reduction in the density of free carriers near the

semiconductor surface. Thereafter, electrons are thermally emitted

frc~t the surface states into the conduction band and the surface

conductance relaxes toward a new steady state value, which is higher

than that at the beginning of the d.c pulse. For small variations in

the surface conductance, a linear relation between the surface conduc-

tance and. the SAW propagation loss can be assumed, thus, the relaxa-

tion in the delay line attenuation to the steady state condi tion is

with the surface state time constant. This time constant increases

exponentially with temperature and, therefore, can be used to deter-

mine the energy position of the surface states. At the termination

of the pulse, the unbalanced positive charge in the empty states will

accumulate the semiconductor surface. An abrupt increase in the

propagation loss is observed due to the abrupt increase in the free

carrier density. Thereafter, the capture of the free carrier by the

empty surface states gives rise to the fast relaxation of the loss

back to its value prior to the application of the pulse.

The negative high-voltage dc pulse, Fig. 3)1b, results in an

accumulation layer and electrons tend to drop into unoccupied

surface states. At the onset of the pulse, the delay line attenua-

tion increases with a very short rise time due to the large increase

in the free carrier density near the semiconductor surface. The

charging of the surface states is very fast and after approximately

10 ~aec, a new steady state is obtained. At the termination of the

_____ _____
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pulse, the excess trapped electrons initially act as a source for

electric field and a depletion layer is formed. The surface conduc-

tance drops abruptly and hence, an abrupt decrease in the propaga-

tion loss is observed at the termination of the pulse. The subse-

quent thermal release of carriers from the surface states gives rise

to relaxation of the delay line attenuation back to its value prior

to the application of the pulse. The difference in the surface state

thermal emission time constant after the termination of the accumu-

lation layer and during the build-up of a depletion layer is that in

the first case the relaxation is carried out under an external d.c

bias such that the surface is in depletion condition. The relaxa-

tion time associated. with the start of a positi’ led pulse is

very similar to that associated with the termination of a negative

applied pulse. Usually various charge states are involved in the

charge capture and emission process. Most likely the fast surface

states will be the dominant ones; however, if several sets of fast

states are involved in the relaxation process no simple exponential

decay is observed. In order that simple relaxation will be observed

the steady state occupation of the surface state should be controlled

prior to the application of the dc pulse. Alternatively, the relaxa-

tion study is done at different temperatures. Each set of surface

states will dominate the relaxation process at different temperature

ranges and can be singled. out accordingly.

——~ -—--  .—-~~~~~~~~~~~~~~~~~~ ‘-~~-— - ~~~- 
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In addition to the fast surface states, slow surface states

(or the fixed oxide charge ) can also participate in the relaxation

process. These states are the result of excess silicon species

found near the oxide silicon interface, or they are deep level traps

due to contamination of the semiconductor surface. The density of

slow state is independent of the surface potential; it is located

within 100-200 of the insulator semiconductor interface, its

density is stable under moderate temperature bias tests, and it can

be greatly affected by oxidizing conditions. The density of the

slow state is on tl’e order of l011-l0~~/cm
2 for thermally oxided

silicon. These states are primarily traps in their behavior, hence

the surface states relaxation time constant including charge transfer

to slow surface states becomes very long. In most cases, the emis-

• sion of carriers from slow state is negligible compared to the charge

transfer to the fast surface state. However, the charge trapped in

the slow states or in the oxide traps may affect the steady state

surface potential, which can be different from the surface potential

prior to the application of the d.c pulse.

The change in steady state surface potential after the

application of the d.c pulse can be also due to the mobile oxide

charges. Alkali ions such as sodium, are highly mobile in silicon

dioxide and can cause considerable instabilities. Due to the high

voltage d.c pulse, these ions may change their position in the oxide

and, hence, the steady state surface potential after the pulse is
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removed will be changed.

3.2.2 Dynamics of Surface State--The Shockley-Read Model

The process Involving carrier exchange between the surface

states and the conducting bands can be simplified both theoretically

and experimentally if the interaction of the surface states take place

with a single band. This requires an extrinsic semiconductor and

restricting t.he surface potential to values corresponding to accumu-

lation and shallow depletion layer only. Under these conditions,

minority carriers are effectively absent, and any charge exchange

takes place exclusively between the surface states and the majority

carrier baids.

Consider an n-type semiconductor. Under no external dc

- bias, the semiconductor surface will be slightly accumulated due to

donor type surface states (this represents the situation in thermally

oxided silicon surfaces). Suppose that at t = 0, a d.c pulse is

applied such that the semiconductor surface is accumulated. The

charge relaxation time in most cases is very short and thmiediately

after the application of the pulse, the induced charge in the conduc-

tion band attains an equilibrium distribution, Fig. 3. 5a, the Fermi

level being well defined in the space charge region as well as in

the bulk. However, the surface states are not yet in equilibrium

with the induced charge. Empty states are now under the Fermi level,

hence, they will capture free electrons from the conduction band,

Fig. 3. 5b. When equilibrium conditions are reached, part of the

~ 
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— induced charge resides in the space charge region and the rest in -
I 

-

the surface states, Fig. 3.5c.

When the d.c pulse is such that the semiconductor surface is

depleted, an abrupt reduction of free carriers in the conduction band

will appear, Fig. 3.6a. Just following the onset of the d.c pulse,

surface states ftlly occupied by electrons will appear above the

Fermi level, Fig. 3.6b. The relaxation to equilibrium condition

involves emission of electrons from surface states into the conduc-

tion band, Fig. 3.6c.

Under these circumstances, the rate at which electrons from

the conduction band are captured by the surface states will be pro-

portional to the number of free electrons in the conduction band,

and to the number of empty states available to receive them. We

may write this as

R = c
~
(Nt 

- (3.2-1)

where c~ is the probability per free electron per unit time that a

free electron will be captured by an empty state. This constant is

related to the capture cross section and. the average thermal velocity

by the expression c~ = v1ci~1. n
~ 
and are the densities -per

unit area of the trapped electron and the total states respectively.

n8 is the density per unit area of the free electrons on the surface

and is determined by the surface potential. Likewise, the rate at

which electrons are emitted from filled states to the conduction

band will be proportional to the number of filled states and can thus

__________ - - _.-_~~~~~
_ _ ____ 
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be expressed as

R = e n t (3.2-2 )

where e~ is the probability that a full state will emit its electron .

The net rate at which electrons are captured from the

conduction band is simply the difference between (3.2-1) and (3.2-2)

= c
~

(N t - - e
~

n
~ 

(3. 2-3)

separating the free carrier density and. the trapped surface density

into eq” ’ 1 —ium and time-varying parts

n = n + n ( t )s sO s

nt = + n
~

( t )

and substitute these equations into (3 .2 - 3)  we obtain

0 = C n5o(Nt - - e n ~0 (3.2_1i~)

for the equilibrium carrier density, and

dnt 
+ 1 ~~~ 

n8(t) n
~
(t) 

— 

(Nt 
- n

~0) n ( t )
[ + ç T e 

— 

T e (N t /fl tO) 
~‘s0

(3 . 2 - 5)

for the time varying carrier density, where

= 
1 

(3.2-6)e c n  + eri sC n

Te Is the surface state emission time constant when the change in the

~~~~~~~ 
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free carrier density is small. The equilibrium trap density is related

to the density of the surface states by the Fermi function F
t

N
n = = F N  3.2-7

1 + — exp (Et - E
F)/kBT

where g is the degeneracy factor.

From the equilibrium equation (3.2-li.) we obtain the rela-

tion between the emission and capture probability

e (N - n  )n t to I
— n = n-

~ c sO ri 1
- - n to

(EC
_E
t)/lc.BT

• where n~ = N
~
e . The quantity x1

1 
is the electron concen-

tration which would be present in the conduction band if the Fermi

level were to coincide with the trap level Et.

Consider a d.c pulse V u(t) - u(t-T) applied to a

semiconductor such that an abrupt change in the free carrier density
- 

- 
occurs. The excess free carrier density at any time is determined.

- 

- 
by the applied d.c pulse and the relaxation of the carriers from the

surface states, we can, therefore, write

n5(t) = n5(0) 
- n

~
(t)

Substitute this into Equation (3.2-5) and solving for the excess

trapped carrier density results in

nt(t)_ 
= 2~ — (1 - e ’

~~ ) 
t e

(T_ tVTe
Nt

_ n
to ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Tf

(3.2-9)

.—-—‘-- --- - ~~~~~~~~~~~~~~ t - - - - -
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where
n
~0 

n (0)

N nt sO

Nt
_ n

to
~~~~~~

= Ii + 2~(1 +~~
) + ~2(1 ~ )2]l/2

= T/fl

~ is a measure of the nonequilibrium free carrier density at t = 0

relative to its equilibrium value. For most cases under considera-

tion ~ is a very small parameter hence, Equation (3.2-9) becomes

n (t) .-t/ T (T-t )/ T
• Nt -n to 

= l+~~(l+~~)+~~ 
- e  e 3. -

Equation (3.2-10) reduces to the equation derived. by A. Bers et al~~
for the special case where the free carrier density near the surface

remains constant during the time that the pulse is on. Hence, for

n (O)>> nt(t) or << 1

ii (t) 
_____ 

t/ t (T-t)/T
N = 1 (1 - e ~)e 

e (3.2-11)

where

I
f 

= T/1 +~~

The time constant t e describes the discharging of the surface state

after the de pulse Is removed, whereas T
f 
is the time constant for

- - - - - - - - - - — -- — - ---.-

~

--

~
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filling the surfac~ states during the pulse. For large change in the . 
-

free carrier density by the d.c pulse ~ >>l and hence, T f <<T ea

whereas for small signal ~ ~ 1 and T~~ T e~

The dynamics of continum surface state is very similar to

the single state dynamics presented above, arid. for mo~t cases the

single state is found to be a very good. approximation for the contintimi

surface states.

3.2.3 Free Carrier Density at the Semiconductor Surface

In Chapter Il-we derived. the relation between space charge,

carrier concentration and electric field at a semiconductor surface

as a function of the surface potential. For an extrinsic semicon-

ductor, the solution can be very much simplified.. Neglecting the

contribution of minority carriers to the space charge, Equation

(2.3-7) becomes

U
~

U
B(e - 1) (3.2-12)

Integrating from bulk toward the surface gives

( 8 )2 
= 

S 
- (J + in ~~) (3.2-13)

where

D5 = -€~~ 

~
is the electric displacement perpendicular to the surface, arid

= e% A D /2

~~~~—• I - __ _—__~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ —.—--‘~ ——- .s ..a - 
-
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is a constant, which can be regarded as the electric displacement

due to a surface charge en.b XD /2. We can distinguish two main

regimes:

a. Depletion

When riS < n b

• D n
8)2

_ i .n~~

or

= exp [. (_~)
2 

- ii (3.2-l1~)

b. Accumulation

ri >
S

D n
( S \ 2 

— 
s

‘D0
1 -

= 1 + ~~S )2 (3.2-15)

Equations (3.2_ 11~) and (3.2- 15) describe the relation between the

free carrier density on an extrinsic semiconductor surface, and the

displacement field perpendicular to the surface.

3.2.11 Energy and Capture Cross Section Distribution of Fast Surface
State

The steady state propagation loss of the delay line as a

function of the applied d.c bias across the semiconductor-delay line

structure is shown in Fig. 3.7. The input voltage to the inter-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ —~~ -~~~- - —~~~~~~~ - --



- 

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

‘- -

~~ 

._ -..
~~~~~

—

~

.•-—-‘

~

,— - - -- - _ 
-—-- -- —‘-- 

-‘.-..-.- -.•
~
,--_-—-.. •

~~~~~~~~~~

—---

~

——- —---- —j-— 

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

-L -- - • -

92

§
\ 4, 

T

\Z

\J

I T  I .

)

2
-~~~~~ V

0
.
‘ 

- g
C \ +

L .2
-
~~~~~~~iI

H __________ § F
(WO, gp) ‘8SOI uOf4OôodOJd +

—----—— -—-•

~

--------

~

•--—-—.•—--

~

- • •A• .•-_ -—-_--~j  ~~~~~~~~~~~~~~~~~~~~~~ - •-••~~•~~~~~ -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_____ -~~~~~~~~W ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •- - .‘---—‘-• -.•- - -.- r- p--

93

digital transducer is 10 V peak to peak. As the surface

potential is changed from accumulation to depletion the propagation

loss decreases. In deep depletion the propagation loss starts to

increase due to the contribution of minority carriers. In order to

observe the maximum in the delay line attenuation in the accumulation

region, higher voltages are needed. However, the maximum can be

observed at lower voltages if the input SAW power is reduced (dashed

line), because the acoustoelectric interaction by itself biases the

semiconductor such that a depletion layer is obtained if the SAW

power input is reduced, the external applied d.c voltage needed to

accumulate the semiconductor surface is also reduced.

The relation between the electric field perpendicular to

the semiconductor surface and the surface potential is given by

Equation (2.3-8). Due to the low capacitance of the piezoelectric
- substrate (d~ = 2 ZXflfl~ = ~O €~ ) compared to the airgap capaci- 

-

tance (h < 1 pm, € = all the voltage is dropped across the

piezoelectric substrate. Using the continuity of the cransverse

displacement field, the displacement field. on the semiconductor

surface is given by

D8(-h ) = €
P

VG/dp (3.2-16)

Equations (2.3-8 ) and (3.2-16 ) enable us to calculate the

— surface pc 3ntial for a given dc bias. However, only the relative

position of the surface potential can be obtained, due to the band

bending prior to the application of the external d.c pulse, resulting

from the surface state and the semiconductor-SAW interaction. Only

A ~~~~~~~~~~ • — ~~~- -— -~~~ —~~~-—~~~~ ~~ - — .————“— — _ j_ -__ 
~~ ——_ - — —~~ -p~~~~~~~~~
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for low level SAW input power and low density of surface states, flat

band condition can be assumed prior to the application of the d.c

pulse.

The relaxation of the propagation loss during an external

applied dc pulse such that the semiconductor surface is depleted is

given by Equation (3.2-10). Assuming that the relaxation of the

delay line attenuation follows linearly the relaxation of the free

carriers, we can write,

a(t)  - a(O) = a(l - e f ) (3.2-17)

where

= I /Ti = Te/ ~~ + 
~~

~ is a negative quantity smaller than unity, hence the time constant

for the relaxation of the carriers from surface states under deple-

tion condition become larger than the free field relaxation time

constant ( If 
> Ie)• This time constant becomes larger as the semi-

conductor surface is biased into deep depletion, as can be observed

experimentally.

Figure 3.8 is a plot of the propagation loss relaxation

during depletion condition on the semiconductor surface. The change

in the trapped carriers in surface states is related to the change In

the perpendicular displacement field by

= Da - e(n t - (3.2-18)

-- - — -•—~—~~~~~rn- ----  - — — ~~~~—- ---- ‘-—--• --~ -



__________ -- —— - ..-_ - . ._r . , 

~~~~~~~~~~~~~~ —•———— ,-)—-—v-— -—— -

95

> >
. - ~d CsJ K) — —
t + + +I a’

Is II II
1 0 0 0
I ~0> > >  -~~~~~~~~

11 o x .  0
1

.4.,I
I 04~~ 

-

‘0~ _
0 E~A V

H

— O I • - - ~~

_

( O ) D_ ( 4 ) D  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -



.-•—,.• ‘.‘.
~~~

.-——..-..—.- __A• ’_-•,—_—_.,—--_’--A.7--•~~~. -
-.-__

~ _~.~. 
—A-,. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — ~~~~~~~~~~~~~~~ 
~~~~~~~~ - ..-,.-A’..•-—-

where D
55 

is the steady state displacement field and Da is the

applied. displacement field on the semiconductor surface. The

change in the displacement field. is given by

, ,~~~~, ~2
n (0) ~~~~~~~~~~ -

a (0)  
= 

S 
= 

e (3.2-19)
- a n 2

S8 88 
e~~

t
~s 

D0) - 1

where D5(0) = Da and Equation (3.2-11.1) is used. to relate the free

carrier density to the transverse displacement field on the semicon-

ductor surface.

The relaxation of the attenuated rf output pulse from the

delay line after the removal of the accumulation layer, is due to

the release of trapped electrons from surface states. The relaxa-

tion is according to Equation (3.2-10) and is given by

-t/ T
a58 - a(t)  = Ae e (3.2-20)

This Is a direct measure of the surface states time constant, which

• is given by Equation (3.2-6). This time constant is related. to the

capture and. emission probability from the surface states, and can be

used to determine the capture cross section of the states. From

Equation (3.2-6 ) and Equation (3.2-8) the relaxation time constant

T e is given by
N

I = C fl (3.2-21)e n~~~0 sO

The constant Ft = nt0/Nt Is obtained from the ratio T e/Tf In

accumulation.

- A. - ~~~ •
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Ft = = (~~~~ 
- 1) (3.2-22 )

The ratio nt0/Nt is found to be in our case 0.111. Hence using

Equation (3.2-21) the capture probability can be found for each

external d.c bias.

Figure 3.9 is the experimental observation of the relaxa-

tion time constant after the negative d.c bias is removed (accumula-

tion). As the semiconductor surface is accumulated more, the surface

state time constant increases due to the decrease in the capture

cross section of surface states that are closer to the conduction

band.

Equation (3.2-18) gives the density of trapped carriers in

the surface states due to an external applied field such that the

semiconductor surface is accumulated. Here the displacement field

- - 
is given by

____ 

n (O) (D (o)/D0)2 
+ 1

a n 2 (3.2-23)
ss ss (D

85 /D0) + 1

where D8(O) = Da and D
88 

is the steady state displacement field under

accumulation condition.

- Table 2.1 sunmarizes the experimental results obtained.

from the dynamics of the propagation loss. 
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t~u8 cm 
~~~ ~sec 

~ e’ ~tsec

14 1.17 x J.O~ lO.~~ 151.14

3 8.149 x ~~~ 18.3]. 110 . -

2.5 5.12 x lO~ 19.311. 78.1

2 2.26 x 108 22.31 63.11.

1 O.8~1 x ].O~ 19.67 33

-3 o.86 x ~o8 --- 26 .16

-8 0.85 x ~~

C Table 3.1: Excess trapped carriers in surface states,
filling time constant and emission time constant for
various changes in surface potential

Figure 3.10 is a plot of the electron capture cross sec-

tion as a function of the change in the surface potential . It is

observed. that the capture cross section is constant In the depletion -

region and decreases in the accumulation region. The reason for the

decrease in majority carriers (electrons ) capture cross section,

towards the conduction band is possibly due to the screening effect

of free carriers at the interface as proposed by Nathanson.~~ Since
-1/2the Debye length at the surface changes with n~ 

/ an exponential

decrease of A is observed.n

Figure 3.1]. shows the density of surface states (cm 2eV~~)

as a function of the change in surface potential. It is observed

that the surface state density is lowest around the middle of the

Li — ~ - àA. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ s .  .~ — ~~~~~~~ .a~~~s.L .A..j .As.. a s s .~~~~~~~~~~~~~~~~ _ .~-. ..a-AA.&.. _ _
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A ,

gap and increases towards the conduction band. For a long time it

was believed. that surface state density goes down toward the band.

edges. It has now become apparent that this drop may have been an

artifact of measurement. The drop towards the band edges is only

observed if the Gray-Brown techniq.ue39 is used. Boudry5° has shown

that an increasing surface state distributing in conjunction with a —

decreasing capture cross section can result in a very low surface

state density if the Gray-Brown technique is used.. Other measure-

ment tec1miques~~ which have since been developed. all show a

continuously increasing surface state density and a decrease in the

majority carrier capture cross section, close to the band. edges.

We have shown the SAW convolver can be used to determine

the surface states density and. capture cross section distribution in

the energy gap, however, several limitations have to be considered.

i. The assumption of linear relation between the delay line propa-

gation loss and the free carrier density is true only for low

density of surface states and an extrinsic semiconductor.

FIgure 3.3.2 shows the delay line output for 10 ohm- cm N-type

semiconductor with high density of surface state. The change

in the propagation loss during the relaxation of surface states

is very high and. it extends beyond the linear region of the

attenuation-surface potential. Due to the large number of

free carriers released from the surface state, the change in

the surface potential is no longer small and a maximum in the

propagation loss is observed.

~IFIIL. I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ________
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Fig. 3.12 Transient Response of the SAW ~~opagatiofl Loss for
10 ohm-cm n-type Si with High Density of Surface
States. t = 0.5 msec dlv., v = 100 mv/div.
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ii. In order to get absolute values of surface potential very low

SAW input power is needed, such that no change in the semicon-

ductor surface potential occurs prior to the application of the

external d.c bias . This requires a special care in the device

fabrication such as uniformity of the air gap, thin substrate

in order to reduce the external d.c bias, and very low propaga-

tion loss in the device .

iii. Only the shallow depletion region can be studied. by this

technique due to the fact that the effective conductivity model

is not valid for deep depletion . An accurate theory has to be

used. for the deep depletion region .

iv. There are no restrictions for the deep accumulation region,

hence, it is possible to study surface state properties very -

close to the conduction band. However, the signal to noise

ratio increases when very high voltages are applied to our

devices. This can be eliminated. by special care in the device

fabrication.

3.2.5 Slow Surface States

Surface states relaxation can be dominated by slow surface

states. In this case, the relaxation of the attenuated rf pulse is
C 

very long, of the order of msec or more. Figure 3.13a shows the out-

put of the delay line for a negative de bias (accumulation) applied

- - -- A ._-.A~ ~~. ____



A— 
~~~~~~~~~~~~~~~~~ 

-.y
~~~~~ -- ~

- - —~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ —
- A- ——--

~~~

------- —

105

- 
-
~
- 

__
i

_
~ 

~~~ - _ i~ -~~~
_
~ 

- - -

Fig. 3.13a Transient Response of the Delay ine Attenuation
Dominated by Slow Surf~ce States (a) dark
(b) ~dth light;lnTw cm v = 50 mv/div.,
t = 1 msc - c ’d ~v., V = 
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across the semiconductor and delay line structure. The semiconductor

is n-type 10 ohm-cm silicon, no special treatments have been done

to reduce the density of the interface states. For real surfaces,

slow surface states are trapping center, whereas the fast surface

states are recombination centers. For very high density of slow

states the surface states relaxation can completely dominate the

relaxation process. Typically, the slow-state density is at least

loll cm 2. The effect of the slow states on the transient response

of the delay line attenuation is to make the relaxation time longer.

Hence, the first part of the decay is due to the fast states whereas

the long tail in the relaxation is due to the slow states. It is

- - 
possible to eliminate slow states from participating in the charge

exchange with the conduction band. by filling them by means of an

additional d.c pulse prior to the transient study, or eliminate the

— 
long tail by light as seen in Fig. 3.13b. This technique is very

hard to implement in our case and thus it is recoimnended that for

fast states study, a special surface treatment will be done in order

to reduce the slow states density . Optical absorption by the slow

states is used in Chapter IV to study the location of slow states.

Figures 3.l3b and 3.114 show the sensitivity of these states to optical

excitation. 

~~~~~ A- - - 
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Fig. 3.l3b Time Constant of the Delay Line Attenuation vs. Light Intensity
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3.3 Transverse Acoustoelectric Voltage Inversion

The acoustoelectric voltage is the d.c voltage developed in

the semiconductor due to the nonlinear interaction between the rf

electric field accompanying the surface acoustic waves, and the free

carriers in the semiconductor. The acoustoelectric voltage, like

the propagation loss depends on the surface properties of the semi-

conductor, especiaLly the surface conductivity and surface states

density. Equation (2.2-15) describes the acoustoelectric voltage

for an infinite semiconductor, whereas Equation (2.1- 17) is for a

finite semiconductor. It is observed in Figs. 2.8 and. 2.9 that the trans-

verse ae~ustoelectric voltage is positive for fl-type semiconductors

and negative for p-type semiconductors. A change in the sign of

the acoustoelectric voltage, and. two maxima--one in the accumula-

tion region and the second in deep depletion, are observed when the

semiconductor surface potential is changed. from accumulation through

depletion to inversion (Fig. 2.17). The highly sensitive acousto-

electric voltage to semiconductor surface potential can be used. as

a sensor for steady state changes in the surface potential.

Chapter IV is concerned. with semiconductor surface spectroscopy

using the acoustoelectric voltage as a detector for the optical

absorption by the semiconductor.

The acoustoelectric voltage inversion can be observed

experimentally in Fig. 3.114. Conmiercially available single crystal

of CdS grown by Eagle-Pitcher is used.. The room temperature resis-

L.-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _____
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(a)

(b)

(c)

(d.)

Fig. 3.l~4 Transverse Acoustoelectric voltage Inversion

(a) Dark Condition, (b) Attenuated rf Output Pulse,

(c) Light Intensity 2.86 rn~ cm~~, (d) Light Intensity

5.55 mw cm ”. t = 5 msee/diV., V~ 
= O.~-i~ mv/div.,

= 8 mv/div., 
~d ~ 

mv/div. 
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tivity is around ohm-cm (Grade A crystal). The dark acousto-

electric voltage for 10 V peak-to-peak Input voltage and 25 msec —

duration pulse is shown in Fig. 3.114a. The acoustoelectric voltage

is very low due to the high resistivity of the crystal. When light

of intensity 2.88 mw cm~
2 is applied. on the semiconductor surface

from the bottom of the delay line, a transient phenomenon is observed,

and the transverse acoustoelectric voltage reverses polarity bef ore

decaying to zero, as seen in Fig. 3.l14c.

Fig. 3.l14b. A steady state condition in which a transition from

positive to negative peak acoustoelectric voltage is obtained at the

beginning of the rf pulse. Both the positive and the negative peak

voltages remain constant as long as the light intensity is constant.

At the end of the rf pulse, a similar transition can be observed. with

different time constai~ts and peak voltages. When the light intensity

increased to 5.55 mw cm~
2, a complete acoustoelectric voltage inver-

sion occurs, a negative peak acoustoelectric voltage appears at the

beginning of the rf pulse compared. to the positive peak voltage in

dark condition . During the acoustoelectric voltage inversion, the

difference between the peak voltages at the beginning and at the end

of the rf pulse, also changes sign, Fig . 3.15. In dark condition,

the first peak is larger than the second peak, whereas after inver-

sion, the second. peak is larger than the first one .

A possible mechanism for the acoustoelectric voltage inver-

sion is that under low level generation of hole-electron pairs, the

photoconductive Grade A CdS surface potential will be in near

~ 

-—A——- - -  -A - - - --~~~ A- 



‘— A-—’—. ~~~~~~~~ , _ ~~j~~~~~~~iciT~~ —~~~~~—r---~ ”~
A- ‘—‘ 

~~~~~~~~~~ 

___ 
.~~~~~~ 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
—-A AA-

~
-A 

~~~~~~~~ - ~~~~~~~~~~~~ 

-

~~~~~~~~~~~~~~ ~~~~~~~~~ 
AA~Afl~~~_~~

__ 
- A-—. - -

1 ’ I

I

4

I \
-~ 

- I  \

H - ?~~~~~
- 

0 \
\ -2~~~~~~fl

N
. ~~~~~~~~~~~~~IL

I
N cp

a6D4IOA ~3~V~I ~D~cI

1  A
~~~~ - -  t — -‘-A—.—-—- — .  

~~~~
A-A- ~~~~~~~~~~~~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

A- 
~~~~~~~~~~~ _~~~~~~.._ _A~~~~ A_ - -~ -_~ -- ~~~~~~



..~ .._. -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- .
~~ . - ~- --

~
- - - ‘ . -~~~~~~~

- - - - ..... _!A_ ~~~~ _A’•-A~~~~~~~

112

flat-band. condition. The reason for that is that minority carrier

lif etime in Cd~ is very short , whereas majority carrier lifetime is

very long due to very high trapping density ( the high resistivity is

— achieved by compensation of the impurities which result in high

density of traps). Due to optical generation the surface conductance

will be increased. and the surface potential will shift from deple-

tion to near flatband condition. When the acoustic rf pulse propa-

gates under the semiconductor, nonlinear interaction with the free

carriers on the semiconductor occurs, resulting in a d.c acousto-

electric voltage. The d.c transverse acoustoelectric voltage is such

that minority carriers are pulled to the surface, whereas majority

carriers are repelled from the surface. At t = 0+, majority carriers

dominate the nonlinear interaction. -As the transverse acoustoelectric

voltage increases, more minority carriers will be pulled. to the

surface and. after a while, minority carriers will dominate the

interaction resulting in a change in the sign of the acoustoelectric

voltage . For high level generation of hole-electron pairs

an inversion layer is formed instantaneously on the semiconductor

surface by the dc acoustoelectric voltage, and a complete change in

the voltage sign is observed.

To eliminate the inversion layer due to the d.c transverse

acoustoelectric voltage, a small signal rf pulse is needed as can be

observed in Fig. 3.16. When the input voltage to the Interdigital
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transducer is reduced, the inversion layer disappears, and a change
-

- in sign back to dark condition is observed..

The transverse acoustoelectric voltage inversion is observed

only in high resistivity materials. For an extrinsic semiconductor

the optical generation of hole-electron pairs may increase or decrease

the acoustoelectric voltage, depending on the semiconductor surface

potential and. the absorption coefficient. For Si 10 ohm-cm n-type

material the acoustoelectric voltage increases for low level genera-

tion, and decreases for high level generation, whereas for GaAs

0.7 ohm-cm the acoustoelectric voltage decreases even for low level

generation and reaches constant value for high level generation as can

be observed in Fig. 3.17. The reason for that is tha t the GaA s

conductivity is very high, and its absorption coefficient is very

high. Thus due to an optical absorption the conductivity increases

abruptly to the region where the acoustoelectric voltage reduces

with any increase in the carrier density. The absorption coefficient

for silicon is much less than for GaAs, hence, the increase in the

-
~ conductivity due to optical absorption is less steep, thus -we can

observe the maximum in the acoustoelectric voltage as the cond.uc-

tivity increases.

________ - - -  — - - :~~~- -
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3.14 Photoconductivity Study using SAW Convolver

The coupling between acoustic surface wave and the semi-

conductor in the separated medium configuration depends on the

electronic properties of the semiconductor surface, specifically the

conductivity and the surface state charge density. The conductivity

determines directly the nonlinear coupling and. the insertion loss,

the surface states determine the d.c surface potential and. hence,

indirectly, the interaction strength. Because of the photoconduc-

tivity of the semiconductor, these surface parameters vary according

to the intensity of any incident illumination on the semiconductor,

hence, the SAW convolver can be used as a detector in the photocon-

d.uctivity experiment. —

The basic process of photoconductivity is the production

of “free” charge carriers in a semiconductor by optical excitation.

Optical excitation raises electrons to the conduction band where

they are free to conduct, at the same time leaving holes in the

valence band which further adds to the conductivity. It is also

possible to excite one type of free carrier to and from an impurity

level.

Photoexcitation of electron-hole pairs results in an

increased conductivity that is terminated either when the excited

carriers recombine, or when carriers are drawn out by the electrodes

affixed to the crystal, without being replenished from the opposite

electrode. The lifetime of a free carrier is the length of t ime that

it is available to contribute to the conductivity . We may associate
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~ a lifetime with each of the carriers, so that it is possible to

relate the carrier density to the generation rate, g sec~~ cm 3

n = g

(3. 11--i)
p = g

where p and n are the density of the photoexcited free carriers,

and -r are the hole and. electron lifetimes respectively . The photo-

conductivity decay after the light source is removed is given by

- t/T

~(t) = + qg(~.i~ T
n 

+ T)e ~

where T
~ 
is the photoconductivity response time.

The response time is equal to the minority carriers life-

times only when direct recombination dominates the recombination

process, and = T~~. When the recombination process occurs via

various recombination centers in the energy gap, the response time

is larger than the lifetime. The reason for that is that e must

wait not only for the free electrons to be captured into the recom-

bination states, but also for the trapped electrons to be emptied into

the recombination states via thermal excitation into the conduction

band. and subsequent capture. Hence, the decay time of the photo-

current will be increased by

n
T = (l+— ~) Ton n n

(3.14-2)
p_IA

T = ( l + — ~) Top p p

-A_A_i. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---A -~~~~~~~~ - A ~~~~~~~~~~~~~~~~~~~~~~~~ - --A - ~~~~~~~—~~~ - —  ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -— ~~~~- -
- ~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~ ---



r ’ r’~~~~~r- ~~~~!~~-Afl~~~~-A -~~~~~~ -.~ , - ~~r. -w,s--,. — -A~AA-A A -AA-A ’~A-~ A~~~~~~ 7~AA-~ A-A ~AA-A-~

118

where n~ and. are the density of trapped. carriers after illumina-

tion .

For low level generation of hole-electron pairs, the

change in surface conductivity is small, and a linear relation

between the propagation loss and the surface conductivity can be

assumed. We can write

a~.t) = a ~(-t) (3 .14 - 3)

where a(t) is defined. by the relation

V
_2B.~ = e~~~ (3 .14- 14)

in
- 

- where 1 is the semiconductor length, and. ~~~ V0~~ are the input and

output voltages to the delay line, respectively.

The measurement system is shown in Fig. 3.18. A xenon flash

tube is used as a source of the visible light to illuminate the

sample. The measurement begins with a trigger pulse starting the

oscilloscope s-weep and. the multiple generator. One pulse is used. to

modulate the cw input to the delay line, the other is used to trigger

the pulse generator which is turning on the flash tube. The flash

tube produces an intense light pulse for about 14 ~.Lsec. At the peak

of the light pulse, which occurs about 2 ~sec from the time the
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flash tube is turned on, a pulse is used to fire the hydrogen thyra-

tron connected. across the Kerr cell through a pulse forming network.

The Kerr cell, together with the polarizer and analyzer, form a high

speed shutter which interrupts the xenon light in a few nanoseconds .

This is fast enough, since the shortest lifetime encountered during

this -work is a few microseconds. Once the Kerr cell was biased to

block the xenon source, it remained in a blocking condition for

several hundred. microseconds.

Figure 3.l9a shows a photodiode response of the flash tube.

The time scale is 1 ~tsec/division. The Kerr cell is pulsed 2 pisec

after the flash tube to turn the light off. Figure 3.19b shows the

attenuated rf acoustic pulse for Si 10 ohm-cm n-type sample placed.

above the delay line. It can be observed that as the light turns on

the attenuation increaBes due to an increase in the surface conduc-

tance. As the light turns off attenuation decreases following the

photoconductivity decay due to recombination process of the excess

carriers. The photoconductivity decay for Grade A CdS ( 108 ohm-cm)

is shown in Fig. 3.20. A short rise time and a long response time

are observed .for this photoconductive material. Although the SAW

propagation loss does not vary linearly with surface conductivity

for wide range of surface conductivity, for low level generation, the

change in surface potential is very low, and we can assume a linear

relation between the attenuation and the surface conductivity. This

can be seen in ~Fig. 3.21, which shows the actual decay of the

attenuated. rf pulse. It is observed. that the pbotoconductivity decay
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- - ~ d.- ~~~~~~~~~~~~~~~~~~~~~~~~~~ — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 

AA!_A_~ A-A~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -- A A A-A-A&A •SA _~~ _l_I_AAa__iii J



- -- 
—---

~A.A A A_A __-A A -
________________________

121

(a)

- -

•a; .-iauimu
(b)

~
- _
ii iji,

Fig. 3.19 (a)  i~io o ~o - o~~-c - c- i~ -J~~c- c: -

t = - /
‘ ii V.

( b )  Ii~o -c -o~ L - tiv~ -;: ~c -a; - a C :- ~
- - - i  1 y the Delay

a rl (- i - j - ~~~ , c~ L — ;:~~~-. J (  o~~ — - -~. ~ i. V = 100 mv ’div.
= I

_ 
A - A - -A - A - -A  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -A-A-A



- .. - 
- 

-
- 

- - ~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~ A- ~~~- . 
~--~~~~. . -~~~~~- . - _ i

~~

122

I iURUURR~i

Fig . 3.20 Photoconductivity Decay as Observed by the Delay
Line Output of Grade A CdS . V = 0.2 V/div.,
t = 0.5 isec/div. 
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cannot be represented by a simple exponential decay with one time

constant. However, due to the large difference between the two time

constants observed in the decay, we can approximate the decay by a

stnn of two exponents. At the beginning of the decay the response

time is dominated by the recanbination centers, whereas as time

increases, the response time is dominated. by the trapping centers.

In the case that these two processes have a large difference in their

time constants, the recombination time constant is equal to the free

carriers lifetime, whereas the trapping time constant is a measure

of the density of the trapping centers in the semiconductor according

to ~quation (3.14-2).

- Using the above assumptions, the delay line attenuation can

be written as

a(t) - a0 = A1e + A2e (3.11-5)

where a0 is the propagation loss prior to the application of’ the

light. Figures 3.22-3.23 are the plots of the logarithm of the

change in the attenuation vs. time using Equation (3. 11-5 ). The

recombination response time of the silicon samples and CdS are in

good agreement with the reported. lifetime for these materials.~~~~
14

However, it is not clear why 8ia has a longer trapping time constant

than Sib 
-

~br e~itaxial layer GaAs n on n~ the photoconductivity

decay cannot ie separated into two simple exponential decay

~
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as the interaction between the trapping and recombination centers

cannot be ne&.ected.. Thus, further experimental data ( such as the

decay study at low temperature ) are needed In order to distinguish

- between the recombination process and. the trapping process. We can

point out that the large response time for GaAs as shown in Fig.

3.211., is an indication of’ the high density of recombination and

trapping centers, especially where it is possible that surface states

dominate the photoconductivity decay. Hilsum and Holeman51 found an

effective lifetime in n-type GaAs with n = 2 x 1016 of 60 ~isec for

electrons and. 0..5 nsec for holes. L. Jastrzebski et al., reported.52

that GaAs surfaces have surface recombination velocities of’ the

order of 1O5 cm/sec.

Table 3.2 sunmarizes the experimental observed response

time for different materials.

Material ¶oi ~~~ T02 psec

SilICOfla n-type 10 ohm-cm 2.03 20.27

Siliconb n-type 10 ohm-cm 1.32 14.6

CdS n-type io8 ohm-cm 260 869

GaAs epitaxial layer (2 pm)
n on n~ 0.7 ohm-cm 6. 11.9 143.71

Table 3.2: Hiotoconductivity Response Time

31a is an n-type sample after special surface treatment to reduce the

surface state density. sit’ is a camnercially available n-type sample.

a -
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The main advantage of the photoconductivity study using

the SAW convolver is the absence of any contact to the semiconduc-

tor, however, several limitations should be considered~ 
-

I. The semiconductor-SAW interaction is a surface phenomena, hence

the recombination process of free carriers as observed by the

delay line output is due to bulk recombination and surface

recombination. The response time is a function of an effective

lifetime T ~ which takes into account the cross section dif-eff

fusion current, and is related to the bulk lifetime, surface

recombination velocity, and cross section dimensions. The

separate surface and bulk parameters can be obtained from a

measurement of effective lifetime pr ovided the dimensions of

the sample are properly controlled. In filaments of small cross

section or small bulk lifetime Teff = Tb~ 
where is the

bulk lifetime. For thin samples, on the other hand, surface

recombiriation may become dominant and can be determined directly .

For intermediate conditions, additional data have to be used.

ii. In the absence of any biasing voltage, the n-type Si semiconductor

is assumed to be in flat hand condition or slightly in accumu-

lation. %~hen a surface acoustic wave propagates under the semi-

conductor an rf electric field and a d.c acoustoelectric voltage
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are generated. on the semiconductor surface. The overall

effect of the acoustic field will, be to deplete the surface.

The dc acoustoelectric field is also in the direction to reject

majority carriers from the surface. We can conclude that the

additional, electric fields near the semiconductor surface will - -

cause a difference in the optical generation density of’ carriers.

Low level SAW inp~xt power is needed in order to keep the

condition n = p near the semiconductor surface.

The recombination process during the photoconductivity 
- -

decay involves both bulk and surface recombination. It is possible

- - to separate these two recombination mechanisms by applying an external

d.c bias across the semiconductor-delay line structure. When a

depletion layer is generated. at the surface of the semiconductor a

decrease in the propagation loss Is observed. Under illumination,

minority carriers generated. in the depletion layer are pulled almost

instantaneously towards the surface, due to the influence of the

large electric field in the depletion layer. At the same time,

electrons move towards the bulk of the semiconductor. Due to the

presence of the surface states the holes will. either be trapped or

-will. be accumulated near the semiconductor surface as free carriers

(the surface will be in inversion of deep depletion condition).
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Hence, after the optical excitation the steady state propagation loss

will be higher than the loss prior to the excitation due to the high

density of free carriers near the surface and due to the screening

of the external dc bias by the additional trapped carriers in the

surface states.

Figure 3.25 shows a plot of the envelope of the attenuated.

rf pulse recorded by an x-y plotter for three differentbiases (for sib).

The effect of minority carriers accumulating near the semiconductor

surface is observed by the new steady state formed after the photo-

conductivity decay Is terminated. For negative bias such that the

semiconductor surface is accumulated, the steady state after the

- 
- optical generation, is changed only by a small amount due to the

majority carriers trapped in the surface states.

The response time for all three different biases is very

similar. This is an indication that bulk recombination dominates

the photocond.uctivity decay, as indeed one would expect for silicon

where lifetime is large and surface recombination is very low. It is

possible, however, to observe the surface recombination contribution

to the photoconductivity decay in GaAs. For large negative voltages

(-900 V and above) the response time becomes larger due to the reduc-

tion in the surface recombination velocity. The reason for the high

voltages needed to accumulate the surface such that the reduction

in surface reconthination can be observed is due to internal depletion

caused by the acoustoelectric interaction. The signal to noise ratio

-- . ~~~~~~~~~~~ - -
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for this range of voltages is too high for valuable measurement by

the x-y plotter. Thus, low level SAW input power is required for

observing the contribution of surface recombination to the response

time. In addition, the external d.c bias can be reduced by using

very thin piezoelectric substrates.

3.5 Semiconductor Surface Study using SAW Velocity Change

The space charge coupled interaction of SAW propagating

on a piezoelectric substrate with a semiconductor placed in proximity

gives rise to a change in the SAW velocity. The change in SAW

velocity (like the attenuation, d.c acoustoelectric voltage, and convo- —

lution voltage), depends strongly on the semiconductor surface conduc -

tivity and the density of active surface states. The first one

determines directly the change in SAW velocity to an electrical load
- 

- 

to the surface; the surface states determine the change in SAW velo-
A city indirectly by affecting the semiconductor surface potential .

By mixing the delay line output with a suitable reference

while the surface potential is externally disturbed, the change in

SAW velocity can be accurately measured. This method is very sensi-

tive and a change in SAW velocity on the order of l0~~ precent is

measurable with a simple experimental set-up. This velocity change

corresponds to a disturbance in surface potential less than 2 mV.

The experimental arrangement is shown in Fig. 3.26 . An rf

is fed to a power splitter and one of’ the outputs is passed through

the delay line. The delayed output is amplitude limited by a two-
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Fig. 3.26 Experimental Arrangement for Observing SAW Velocity Change
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sided limiter such as saturated amplifier, and then attenuated and

applied to the mixer. The reference signal to this mixer is the

second output of the splitter and its output is filtered to obtain

the d.c component. The result, observed. on the oscilloscope, is a

voltage which is a function of’ phase difference between the two

signals. Figure 3.27 is a multiple exposure photograph of’ the mixer

output when the surface is undisturbed. The mixer output varies with

the input frequency completing one cycle every 90 KHz, corresponding

to a 14 em interaction range and a SAW velocity v~0 = 3.6 x 10~ cm

after silicon is placed. on LINbO
3
.

The frequency is adjusted. for mixer output at zero level and

the silicon surface is disturbed. by the application of a plate

voltage pulse, Vdc, across the silicon LiN’b0
3 
structure. The effects

of this voltage on the delay line output are shown in Fig. 3.28a.

The amplitude variations are undesirable since they will contribute

to the dc component of the mixer output and distort the phase infor-

ination. Figure 3.28b shows the rf output after the limiter and Fig.

3.28d is the voltage associated. with the phase difference between

the two signals. Since the frequency is now constant, the change in

the phase is caused by a change in the velocity of the acoustic wave .

Consider the case of an undisturbed silicon surface where

the reference signal is cos wt and the output of’ the delay line is

cos (wt ÷ 0) . The phase difference is

0 = CDL/V5 (3.5-1 )
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(a)

(b)

(c)

0 (approx.)

d) 0

Fig. 3.28 SAW Velocity Disturbed by an Externally Applied
dc Bias

(a) Delay Line Output
(b) Input to the Mixer

(c) Applied dc Voltage
(d) Mixer Output After Filtering
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- - ‘ where L is the length of the interaction region and v8 is the velocity

— of’ the acoustic wave which is a function of surface potential.

Assuming V0 is the d.c compone t of the mixer output, which

is a sinu~-oidal function of phase, and ~~~~~ is its peak value then,

V0 sin 0 (3. 5-2 )

or 

= sin at/v (3 . 5 - 3)

from (3.5-3) we get,

V = 1 (3 .5- 14)

— 

S sin (v0/~~~~)

Using Equation (3.5-11 ) one can determine experimentally the surface

wave velocity as a function of the external d.c bias or the semicon-

ductor surface potential. These curves can be compared to the

theoretical curves obtained from Equation (2.1-3).

The theoretical curves are shown in Figs. 2.15 and 2.20.

The change in SAW velocity from metalized. surface is plotted as a

function of the semiconductor conductivity and the surface potential .

If one operates the SAW convolver at low level signal, the absolute

value of the semiconductor surface potential can be obtained

experimentally. The experimental curve will be shifted to the right

or to the left, according to the type of surface state, by the amount,

=
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Thus, similar to the shift in the C-V curves of an MOS structure the

density of surf ace charge %~
, can be determined. by the shift in

the SAW velocity vs. d.c bias curves. Not only the SAW velocity can

be used to determine the surface charge, but in principle all other

SAW-semiconductor interaction parameters can be used in the same way .

Although the measurements of’ the eh&nge in SAW velocity are very

sensitive, and. very low external d.c bias is needed compared. to the

d.c bias needed in the study of the transient response of the

attenuated rf’ pulse, the interpretation of the experimental results

is harder and it is beyond the scope of this work.
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CHAPTER IV

SEMICONDUCTOR SURFACE SPECTROSCOP! USING THE SAW CONVOLVER

11.1 Absorption Process in Semiconductors

The most direct method for probing the band structure of

semiconductors is to measure the absorption spectrum. Li the absorption

process , a photon of’ a known ener~~r excites an electron from a

lower to higher state. The absorption is expressed in terms of a

coefficient which is defined as the relative rate of decrease in the

light intensity along its propagation path. Several possible transi-

tions exist in a semiconductor, among them are : band-to-band, between

impurities and bands, transition by free carriers within a band,

between sub-bands , excitons, and the resonance due to lattice and

impurities vibration. Each of the above possible transitions dominate

the absorption process at different photon energies . Our study is A

concerned mainly with band-to-band transition, and transition between

impurities and bands . A review on the optical process in semicon-

ductors can be found in the books by J. I. Pankov53 and T. S. Moss.~
14

The band-to-band. transition refers to the excitation of

electrons from the valence band to the conduction band. Because

the momentum of a photon (h/A , where A is the wavelength of’ light)

is very miuil l compared to the crystal momentum (h/a, where a is the

lattice constant) the photon absorption process should conserve the

momentum of the electron. In some semiconductors (GaA s, cds) the

minimum of the conduction band and the maximum of the valence band

1140 
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both occur at k = 0, hence the onset of absorption will occur at

hv Eg as a result of direct transition. The absorption coefficient

rises rapidly to about 1O~ cm”3’ (GaAs) due to the high probability

for this transition. The reason for the high probability is that no

change in momentum occurs during this transition. In some semicon-

ductors (Si, Ge) the minimum of the conduction band occurs in a

different region in the k space from the maximum of the valence band.

Optical transition requires the participation of photons in order to

conserve momentum, due to the change in the electron wave vector. The

phonons may be absorbed or emitted during this transition. These

indirect transitions occur with lower probability, and. give rise to

absorption edge which is less steep than for direct transition.

Optical transition between states in the energy gap and the

bands occurs for photon energy less than the gap energy. Absorption

peaks are obtained. for different states as the photon energy is

changed. Although the density of final states (in the band) increases

with energy, the absorption coefficient due to the transition from

impurity state to conduction band, decreases with energy. This

decrease of the absorption coefficient with energy beyond the broad

peak is due to a rapid decrease of the transition probability away

from the bottom of the conduction band.. The reason for this decrease

is that the impurity states have limited extent in the k space, the

probability of finding electrons in the impurity state is higher for

k~, where k0 is the wave vector at the bottom of’ the conduction band.

*
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Indirect transition from impurity state to the conduction band has

also less probability due to requirements of momentum conservation.

Optical excitation of carriers ‘will both change the semicon-

ductor conductivity and. the charge trapped in the surface state.

These changes ‘will affect the semiconductor-SAW interaction, hence,

it is possible to monitor the absorption process in semiconductors

by measuring the SAW corivolver attenuation, acoustoelectric voltage

and. convolution voltage for various wavelengths of light. In this

Chapter semiconductor spectroscopy using the SAW convolver is

presented. The semiconductors used in this study are CdS and 2 Iim

epita.xial layer GaAs n on n+.

11.2 Transverse .Acoustoelectric Voltage Inversion and. its
Application to Semiconductor Surface Study: Cd~S

Optical generation of free carriers changes the electrical

properties of the semiconductor space charge region. The dc acousto-

electric voltage developed. during the nonlinear space charge coupled

SAW semiconductor interaction is strongly dependent on the electrical

properties of the semiconductor space charge region, hence, it can

serve as a detector for optical generation of free carriers. Figure

11.1 shows a very simple equivalent circuit for the transverse acousto-

electric voltage. The circuit includes constant capacitance CT,

auch as the substrate and air gap capacitances, and. light dependent

capacitances such as the surface state and. space charge capacitances.

The semiconductor is considered. to be under weak depletion condition.

Under heavy inversion condition the surface state capacitance C5
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can be assumed to be essentially zero (C5 << CB). The high input

impedance to the oscilloscope has a 1 M ~ resistance and ~O pf

capacitance which, under most of the conditions of’ the experiment,

has very low effect on the magnitude and the decay constant of the

acoustoelectric voltage. It is observed that the transverse acousto-

electric voltage is a transient phenomena. The decay constants

depend mostly on the surface state capacitance and the depletion

layer capacitance. The transverse acoustoelectric voltage charges

the surface state capacitance and the semiconductor capacitance with

a time constant that depends mainly on the population and depopula-

tion of the surface states and on the free carrier concentration

‘within a Debye length from the surface of the semiconductor, thus

causing the output voltage to go to zero owing mainly to the

discharging of the surface state arid semiconductor capacitance. 
-

The transverse acoustoelectric voltage inversion is strongly

dependent on: (a) the light intensity illuminating the semiconductor

surface; (b) the input power of surface acoustic wave; (c) incident

photon energy. Typical waveforms are shown in Fig. 11. 2 for CdS when

it is illuminated with light of wavelength 1499 nm. The length of

the rf pulse is 2.5 msec. In Fig. 1i. 2a it is observed that the peak

acoustoelectric voltage is positive at the beginning of’ the rf pulse.

Reducing the light intensity reduces the peak voltage and it becomes

negative on further reduction. Figure ii. 2b shows the peak voltage

inversion l ediately after the light source is removed. The peak

voltage switches from positive to negative in a very short time and

then it starts to decay very slowly as discussed later on.
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Fig. 14.2 Transverse Acoustoelectric Voltage. Horizontal scale :
0.5 msec/div. (a) With Light of Wavelength )~99 inn
Illuminating the Semiconductor Surface. Vertical scale:
18.75 mV/div. (b) Immediately After the Ligh t Source
is Removed. Vertical scale : 7.5 mV/div.
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The dependence of’ the transverse acoustoelectric voltage

inversion on the input power of the SAW is shown in Fig. )4.3. The

plot of the peak acoustoelectric voltage as a function of the rf

voltage applied to the input transducer shows that for dark condition —

the peak voltage is positive for 10 V peak to peak rf voltage and

becomes negative for lower input voltages. The switching occur s at

an input level of’ 01.11. dB and a maximum is observed at -11. dB attenua-

tion of the input voltage. Beyond that, the peak transverse voltage

reduces as the input voltage is reduced. The acoustoelectric voltage

inversion due to change in input power of SAW was also observed. when

light illuminated the semiconductor surface at certain wavelengths

of light. This will be discussed. later. The transverse acousto-

electric voltage inversion phenomena is discussed in detail in

Section 3.3.

The dependence of the transverse acoustoelectric voltage

inversion on the incident photon energy is rhown in Fig. 14.14. The

change of the wavelength of’ light between 11.70 urn and 550 nm results

in two inversions in the peak voltage, one around 11.914 urn and the

second aroung 530 urn. It is important to notice that at wavelengths

of light around the inversion of the peak voltage quasi-steady state

condition occurs. Both negative and. positive voltages appear; each

having different amplitudes and different time constants associated

with the decay of the voltages to zero.

The spectral response of the transverse peak acoustoelectric

voltage measured at the beginning of the rf pulse is shown in Fig.

11. 5 for Grade A CdS. The peak voltage is normalized to the radiant

~ 
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C,

~~~~~~~~~ 1

- 4  -6  -8 -10
input volta ge (db)

Fig. 11.3 Plot of Peak Transverse Acoustoelectric Voltage as a
Function of the Input rf Voltage. At Zero dB the
Input rf Voltage to the Delay Line is 10 V p-p. 
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output flux of the monochroniator. For type A crystal the peak

voltage is aimost constant for wavelength smaller than 1485 urn.

Around Ii.93 urn, a transition from negative peak voltage to positive

peak voltage occurs. Steady state condition of both negative and

positive peak voltage can be observed. at 14.914. urn. Very high positive

peak voltage maximum occurs at 500 urn which reduces to zero as the

wavelength approaches 530 urn. At 530 rim, another transition of the

peak voltage from positive to negative is found. The negative peak

voltage increases to a maximum value at 610 urn, and then reduces at

higher wavelengths going to zero at 800 urn. A third peak acousto-

electric voltage inversion is observed near 800 rim, and for wave-

lengths of light higher than 800 urn no absorption of light can be

detected. by change in the peak voltage. For UHF CdS, the spectral

response is almost the same for the above bandgap illumination as

shown in Fig. li,.6. At 1493 rim, we observe transition from negative

peak voltage to positive peak voltage. No region of quasi-steady

state, where both negative and positive peak voltages occur, can be

observed near 1493 nm. The maximum of positive - peak voltage occurs at

530 nm and, then reduces to zero at 6140 rim. There is a wide range of

light wavelengths from 570 urn to 6140 rim where both positive and

negative peak voltages exist. The negative peak voltage becomes

maximum at 780 x~~ and. then decreases without showing any inversion

for wavelengths around. 800 urn as found in Grade A CdS.

— Table li,.1 shows the experimental results observed in the

spectral response of’ Grade A and UHF CdS. 
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is

Grade A UHP

Above bandgap Transition region 1490-1495 1493
., i1l ~miincttion Maximum 500 530

Transition region 530-534 570~6l40
t

- 
Sub bandgap Maximum 610 780
illumination Transition region 750-800 -- -

3
Table 14.1 Wavelength (in tim) in which Peak Transverse Acoustoelectric

- Voltage Transition or Maxima is Observed in CdS.

The spectral response of the peak transverse acoustoelec-

tric voltage is compared to the photoconductivity and the transmission

spectrum. Figure 14.7 shows the photocotiductivity and. transmission

spectrum measured with the same Bausch and Lomb monochromator and. an
a

- Epply No. 8316 thermopyle as a detector. The curves are normalized

- :  — to the output radiant flux of the monochromator. For both types of

crystals a maximum in the photoconductivity is observed. near the
- 

absorption edge. The maximum is directly related to the photosen-

sitivi~ty of the crystal being larger for the Type A crystal.

The following is a suimnary of the important experimental

observations presented already in this section. In the next section

a possible theoretical model will be discussed to explain the

following main observations:

(a) The transverse acoustoelectric voltage inversion is found to be
- strongly dependent on the wavelength and. intensity of light 
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iUtmtl-nAting the semiconductor surface, and on the input power

of SAW.

(b) For Grade A CdS acoustoelectric voltage inversion occurs at

wavelengths of light around 1493 rim, 530 rim, and 790 rim. Peak

acoustoelectric voltage is observed. at 500 rim and. 610 rim.

(c) For UMP CdS acoustoelectric inversion occurs around 1493 rim and

between 575 nm to 640 rim. Peak acoustoelectric voltage Is

observed at 530 nm and. 780 rim.

(d) Quasi-steady state condition in which both positive and negative

peak voltages occur can be observed. when the sample is illuminated

with light of wavelength around. which inversion occurs. It is

found. that one peak is very sensitive to light intensity whereas

the other is almost independent of light intensity. As the

- 

- input power of’ SAW is reduced, the magnitude of one peak decreases,

whereas that of’ the second. peak increases.

- 

- 
(e) Near the absorption edge a maximum in the photocond.uctivity is

observed for both types of crystals.

The dc transverse acoustoelectric voltage developed on the

surface of the semiconductor will change the surface potential, hence,

a depletion layer or inversion layer can be formed depending on the

magnitude of this d.c voltage. An inversion layer on the semicon-

ductor surface Is easily detected by the inversion of the transverse

acoustoelectric voltage. The high sensitivity of the acoustoelectric

voltage inversion on intensity and wavelength of light illuminating

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A- -A A-~~~~~~ A-~~~~~~~~~~~~~~~ -A - A - - A—~~~ -~~~ A  A
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— the semiconductor surface, and on power input of the SAW can be

explained as follows: The power input of SAW determines the magnitude

of the dc acoustoelectric voltage hence, for low input power no

- 
- 

inv ersion is observed.. The semiconductor photocond.üctivity of both

the bulk and the surface, depends on (a) the wavelength of incident

light, and (b) the intensity of incident light. As the magnitude of’

the transverse acoustoelectric voltages is related to semiconductor

conductivity, the inversion produced. by this d.c voltage is also

dependent on the wavelength and intensity of light.

The spectral response of the peak transverse acousto-

electric voltage was used. to determine the energy band. and surface

state location in the energy band. of GaAs~
5 This method becomes even

more sensitive for CdS due to large photoconductivity which results

in the acoustoelectric voltage inversion phenomena. The spectral

response of the peak acoustoelectric voltage shows that almost no

absorption of photons occur s for photon energy smaller than 1.5 eV.

It is reasonably to assume that for very high resistivity material

the d.c acoustoelectric voltage which develops right on the surface of

the semiconductor causes deep depletion to the semiconductor surface,

thus very low positive voltage associated. with an n-type surface

appears for energy sm~.ll er than 1.5 eV. For low resistivity material

(UHF) optical generation still exists at this range, thus, negative

peak voltage associated -with a p-type surface appears for energy

~~~11er than 1.5 eV.
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The sub bandgap spectrum is very similar to the sub bandgap

spectrum of the surface photovoltage reported. for CdS. ~~~~‘ ~~~~ Incident

photons with an energy liv = Et 
- Ev excite electrons from the valence

band into the unoccupied surface states. Thus, the net negative 
-

— charge located iii the surface increases. The free holes created in

the valence band. rapidly recombine in the bulk, as the minority

carrier lifetime in CdE is extre~ael~ small. Conservation of charge

F- requires a corresponding increase ~~~ . .ne barrier height. This

mechanism together with the d.c acoustoelectric voltage which tends to

deplete the semiconductor surface will cause an inversion layer on

the semiconductor surface. The threshold photon energy of the acousto-

electric inversion is E
~ 

- Et 
= 1.6]. eV, accordingly the number of

thermally activated transitions from or into -the conduction and

valence bands is negligible.

The second deep level surface states at Ec - Et = 2.05 eV

is found to be deep level oxygen level, hence, this is an extrinsic

level whereas the first one is an intrinsic level. Although the traps

are located below the Fermi level they are not completely filled..

This type of non equilibrium configuration can exist provided the

rate of trapping of free electrons from the conduction band is very

small. Another possibibility for the increase in the surface poten-

tial is that the excitation takes place from the surface states to

the conduction band. Due to the electric fields existing in the

space charge and. the d.c acoustoelectric field, these electrons will

be removed from the surface. The deep acceptor level wi].]. immediately

~
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capture electrons from the valence band, causing a net positive

charge on the surface. Conservation of cl~ rge requires a corresponding

increase in the surface potential, hence, an inversion layer will

occur. It is reasonable to assume that direct excitation f rom

surface state to conduction band. occurs for Ec - Et = 2.05 eV, whereas

direct excitation from the valence band to surface state occurs for

E - Et = 1.61 eV (Et - E~ = 0.8- eV).

The maxiimim near the absorption edge in the photoconduc-

tivity response measured. as a function of the illuminating wave-

length is due to the difference between surface and volume absorption.

For both types of crystals we can assume that the surface recombina-

tion and hence, the lifetime for surface excited carriers is indepen-

dent of the bulk condition, and that the surface lifetime is much

h e r  than the bulk lifetime. The maximum in the photoconductivity

spectral response occurs when a transition is made from surface to

volume absorption with increasing wavelength. The magnitude of the

maximum is directly related to the photosensitivity of the crystal .

Thus, for Grade A crystal we observe a very large peak in the photo-

conductivity, two orders of magnitude greater than that for the UHP.

In agreement with photoconductivity spectrum, the acoustoelectric

voltage spectrum near the absorption edge shows zero voltage for

Grade A and maximum for the UHF around light wavelength of 530 rmi or

2.$ eV.

The appearance of the zero acoustoelectric voltage when

band to band. transition occurs, is due to a large increase in

~~~~~ —s - ~__ 
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photoconductivity whereas the zero voltage at 800 rim, where transi-

tion from the band to surface states occurs, is due to an increase in

surface conductivity, which is not observed in the photoconductivity

spectrum. Comparison of the peak voltage maximum for UHF at 530 rim

and at 780 rim shows that for direct excitation of electrons from the

valence band to the surface states, only minority carrier concen-

tration increases, and very ~~~~ d.c transverse acoustoelectric

voltage is developed, whereas near the absorption edge, generation of

free electrons and holes occur s and much higher d.c acoustoelectric

voltage is developed right on the surface.

The spectral response of the peak voltage with photons of

above bandgap energy results from the dependence of the penetration

depth of light on photon energy~~ On going from 530 rim to 11-90 nm

the magnitude of the absorption length decreases by a factor of

approximately three, thereby increasing the free carrier generation

rate near the surface. Thus, even though the photocond.uctivity is

decreasing as Shown in Fig. 14.7, surface conductivity is increasing

for very high photon energy and very small constant acoustoelectric 
A

voltage appears. At photon energy of’ 2.53 eV ( - ‘~, 1i~93 rim) the light

starts to penetrate inside the semiconductor, and a very high d.c

acoustoelectric voltage starts to be developed right on the surface

of the semiconductor. The transition between very high photocon-

ductivity near the absorption edge to very high surface conductivity - -
~

at photon energy well above the energy band accompanies two nulls of A -

acoustoelectric voltage. This, in turn, produces a very high positive

_
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maximum peak voltage at 2.5 eV for Grade A CdS.

Table 11.2 summarizes the observed surface states and

absorption edge for Grade A and UHP CdS.

- - 
-- Grade A UHF

Surface absorption (eV ) 2.55 2.53

Absorption edge (eV) 2.35 2.36

Energy position of surface state 2.05,
E - Et (eV) 1.6]. 1.6

Table ~.2 Observed Surface States, Absorption Edge and Surface
Absorption in CdS

14.~ 3 Determination of Absorption Edge~ and Surface-State Locations
in GaAs using the SAW Convol-v-er

In Sections li.3 and 11. 11. we present experimental results 
A

for semiconductor spectroscopy using a 2 ~m epitaxial layer of’ GaAs

n on n~. The epitaxial layer resistivity is 0.7 ohm-cm (n ~ 5 io~~). - 
-

The extrinsic Debye length is of the order of 0.06 un. The semi-

infinite approximation cannot be used in this case as the SAW wave-

length is larger than the epitaxial layer thickness (X = 70 4sn) .

The exact solution for the finite thickness semiconductor is presented

in Section 2.2. 14. - Due to the large difference between the SAW wave-

- 

- 

length (~.‘ 70 4am) and the extrinsic Debye length, the main contribu-

tion to the electric fields insid.e the semiconducor is from the last
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two terms in the linear combination (A 3 and A~ ) of Equation (2.2-23a) .

The first one is an exponential decay with very short decay constant
A 

((ykY’=LD), the second one increases exponentially 
with distance away

from the semiconductor surface, with the same decay constant.

However, for extrinsic semiconductor A3 
is several orders of inagni-

tude larger than A~ (A 3/A11 >> 1), as seen in Equation (2.2-23b) .

Hence, - we shall ignore the contribution of the last term to the

electric field., and assume that the interaction region is of the

order of’ a Debye length. In order to check the validity of this

assumption, we shall repeat the spectral response of this thin

epitaxial layer under acc~mi~1l~ tion condition in Section 11. 11- and

compare the results to those obtained under no external dc bias

presented in Section 11.3.

Figure 11-.8a shows an oscilloscope trace of the dark trans-

verse acoustoelectric voltage for a 1 msec rf pulse. The time

constant associated with the acoustoelectric voltage pulse is

approximately 20 psec. The wavelength of sample illumination is

increased monotonical].y for successive traces. Figure 11.8b shows

the acoustoelectric voltage for light of 0.9 pm wavelength, shining

verticaUy on the bottom of the delay line. It is noted that the

acoustoelectric voltage increases and that the time constant increases

to a value of 1 msec. The spectral response of the peak transverse

acoustoelectric voltage is shown in Fig. L9. The acoustoelectric

voltage is normalized to the radiant flux output of the monochromator.

It is noted. that there are three distinct peaks labeled A, B, and C

- ~- -~~~_ . ~~~~~_ - - ----— —h—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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A coustoelectric Voltage for Various Wavelengths of Light .  Hori zontal
3ca1e : u .L mse~ /div., Vertical Scale : 0.1 mV/div. (a) ~o Light;
(b~ tv~-~en~”-h C.2 rn ; (c )  Wavelength 1.26 rn ; ( a )  Wavelength 1.7l~ pin
4ori~~r-~~1 -ale : 0.1 msec d iv .) .  
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Fig. 1~.9 Plot of Peak Acoustoelectric Voltage as a Function of the Wavelength
of Light. Peaks Labeled A, B, and C are at 0.9, 1. 26, and 1. 7Li~ pm,

LL_ - .! ~~~,ctively. The Vertical Scale is Normalized to the Radiant Flux
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at 0.9, 1.26, and 1.71~ pm, or 1.38, 0.98, and 0.71 eV, respectively.

Figures li-.9c and. ~.9d show the other two maxima in the acoustoe].ectric

voltage. It is obvious that these two maxima are different from the

first one. They have two different time constants, the first one is

short, approximately 20 .Lsec, which is very similar to the time

constant of dark condition, followed by a very long time constant,

approximately 1 msec. Figure 14.10 is the attenuation of the delay

line as the wavelength of the light is varied.. Zero attenuation

corresponds to the output of the delay line in dark condition. The

attenuation is normalized to the radiant flux output of the monocbro-

mator. The peaks labeled A, B, and C are at the same wavelengths as

in Fig. L9.

- 
- - 

- 
The experimental results suggest that the peak A in the

acoustoelectric voltage is associated with band- to-band transitions

leading to generation of free carriers. Under subband-gap iflumina-

tion there i~ discrete electron transition from the surface states

to the conduction band leading to an increase in free-carrier

concentration, ‘which gives rise to peaks labeled B and. C.

The acoustoelectric current is the time avLra~e of the

product of’ the surface conductivity and. the electric field; thus,

the maxima of’ the transverse acoustoelectric voltage occur when the

photon energy is such that there is transition of electrons from

surface state to conduction band. Although the c~ontributions of

electrons and holes to the acoustoelectric voltage are of opposite
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polarity. The contribution of holes can be ignored due to their

siii~l 1 mobility compared to the electron mobility.

The attenuation is a function of the semiconductor surface

conductivity. It increases to a maximum value and then decreases as

the sem~.conductor surface conductivity is increased. Thus, as we

follow the increasing part of this curve we get maxima of attenuation

whenever the semiconductor conductivity increases. The transverse

acoustoelectric voltage and. the attenuation dependence on the semi-

conductor conductivity is very similar, hence, we get the peaks of

their response curve at the same wavelength of light.

The time constant of’ the transverse acoustoelectric voltage

is short (‘~.20 psec) for the dark condition and becomes longer

(‘~ 1 msec) when the sample is illuminated. Still there is a definite

difference between the time constants of the band—to-band transition

and. the surface-state-to-conduction-band transition. The possible

reason for the long time constant of the band-to-band transition is

that the recombination process Livolves two deep-level recombination

centers below the Fermi level which are filled with electrons . This

gives short lifetime for minority carriers but long lifetime for

majority carriers. The over-all time constant also includes the

time constant of the external circuit which r~ nains constant for

various light illuminations. Thus, only the relative time constant

to dark condition was measured, not the absolute value.
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The surface-state-to-conduction-band transition has two A-

different time constants. The first time constant is very short

possibly due to fast recombination centers. After the fast

recombination centers reach the steady-state condition the process

continues with a long time constant, because it involves generation

and recombination of carriers from deep-level centers in which the

extrinsic generation rate is much larger than the thermal generation

rate and. recombination rate. Thus, the population and depopulation

processes of surface states are exponential with time and are charac-

terized by very large time constants. Measurement of surface-state

locations in GaAs was reported previously59s60 by measuring the photo-

voltage under subband.-gap illumination and the capacitance of Schottky

barrier diodes; surface-state locations are in excellent agreement

with the results reported. here. The absorption edge obta ined here is

1.38 eV compared to 1.113 eV in the literature. This may be due to

the large bandwidth of the monochromator (15 nm) . 1~hen the bandwidth

is reduced the peaks become very narrow and the position of the peaks

can be measured. more accurately.

11.11 Semiconductor Spectroscopy using the
Transient Delay Line Attenuation

A Semiconductor spectroacopy using the SAW convoiver output

as a detector has an important advantage, that it is possible to apply

an external dc bias during the spectroscopy. The d.c bias will

determine the semiconductor surface potential prior to the applica-
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tion of the light. Thus, it is possible to fill or empty traps

prior to the application of the light. When optical absorption occurs

the interaction is dominated by a ~~aU region in the energy band

which is determined by the external d.c bias.

An oscilloscope trace of’ the delay line output for different

wavelengths is shown in Fig. li.U. The semiconductor is GaAs 0.7 ohm-

cm (2 pm epitaxia]. layer) and. the external d.c bias is such that the

semiconductor surface is depleted. It.is observed that the thermal

A
- 

relaxation of deep level surface states is much faster when direct

optical excitation from surface states to conduction band occurs.

In addition, the steady state attenuation varies with the photon

energy as observed in Fig. 14 .12. The three maxima A, B. and C are

at 0.86, 13 pm, and 1.711- pm, or at 1.145 eV, 0.95 eV and 0.71 eV

respectively. These values are very similar to the maxima obtained

-
- - in the transverse acoustoelectric spectroscopy . Thus, the absorp-

tion edge and the deep level surface states can be detected also by

the delay line attenuation during an exterz~l applied dc bias. The

dc bias improves very much the sensitivity of the detection system,

even though no new results appear compared to the detection by the

delay line output without an external do bias.

- 
- In order to be able to detect shallow traps which are

usually empty and hence, do not contribute to the optical generation,
the dc bias will be such that the semiconductor surface is accumulated

L 
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Fig. ~ 3.2 Plot o~ the Attenuation of Delay Line Output for
n on n GaAs, as a Function of the Wavelength of’ Light.
The Attenuation is Measured at the End. of the External
d.c Pulse. Peaks Labeled A, B, and C are at 0.86 pm,
1.3 pm, and 1.714 pm respectively. The Vertical Scale
is Normalized to the Radiant Flux Output of the
l.~nochrc~~tor.

A-A-A--- - A - A A--——-— -——A-A-— ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _A~~~~~~A-~~~~~~~~~~~S~~~~~~~~ - -



A- -,-,-—-- --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘-A--— — 
A-- A- ________________

170

and -we observe the relaxation in the delay line output after the d.c

bias is removed. Figure 1~.i3 shows the relaxation for different

wavelengths. As can be observed. from the spectral response of the

decay time, (Fig. 14.114) only the deep level and. the absorption edge

can be detected with very high sensitivity.

Although no new information appears from the transient

delay line attenuation spectroscopy, it is important to emphasize

that the sensitivity of the detection system is very high, and it

has the advantage that it is much more convenient to apply an external

d.c while measuring the attenuation, than while measuring the d.c

acoustoelectric voltage.

We have pointed out at the introduction to Section 14. 3, that

due to the thin layer of’ epitaxial layer GaAs used in this study, it

is possible that the electric field will penetrate beyond the

extrinsic Debye length (0.06 pm) arid the interaction region may

include part of the bulk region too. Our experimental results

suggest that there are no bulk contributions in our results, since

the semiconductor spectroscopy shows the same peaks while accumula-

ting the s~ niconductor surface.

14.5 The Spectral Response of the Convolution Voltage

Similar to the delay line attenuation it is possible to —

apply an external d.c bias to the semiconductor-delay line structure

I
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- +Fig. 14.13 Attenuated Delay Line Output for n on n GaAs, when
External dc Voltage is Applied Across the Semiconductor
and LiNbO such that the Semiconductor Surface is
Accumulat~d. Vertical scale : 5 mV/div. Horizontal
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while measuring the convolution voltage. Although the output port

of the convolution voltage is the same as the input port for the

external dc bias, it is easy to separate them due to the large

difference in the frequency range. Whereas it is much more difficult

to apply the d.c bias while measuring the dc transverse acoustoelectric

voltage.

The schematic of the experimental set-up for observing the

spectral response of the convolution voltage is shown in Fig. 14.15.

Adding the splitter to the system, results in the autoconvolution of

the input modulations with twice the input frequency. Figure 14.I~ is

the spectral response of the delay line attenuation, acoustoelectric

• voltage, and. the convolution voltage for Grade A CdS. AU three

• parameters show maximum near the absorption edge, but it is observed -

that only the acoustoelectric voltage is sensitive enough to the

subband-gap illumination. This is due to the difference in the

output Impedance of the measuring system. The acoustoelectric

voltage is measured on 2 M-ohm output Impedance, whereas the convolu-

tion voltage and. the delay line attenuation have 50 ohm output

impedance.

We can conclude that the transverse acoustoelectr~c voltage

has the best sensitivity for detecting optical generation in a

semiconductor. By applying an external d.c bias to the SAW-semicon-

ductor structure the transient delay line output also can be used

with very good sensitivity to optical generation in a semiconductor . A
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SUMMARY

The space charge coupled interaction between surface

acoustic wave propagating on a piezoeleotric substrate, and a semi-

conductor placed a RrnRI I distance above the delay line can be used

for nondestructive evaluation of semiconductor surfaces . The semi-

conductor-SAW interaction results in attenuation of the SAW, changes

in the SAW velocity, do acoustoelectric voltages, and the ac convo-

].ution voltages. These parameters depend on the electrical properties

of the semiconductor, such as the semiconductor conductivity, and

charge trapped in the surface states. In ~~st cases of interest,

the interaction parameters depend on the electrical properties of

the semiconductor in a ~~~~ 1 active region near the surface, which

is of’ the order of a Debye length or the SAW wavelength depending

on which one is Rn~.1]er. The surface conductivity determines

directly the strength of the interaction, whereas the charge trapped

in the surface states determines the strength of the interaction

indirectly, through the semiconductor surface potential .

We developed the theory needed for nondestructive evalua-

tion of semiconductor surface using the SAW convolver. Two main

problems have been solved. The first one is the SAW-semiconductor

interaction for high resistivity materials in near flatband cond.t-

tion (i.e., the carrier density near the semiconductor surface is

considered constant and equal to the bulk density). For this case,

majority and minority carrier interaction is considered. We have

176
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shown that for the infinite thickness approximation (a>> A, where d

is the semiconductor thickness, and A is the SAW wavelength)

simple analytical expressions can be obtained for the propagation

loss, change in SAW velocity, do transverse acoustoelectric voltage,

and convolution voltage. The analytical expressions are valid for

frequencies ~~~1ler than 200 !~!z and semiconductor resistivities

~~~11 er than 100 ohm-cm. For resistivities higher than 100 ohm-cm,

the analytical expression becomes very complicated, especially if

[ one considers the case where the surface recanbination is not

negligible . The carrier lifetime has to be considered only for

those materials where the lifetime is very short compared to the

SAW frequency. The surface recombination velocity in addition to

its effect on the surface effective lifetime, determines the perpen-

d.icular current density on the se’~. 1.uctor surface and for materials

of very high surfac e reccubinati ~ocity (above 100 cm/see) it

reduces both the attenuation and the voltages developed in the semi-

conductor . For finite semiconductor thickness an exact rnmierical

solut ion is used to obtain the SAW-semiconductor interaction para-

meters.

When the semiconductor is biased externally such that band

bending occurs, and the semiconductor surface is in off flatband

condition (i.e., the carrier density near the surface is not constant),

the bulk conductivity is replaced by an effective surface

conductivity. The effective surface conductivity for a known

______ — -~~~-~~~— - ~~~~—~--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -., .~~~~~~- - .
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.

semiconductor surface potential is found by averaging the excess

carrier density over the space charge region, and multiplying it by

the carrier surface n~bility. In the case of depletion the space

charge region is the depletion layer width, in the case of accumu-

].ation or inversion, the apace charge region is equal to twice the

• center of mass defined by Equation (2.3-12). Computer plots of the

SAW-semiconductor interaction parameter as a function of the semi-

conductor surface potential are shown . For the propagation loss end

the convolution voltage we observe two maxima, one in the accumula-

tion region, and the second in deep depletion. For the acousto-

electric voltages, in addition to the two maxima, an inversion in

the sign of the voltages is observed. The exact solution for the

off flatband. condition is also presented. The fourth—order linear

differential equation with non-constant coefficient which is obtained,

requires a very difficult numerical solution. However, it is clear

that the exact solution should include the de field caused by the

band. bending. For accumulation and. shallow depletion, the average

surface conductivity is a good. approximation to the off flatband

interaction.

The SAW convolver is used to determine the distribution of

the density of surface states (cm ’2 eV ’1), and majority carriers

capture cross section (cm2 ) in the energy gap. By applying an

external do bias across the semiconductor delay line structure, we

can observe the transient response of the delay line output . This

transient response ii due to the relaxation of surface states which

- 
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result in a relaxation effect in the semiconductor surface conduc-

tance. The results obtained agree with the already known distribu-

tion of surface states in the energy gap; it is constant at the

middle of the gap, and it increases toward the conduction band. The

capture cross section is constant in the middle of the gap and it

• decreases toward the conduction band.

Photoconductivity measurements using the SAW convolver to
• monitor the semiconductor conductivity decay, after a flash of light

is applied to the semiconductor, is also presented. For low—level

generation we can assume that the delay line attenuation varies

linearly with the semiconductor conductivity, hence the photocon-

ductivity response time can be obtained by the delay line output

decay. Experimental results of Si, CdS, GaAs are presented; their

response times agree very well with the known lifetimes of these

materials.

Semiconductor spectroscopy using the SAW convolver as a

detector for optical absorption by a semiconductor is presented. In

this case we use both the delay line attenuation and the transverse

acoustoelectric voltage to monitor changes in the semiconductor

conductivity, or the charge trapped in the surface states, due to

optical excitaion . For GaAs we were able to detect two deep level

surface states, and. the absorption edge . For high resistivity CdS,

the detection system is much more sensitive as we observed not only

maxima and minima in the spectral response of the delay line attenua-

tion and transverse acoustoelectric voltage, but in addition,

a
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• transverse acoustoelectric voltage inversion is obtained at certain

photon energy .

In conclusion, this report presents the basic pIWsical.

understanding for the SAW-semiconductor interaction, needed fdr non-

destructive evaluation of semiconductor surfaces and demonstrates it

by several experiments in which the SAW convolver is used to obtain

electrical, properties of semiconductor surfaces.
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